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Executive Summary by the Head of Instrumentation

FMOS-Echidna is part of the Fibre Multi-Object Spectrograph (FMOS) system for the Subaru Telescope.  Previous reports have been made on the Conceptual Design and Preliminary Design. This document details the technical developments made to the FMOS-Echidna design during the final design stage. 

Extensive testing of Echidna systems has confirmed that the final design will meet the specifications. Where necessary, changes have been implemented to enhance the performance, to ensure compliance with the technical specification, and to simplify manufacture and assembly. Some modifications have been necessary to satisfy space limitations; for example, the physical layout of the electronics units has been substantially altered. 

Details of the operational use of FMOS-Echidna are discussed, including different observing modes, the configuration of fields, and guiding. The implications of these observational aspects for the system design have been taken into consideration.
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1 Introduction

The Anglo-Australian Observatory is currently under contract with Subaru to design and build three components of the Fibre Multi-Object Spectrograph (FMOS) instrument. These are the novel Echidna fibre positioner system, the Focal Plane Imager (FPI) for spine unit control and for field acquisition and, lastly, a 30 arcminute wide-field corrector optimised for the near infra-red band. The initial design work began in September 2000 and this document presents the status after the completion of the final design stage.

A description of the Echidna positioner system, FPI and corrector can be found in the technical volume of the preliminary design report presented to Subaru in April 2002. This document details changes to designs presented in the preliminary design report as well as presenting results from the substantial test program executed over the past 12 months.

A summary of the document sections follows.

Chapter 2: Compliance with contract objectives

The section addresses the items in the system specification for the FMOS Echidna system and the FMOS prime focus corrector, agreed under the scope of work for the final design contract (dated 17th July, 2002). References to document sections that address each item are given.

Chapter 3: Astronomical observational issues

In this section a number of issues concerning the operational astronomical use of FMOS-Echidna are discussed. The issues in particular impact on positioner design. This primarily concerns the different observing modes that will be available, and discusses issues such as configuration of fields and guiding in this context.

Chapter 4: Prime focus corrector

The few changes made in the optical and mechanical designs of the corrector to prepare specifications for tender action are described. These include the setting of the manufacturing tolerances and the design of an overall performance test.

The 3 element corrector blanks are cast and slumped awaiting delivery to the polisher. The polishing specifications are complete. 

Chapter 5: Echidna spine unit

An Echidna spine and associated 3-point mount is referred to as an Echidna spine unit. Relatively minor changes to the design of both the spine and mount were made during the course of the final design. To enhance performance, rigidity and assembly of the mount the cylindrical ring magnet was replaced by a triangular shaped version.

Results of interference and temperature testing are presented, where it is shown neither has a significant effect on overall performance. Extensive positioning tests were presented as part of the preliminary design report.

Chapter 6: Echidna fibre positioner assembly

The Echidna positioner assembly consists of the 12-module array with associated electronics boards, the mounting frame and module support plate. An optimised design of the single module, consisting of 42 Echidna spine units, is presented. The significant mechanical developments of the positioner assembly are discussed along with a comprehensive description of the positioner assembly electronics.

Chapter 7: Focal plane imager

The Focal Plane Imager (FPI) is a dual purpose XY carriage system located between the corrector and the Echidna fibre positioner assembly carrying optics to image both the sky and backlit fibres. The mechanical and systems design of the FPI are presented at the final design stage. 

Chapter 8: The guide system

The FMOS-Echidna instrument requires a suitable guidance system to fine-tune the telescope pointing throughout an observation. The system comprises 14 guide fibre spines positioned in two rows at the edge of the field of view. The output end of each guide fibre bundle is re-imaged and detected by a cooled, integrating camera. 

A summary of the guide system is presented. Measurements of guide fibre bundle rotation over a lifetime of iterations are presented and the implications discussed. A detailed account of the selection of the Hamamatsu ORCA-IIBT integrating camera is presented.

Chapter 9: The FMOS-Echidna system

The FMOS-Echidna system consists of the electronics enclosure, the Echidna positioner assembly, the main structural plate, the guide system including the Hamamatsu ORCA-IIBT integrating camera and the FPI.

The system mechanical status is presented along with a comprehensive list of component masses. The electronics enclosure, located above the Echidna positioner assembly, is described in detail. Comprehensive electronics and software sections are presented.

Chapter 10: Limits to spine positioning accuracy

A prototype single axis version of the proposed FPI was assembled during the latter stages of the preliminary design and a large number of tests were performed to confirm system adequacy. The tests and results for the prototype are presented. The results confirm its suitability for FMOS-Echidna. 

Chapter 11: Environmental testing

Extensive environmental testing was performed at the latter stages of the final design. A summary of the various tests and corresponding results is presented, including low pressure testing of all cameras as well as temperature and humidity testing of the Echidna spine units and the prototype FPI.

Chapter 12: Further test results

This section presents results of remaining tests performed during the final design. This includes the on-sky performance of the Watec sky camera, a comparison of possible adhesives for the cementing of actuator components, the effects of prolonged fibre twisting on focal ratio degradation and metrology results for the newly assembled final design module and spines.

Chapter 13: Assembly procedures

This section presents a summary of assembly procedures perfected during the final design. Jigs designs are described where appropriate.

Compliance with contract specifications

The table below addresses the items in the system specification for FMOS-Echidna and the FMOS prime focus corrector, agreed under the scope of work for the final design contract (dated 17th July, 2002). The document and section reference addressing each item, where appropriate, is given. Several of the items are labelled “by design”, meaning they are included as part of the design specification. 

Table 1. Compliance with contract specifications matrix.

	Item No.
	Item description
	Notes
	Reference

	1
	The multi-fibre positioner system will be capable of acquiring 400 objects over a 30 arcmin diameter field, situated at the telescope prime focus.
	400 spines will be connected by fibres to the spectrographs and the full 30 arcmin field will be served. 
	By design

	2
	Allocation efficiency.
At least an 85% yield for 400 targets randomly positioned within the field
	Careful computer simulations confirm (88% allocation efficiency is achieved with randomly scattered targets. 
	Concept design report and confirmed in section 9.3.8 

	3
	Fibre entrance aperture100 m diameter (~ 1.25”)
	Science fibre has 100 m diameter core.
	By design

	4
	Fibre positioning accuracy maximum of 10 m radial error


	Measurement of FPI accuracy, including analysis of centroids over full field of spine camera and checking agreement of camera position with FPI linear encoder, indicate the specification can be achieved.
	Final design report section 10

	 5
	Reconfiguration time
10 minutes (maximum)


	Prototype tests indicate the number of iterations to position spines and times to reposition FPI and measure spine positions are consistent with <10 minute per field configuration 
	Final design report section 9.3.11

	6
	Dimensions are compatible with the Subaru top end unit
	System complies with CAD models defining the interfaces formally agreed between AAO and Subaru in late 2002.
	By design

	7
	Intended instrument lifetime 10 years (minimum), estimated to correspond to 10,000 cycles (field configurations)
	Spine performance tests have exceeded the equivalent of 10,000 cycles without deterioration in performance. 
	Preliminary design report section 3.3.6

	8
	In addition, the positioner must operate successfully for telescope zenith angles 0( to 65( and at ambient conditions experienced at the Mauna Kea site.
	Operation of the critical sub-systems has been successfully demonstrated down to –5ºC at 80% relative humidity and at pressures equivalent to those at the summit of Mauna Kea site.
	Preliminary design report and final design review section 11

	Optical Corrector Specifications

	9
	Input beam (from primary mirror)
f/1.8
	Full Subaru optical model was used in corrector design.
	By design

	10
	Wavelength coverage 900nm-1800nm
	Design covers this range.  Greatest loss (at 1800 nm) due to nominal glass absorption is ~14%
	By design

	11
	Image specification is rms image radius better than 20 m across full field for combined wavelengths 900-1800 nm


	Rms image radius for individual wavelengths never exceeds 20 m. For combined 900+1300+1800 nm image, rms radius reaches 20 m at 14.4 arcmin radius and is 22 m at 15 arcmin.

This is unchanged since acceptance at preliminary design stage. 
	Preliminary design report section 2.2

	12
	Field of view 30 arcmin diameter


	Very slight vignetting (<1%) occurs at edge of field with reduction in element size to allow good support within space envelope.
	By design


Astronomical observational issues

1.1 Introduction

Here we outline a number of issues concerning the operational use of FMOS-Echidna. In general they can be related to three basic operational modes:

1. "Point-and-Stare."  In this mode, the telescope continously points at the astronomical sources to be observed.  This can be used in situations where sky-subtraction is not an overriding issue.  This will generally be the case for bright sources, where the flux in the sky is less than or comparible to that in the object spectra (e.g. bright stars towards the galactic centre).  It would also be the case if the astronomers are only interested in a narrow region of the spectrum which happens to fall between night sky emission lines.  In this mode, sky subtraction would be carried out using a mean sky spectrum.  Note that in this Point-and-Stare mode, due to variations in fibre throughput caused by varying tilt angles (+-5%) and small intrinsic variations, fibres will have to be throughput calibrated via the strength of night sky lines, or short offset sky exposures to obtain effective sky subtraction, derived from a few dedicated sky fibres.

2. "Beam-Switching."  In this mode, the telescope is offset between consecutive integrations, moving from object to sky and back again. Beam switching is the most effective method available to carry out sky subtraction, and will be of particular use when targeting faint objects (e.g. high redshift galaxies). Given the brightness of sky emission lines at infrared wavelengths, this mode will likely be used often. However, there are costs associated with this method. The first is that, typically, one will spend half the time observing sky instead of the astronomical sources (plus extra overheads associated with offsetting the telescope). The second is that the random errors associated with sky subtraction are a factor of ~(2 higher than with a mean sky method. This is because only a single sky spectrum is subtracted, rather than an average of many. However, this single sky spectrum is observed through the same fibre with the same pixels, so keeping systematic errors in sky subtraction to a minimum.

3. "Cross-Beam-Switching." This is a variant on the beam-switching method discussed above. In cases where half or less of the fibres are required for a particular set of targets, it is possible to remove the beam-switching overhead of having to spend ~half the time on sky by configuring fibres in pairs, such that while fibre A is on an object O, fibre B is on sky, then offsetting the telescope, fibre A is moved to sky while fibre B is then positioned on object O. This observing mode is a factor of ~2 more efficient than simple beam-switching where there are half as many objects as fibres. The penalty is the added complexity of the configuration (two fibres allocated to one object), and guiding (offsetting and then re-acquiring guide stars for each offset).

It is likely that modes 2 and 3 will be used extensively with FMOS-Echidna, given that many of the primary science drivers aim to target relatively faint astronomical sources.  

In the context of these above modes, we will now discuss astronomical issues relating to the use of FMOS-Echidna, in particular with reference to issues concerning the fibre positioner assembly.

1.2 Source list preparation

The selected targets should have relative astrometric errors across the field of view of FMOS of no more that 0.3" in order that no significant flux losses occur as a result of fibre mis-placement (science fibre diameter is 100 m or 1.25"). The guide stars should ideally be taken from the same positional catalogue at the astronomical sources, in order that they are in the same astrometric reference frame, and are not systematically offset from the science targets. Guide star magnitudes should be R(18 mag and checks should be made for the possible proper motion of guide stars, particular in the case of relatively bright guide stars or old positional data. Ideally, guide stars should have a range not more than 1 magnitude in brightness to avoid saturation problems with the guide camera. If the point-and-stare mode is to be used, blank sky positions can be given, or the configuration software can allocate these automatically (these need to be checked for contaminating objects).

1.3 Configuring of fields for observation

The primary decision to make when configuring fields for observation is which observing mode will be used. e.g. are there few enough targets that cross-beam-switching will give a significant gain in efficiency? Issues that also need to be considered are the positioning constraints of the Echidna system. Unlike pick and place positioners (such as 2dF), each Echidna spine has a limited patrol area corresponding to 6.6 sq. arcmin (174 arcmin diameter).  This means with sources that have large variations in density over the 30 arcmin diameter field of view, it will not be possible to allocate fibres with 100% efficiency. For randomly distributed sources ~88% of fibres can be allocated.  It is possible, however, for up to 7 (due to the hexagonal arrangement) Echidna spines to come very close to each other in a single configuration, with the minimum fibre spacing being only 7".

For cross-beam-switching it is required that as well as two science fibres being allocated to each source, two guide fibres are allocated to each guide star. If point-and-stare mode is selected, the number of fibres allocated to observing blank sky needs to be decided upon. For a given field centre and time of observation, the amount of time that a field can be observed before atmospheric distortions move objects out of fibres needs to be assessed. If longer exposures are required, the field should be reconfigured to account for the changing atmospheric distortions.

1.4 Acquisition and observing

Once a field has been configured, the telescope will be pointed at the target field. The next step is to acquire a guide star by completing a telescope spiral search to align the guide stars with the guide fibres such that at least a portion of the guide star flux is detected by the guide camera. The guide system will then automatically centre the field. Typically, at this stage, calibration frames (e.g. flat fields and arcs) will be taken, and then exposures of the astronomical sources will begin.  In the point-and-stare mode the guiding will continue to ensure that the pointing of the telescope is optimal. In the case of simple beam-switching, guiding will be switched off when observing sky positions. The direction and size of the offsets to sky positions should be varied in order that for any particular object, there should be many sky exposures which do not contain any contamination from objects which by chance lie at the "sky" positions. In the cross-beam-switching mode guiding will need to be active in both the primary position and the offset position. As discussed above, after some period of time (depending on field position), atmospheric distortions will start to move objects out of the fibres. At this point the field needs to be reconfigured. It should be noted that this effect will be greatest for the guide fibres (in the optical), and will be considerably less for the object fibres (in the near IR).

1.5 Data reduction

The final stage in the observing process is that of data reduction and analysis. This primarily concerns the spectrographs, and is outside the remit of the AAO contract.

Prime focus corrector

1.6 Optical 

The basic optical design for the prime focus corrector was settled ahead of the preliminary design report.  Since then there have been only very minor changes. Prior to requesting tenders for the optical manufacture, the surface radii were rounded off to 0.1 mm, with no change in performance. However, this led to a small change in the distance from the primary mirror to the final focus (from 15064 mm to a little over 15065 mm).  This would have changed the mechanical layout slightly and, to avoid confusion, the specification for the element spacings within the lens, but not the lens elements themselves, were changed slightly to restore the 15064 dimension.  The change in optical performance was negligible. 

A further change has been made, reducing the working aperture diameter of the first surface of the corrector to 550 mm (from 561.8).  The potential contractor for the cell manufacture had commented that the outer diameter limit allowed for the corrector (600 mm), together with the intended outside diameter of the first lens element (580 mm) left too little radial space for a sufficiently stiff cell wall. Reducing the clear aperture diameter and allowing a similar reduction in outside diameter, resulted in only 0.65% loss due to vignetting at the periphery of the field.  Working diameters of the other five surfaces were reduced consistent with the change in the first surface. 

The optical prescription for this revised design is shown in Table 2.

	Surface Type
	Comment
	Radius
	Thickness
	Glass
	Diameter
	Conic

	3 STANDARD

4 STANDARD

5 STANDARD

6 STANDARD

7 STANDARD

8 STANDARD

9 STANDARD

10 STANDARD

IMA STANDARD
	M1

Dummy

Element 1

Element 2

Element 3
	30000

Infinity

397.5

433.2

679.9

272.5

628.4

-2100

Infinity
	14100

11.467

45.5

321.3

15

342.734

28

200


	Mirror

BSM51Y

BSM51Y

BSM51Y
	8200.086

631.7823

550

528

350

322

260

258

147.4
	-1.0083

0

0

0

0

0

0

0

0


Table 2. Optical prescription for the revised design of the FMOS prime focus corrector.
A further small change in the optical specification is likely, since we were advised by our potential contractor that they understand the as-measured conic constant of the Subaru primary mirror is –1.00934 rather than the design figure of –1.0083.  Detailed revision of the element curvatures and spacings will be postponed until we receive confirmation from Subaru of the conic constant. 

An optical test of the assembled corrector was designed and is shown in Figure 1 and Figure 2.  It tests the corrector in double pass using a concave spherical mirror 600 mm in diameter. The same mirror can be used for testing the large element alone, also in double pass. Making such a test as part of the optical and cell manufacturing contract, rather than relying on measurements of the surfaces and of element alignments alone, will give confirmation that the glass homogeneity is satisfactory and that the cell is properly supporting the elements.

1.7 Mechanical

Some concern was expressed about the flexure of the large, deeply curved first element of the corrector as

a) it affected the difficulty in meeting our specification for departure from sphericity of its surfaces, and 

b) it might make support of the element in the cell very critical.

The tolerance that had been placed on the surface sphericity of the elements was re-examined and it was found that the departure over the full working surface could be relaxed from  ±1 to  ±5 fringes (at 633 nm) without compromising the optical performance. (The tolerance over any area of 100 mm diameter was retained as ± 0.5 fringe.)  

A simple finite element analysis of the deflections of the element indicated that the deflections, even with very simple supports, would not distort either surface beyond the relaxed polishing specification.  The worst case considered was with the corrector axis horizontal and radial support only at two points ( 40( from the bottom and axial support at those points and at the top.  Then the (astigmatic) surface deflections approach  ±5 fringes but the fact that the deflections are very similar on both surfaces means that this would have much less effect than uncorrelated errors on both surfaces.
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Figure 1. Double pass test for assembled corrector, using 600 mm diameter spherical concave lens.
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Figure 2. Simulated image of 633 nm source with diameter 5µm and corrector optics as specified. Square is 40µm on a side.

Echidna spine unit

1.8 Mechanical design

An Echidna spine unit (referred to in the preliminary design report as an Echidna fibre positioner) consists of a spine and 3-point mount. The development of the Echidna spine unit is detailed in the technical version of the preliminary design report where the performance of the spine units assembled during the preliminary design was shown to fulfill the required specification of target acquisition within ~5 iterations. 

Relatively minor changes to the design of the spine unit were required during the final design and are discussed here. Assembly procedures specific to the spine and 3-point mount developed during the final design are summarised in Chapter 13.

Approximately 30 spines were assembled and successfully tested during the final design stage. A subset of those is shown in Figure 3 prior to their assembly into the final design module.

[image: image3.jpg]



Figure 3. Echidna spines awaiting insertion into the final design module.

1.8.1 Spine design modifications

The following changes were made to the preliminary design spine:

4. The purchased ferrule length was increased from 17mm to 24mm for two reasons. Firstly, ~3mm extra length was required to strengthen the joint between the ferrule and taper. Secondly, an extra 4mm was required as part of the fibre polishing process by the University of Durham. This 4mm length remains in the polishing jig after the polished ferrules are removed.

5. The taper length was increased to strengthen the joint between the carbon fibre tube and taper.

6. A low viscosity adhesive was chosen for the cementing of spine components rather than the high viscosity epoxy that was, in practice, very difficult to apply

A design modification investigated but not put into practice was the “all-in-one” taper. The “all-in-one” taper combined the ferrule and original taper in one section. This aimed to reduce the number of cemented joints required to assemble a spine from 4 to 3, therefore reducing the overall assembly time. The manufacturer of the original taper section was contacted and asked to produce several prototype tapers that included the additional ferrule as part of the taper body.

Upon delivery of the prototype taper it was noticed immediately the tip diameter was much larger than requested, most likely due to plastic deformation during the extrusion process. This caused concern with the increased likelihood of physical interference between adjacent spines as well as a slightly reduced allocation performance. It was concluded the new taper would be unsatisfactory and the design reverted to the original separate taper and ferrule sections.

1.8.2 The 3-point mount modifications

The 3-point mount, or sometimes referred to as “actuator”, is the driving mechanism behind the Echidna spine. Several required changes to the design were identified after the preliminary design prototyping. It should be noted the preliminary design 3-point mount incorporated a cylindrical ring magnet. 

The required changes related to the following items:

7. The hemisphere-to-magnet joints were weak. This was partly because of the adhesive used and partly because the hemispheres were overhanging the cylindrical magnet.
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Figure 4. The final design 3-point mount used to support and drive a single spine.

8. The magnet to piezoelectric actuator joint was weak compared to the applied force required to assemble a 3-point mount into a module. Several magnets detached from their actuators during module assembly. 

9. With the 3-point mounts cemented into place in the module, little clearance existed between neighbouring magnets. This placed unreasonable constraints on the design of the magnet mask required to hold the 3-point mounts in position before cementing into the module.

In items 1 and 2 the adhesive failed to bond to the magnet surface. 

To answer the above problems the following changes to the 3-point mount were made during the final design:

10. A superior adhesive, Loctite 326, replaces the original epoxy from Ciba. This adhesive was chosen from an extensive list of adhesives, each tested for bond strength to the magnet surface. A comprehensive description of this test is presented in section 12.2. 

11. Triangular magnets, shown in Figure 4, were specially developed. The magnet provides 100% contact area to each of the 3 hemispheres. The force imparted on each hemisphere by the pivot ball produces a shear stress only. The clearance between neighbouring magnets is increased.

12. The pivot ball to hemisphere contact angle was reduced from 45o to ~42o. This moves the hemipsheres closer together and so reduces the outside diameter of the magnet.

A selection of 3-point mounts cemented into an Echidna module is shown in Figure 5.
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Figure 5. A selection of 3-point mounts cemented into an Echidna module. Each mount is soldered to corresponding PCB connections, 3 spines are located on mounts on the left-hand side of the picture.

1.9 Performance results

Substantial testing of the Echidna spine units assembled during the preliminary design can be found in the technical volume of the preliminary design report. This includes step size versus voltage profiles, step size versus frequency, step size repeatability and duration testing. It was concluded the performance of the 20 or so spines assembled and tested during the preliminary design stage was more than adequate with regards to providing a 10 minute or less total reconfiguration time. 

Tests performed in detail during the final design were magnetic interference measurements and long duration environmental testing. The results of both tests were successful and are summarised below.

1.9.1 Interference testing

After the assembly of the preliminary design module it was noticed some spines exhibited behaviour that could only be explained by the existence of magnetic interference between actuator mounts. The effect was particularly evident when driving many neighbours of a stationary spine (a spine not being sent any waveforms) at high voltage – at times this caused movement of ~500(m of the supposedly stationary spine. It was thought the origin of the interference lay in the inaccurate cementing of the 3-point mounts, such that neighbouring mounts were closer together than specified.

The following changes were made during the final design that have eradicated significant effects of magnetic interference:

13. The module assembly procedure, in particular the cementing of the 3-point mounts into the module base, was perfected. The two modules assembled during the final design have 3-point mounts located at the correct positions.  

14. A custom triangular magnet replaces the original cylindrical magnet. This helps to increase the clearance between any two neighbouring magnets.

15. The pivot ball to hemisphere contact angle was reduced from 45o to ~42o. This moves the hemispheres closer together, so reducing the outside diameter of the triangular magnet and therefore increasing the clearance between neighbouring magnets.

The largest observed effect of interference in the final design module has a magnitude of ~40(m. In most cases, and during all low voltage iterations, the effect of interference is undetectable. The worst-case interference occurs when all 6 neighbours of a spine unit are sent a significant number of high voltage waveforms. This situation typically occurs on the first iteration of a field configuration when a 40(m positioning error is insignificant and does not impact on the total field configuration time.

In conclusion, magnet interference between neighbouring spine actuators does not affect spine unit performance or predicted configuration times.

1.9.2 Temperature testing

Initial testing of the effect of temperature on the step size of the spine unit was performed during the preliminary design. This was primarily to investigate the performance of the actuator as a function of temperature. The results showed ~10% increase in the step size of the spine unit as the temperature was decreased from 23oC to 0oC. More importantly, the tests showed no degradation of spine unit performance over this temperature range.

A critical test performed during the final design was an investigation into the long-term performance of the spine unit at the lowest temperature experienced at the Mauna Kea site (-5oC). This test is important as it investigates the rigidity of the 3-point mount and cemented joints as the piezoelectric actuator is operated continuously for ~8hrs at –5oC.

The test was performed as part of the environmental testing of the prototype instrument in February 2003 at the Vipac environmental test facility in Sydney. The test procedure is summarised as follows:

16. Seven spines were mounted on neighbouring 3-point mounts in the final design module. The module was placed in the environmental test chamber as shown in Figure 6.

17. To simplify the drive electronics the 7 spine units were moved simultaneously.

18. The backlit fibre imaging system could detect only one spine in the field of view, therefore the spine units were tested sequentially.
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Figure 6. The module mounted in a climatic test chamber.

19. The imaging system was located underneath the first spine unit under test. The spine unit step sizes along the 4 possible directions of movement were calibrated at room temperature. This was performed for the 6 remaining spine units. The imaging system was relocated underneath the first spine unit.

20. Using the calibrated step sizes the spine unit was reconfigured using randomly generated targets in the field of view. Once the spine unit acquired a target it was automatically reconfigured to another.

21. The test chamber was closed and the temperature reduced to –5oC. The reconfiguration performance was continually monitored.

22. After 1-2hrs at –5oC the imaging system was moved to a neighbouring spine unit and the test repeated.

23. A total of 8 hrs continuous testing was achieved at –5oC.

[image: image7.png]Calibration for spine23l.cal
(Iteration level 0, -6,0 wolts)

N
N

500

FPI ¥ axis
[microns]
1500

1000

500

o

-500

-1000

-1500

-1500  -1000  -500 0 1000 1500

FPI X axis
[microns]

FPI ¥ axis
[microns]

Calibration for spine233,cal
(Iteration level 0, -6,0 volts)

1500

1000

|
A

-500
-1000
-1500
-1500  -1000  -500 0 500 1000 1500
FPI ¥ axis
[microns]




Figure 7. High voltage calibration graphs for 2 spine units at room temperature (~24C).
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Figure 8. High voltage calibration graphs for 2 spine units at -5(C.

In summary, there was no significant effect witnessed on the positioning performance as the temperature was reduced and, more importantly, sustained for several hours. Comparing the calibration profiles taken at the two temperature extremes most easily shows this. The low temperature calibration profiles of 2 of the spine units, shown in Figure 8, can be directly compared to the room temperature (~24oC) profiles shown in Figure 7. 

From Figure 7 and Figure 8 the following should be noted:

24. All 4 profiles correspond to spine units capable of acquiring targets in <5 iterations.

25. The low temperature profiles shown in Figure 8 were obtained after the spine units had been in continuous operation for ~3hrs at an environmental temperature of -5oC.

26. The 4 directions of movement are consistent at the 2 temperature extremes. The step size magnitudes in each direction are similar enough for software to easily compensate for the gradually changing step size versus temperature.

1.9.3 Conclusions

The minor modifications made to the spine and 3-point mount during the final design have been presented and discussed. Approximately 30 spine units were assembled during the final design and tested. 

Magnetic interference between neighbouring magnets has been reduced to a level where no measurable effect is witnessed. It is shown there is no performance degradation associated with magnetic interference.

Spine unit performance measurements at sustained low temperatures, obtained during the environmental testing of the prototype instrument, show that spine unit performance is unaffected at low temperatures. More importantly, the rigidity of the 3-point mount and all cemented joints is high enough to allow continuous operation for at least ~8 hrs at an ambient temperature of –5oC.

The Echidna spine unit design presented in the preliminary design report together with the necessary modifications made during the final design constitute the completed Echidna spine unit design.

The Echidna fibre positioner assembly

1.10 Introduction

The Echidna fibre positioner assembly, shown in Figure 12, forms a solid unit with the 480 Echidna spine units in the centre. It consists of the 12-module array and associated electronics boards mounted to the module support frame and the 4-legged top assembly frame incorporated for lifting purposes. The assembly is bolted to one side of the main structural plate as discussed in chapter 9.1. 

Modifications to the mechanical and control electronics design of the Echidna positioner assembly proposed in the preliminary design report are presented and discussed. 

Software control of the Echidna positioner assembly is included as part of the overall systems software in chapter 9.3.

A 2-module working prototype has been built and tested as part of the modification process.

1.11 Mechanical design

1.11.1 Module design modifications

The Echidna spine units are mounted in 12 modules, each accommodating 42 movable spines, including 2 guide fibre spines, together with 2 fixed fiducials. The modules are identical to that shown in Figure 10. 
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Figure 9. The module base with a description of the characteristic features.

The design modifications to the preliminary design module are as follows:

27. The main structural component of each module is referred to as the module base and comprises a steel bar approximately 12.5 mm wide, 8 mm thick and 220 mm long as shown in Figure 9. Cut-outs have been introduced on the side faces of the module base to facilitate easy removal from the Echidna positioner assembly by increasing clearance between the module base and 3-point mounts located on the neighbouring module.

28. The module PCB provides electrical contact between the piezoelectric actuators and the switchboards. Special care was taken to ensure that the corresponding pins in both connectors lined up. To accomplish this switchboard guides were incorporated and jigs are being designed to ensure accurate position of the connectors.
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Figure 10. A single Echidna module fully populated with 42 spine units and 2 fiducials. 

29. The cross-section of each hole in the module PCB was changed from oval to circular, to aid in the soldering of the piezoelectric actuators to the PCB. The diameter of the hole still allows for PCB expansion relative to the module base. It should be noted the thermal coefficients of expansion of the PCB and module base are very similar hence the change is one of precaution.

30. Each module supports a middle bridge as shown in Figure 10. Analysis of the assembly process whereby spines are inserted into the module revealed a flaw in the preliminary design middle bridge. A separate strip with grooves machined to accept ferrules, rather than boring holes directly into the middle bridge, greatly aids the speed of the assembly. The strips, one for each side of the module, are connected to the module by screws. 
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Figure 11. The final design prototype module, semi-populated with Echidna spine units.

31. The loop bridge, shown in Figure 10, is an important additional element in the module design. It is used to secure a short length of fibre for each of the 42 spine units, 2 fiducials and 4 spares within the module. The extra fibre length allows for fibre stress relief as well as aiding in the assembly process. The structure is free of sharp edges and traps to assure fibre integrity.

32. The top bridge has been altered to accept 4 furcation tubes. The outer two furcation tubes are for guide and fiducial fibres while the central 2 tubes carry 22 science fibres each. This very rigid connection guarantees safety of the fibre on its route through a number of clamps to the connector.

33. The transparent screen used for fibre protection between the top and middle bridges has been changed from a slide attachment to a simple screw attachment. During prototyping of the final design module it was noted the slide-on screen could too easily break the bare fibres.

34. The fiducial tip has been reduced in diameter to increase the guide spine patrol area.

The prototype final design module, semi-populated with Echidna spine units, is shown in Figure 11. It should be noted this module was used to identify the required modifications discussed above and hence does not incorporate all of them.

1.11.2 The positioner assembly modifications

The final design Echidna positioner assembly is shown in Figure 12 and should be referred to in the following discussion. 
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Figure 12. The Echidna positioner assembly.

The modifications to the preliminary design Echidna positioner assembly are as follows:

35. Each module will be precisely located on the module support plate by two dowel pins and secured by two bolts. 

36. The insertion of a module into the prototype Echidna positioner assembly was in practice a difficult process. The magnetic force of repulsion between neighbouring modules made the operation difficult and risky. To minimise the risk module guide pins, shown in Figure 12, are inserted into the module support plate. They will guide each module into the resting position on the module support plate without collision with neighbouring modules.

37. The top frame assembly has been modified slightly. The lifting bracket, for removal of the whole Echidna assembly, has been strengthened.

38. The connection of the module support plate to the main structural plate has been developed. The module support plate is made from steel to match the material of the 12 module bases. The main structral plate is made of 5083 aluminium alloy to match the material of the Waku prime focus drum to which it connects. The plates have significantly different coefficients of thermal expansion and therefore cannot be rigidly connected. To prevent distortion of the aforementioned plates, three flexible suspension brackets now connect the two elements. The use of 3 brackets will assure the assembly is not over-constrained. The brackets are located at the same fixed distance from the centre point of the Echidna positioner assembly. This arrangement will ensure the centre of the assembly lies along the telescope axis during temperature changes with minimal rotation.

39. The dimensions of the module support plate are changed to match the newly incorporated flexible brackets.

40. To securely hold each switchboard a locking bracket is incorporated onto either side of the top assembly frame.

41. The Echidna A and B support brackets are redesigned to match the developed Echidna boards A and B.

1.12 The Echidna positioner electronics design

1.12.1 General design

The electronics that drive the Echidna spine unit actuators are physically divided into two groups. The first group is the actuator drive and control electronics, and these are contained in a single Eurocard chassis in a cooled enclosure above the spines. It is the actuator drive electronics which contain power supplies, drive signal amplification, telemetry, and digital I/O. The second group is the switching electronics and these are located at or very near the spines. It is this group which distributes the drive signals to the appropriate actuators through a switching network.

Since the preliminary design there have been no major changes to the Echidna actuator drive electronics or to the switching electronics. Those changes that have been made will be highlighted in the appropriate sections.

1.12.2 Echidna actuator drive electronics

1.12.2.1 General description

Figure 13 is a block diagram of the Echidna actuator drive electronics. The primary components are the power supplies, computer interface board, amplifier board, and digital output board.

The only major change made to the actuator drive electronics is that the back illumination electronics have been incorporated into the same Eurocard chassis as the actuator drive electronics. Specifically, the fiducial and guide spine back illumination electronics and also the science fibre back illumination interface electronics have been incorporated. The back illumination electronics share the same power supply and backplane as the actuator drive electronics, although they remain functionally independent.

The back illumination electronics are not included in Figure 13.
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Figure 13. Echidna actuator drive electronics.

1.12.2.2 Power

The mains power enters through an IEC plug that has an integral fuse, switch, and filter. It is mounted on the front panel. The power supply is the only device in the actuator drive chassis that uses mains power. It produces the low voltage DC to supply the Echidna positioner electronics.

The HV Power board has a DC/DC converter that takes +15V from the power supply and converts it to the +/-150V needed to supply the high voltage piezo amplifiers.

No changes have been made to the power circuitry since the preliminary design.

1.12.2.3 Interface/control/telemetry

The interface board contains the buffering and isolation circuitry between the DT302 multifunction I/O board and the rest of the Echidna positioner electronics. Digital switching commands from the FMOS-Echidna control computer enter through the interface board, and analog telemetry signals are multiplexed and buffered at the interface board before being sent to the DT302.

A few minor changes have been made to the general interface, control, and telemetry design:

42. The high voltage DC/DC converter now has a thermal fuse that cuts power if the device gets too hot. The device temperature is no longer telemetered since it is no longer necessary.

43. A second temperature sensor has been added to the switching electronics for improved calibration of the module temperatures.

44. Due to space constraints, the drive signal input connector is no longer on the interface board but on the HV power board.

45. The telemetry circuitry has been improved. The telemetry amplifiers have their own power, derived from the DT302 I/O board, and incoming signals are isolated with a resistor/capacitor/zener network. These improvements make galvanic isolation unnecessary.

1.12.2.4 Amplification

The amplifier board contains four high voltage op amps that drive the actuators. The actuators are divided into two sides, and two amplifiers drive each side.

Two changes have been made with the amplifier board:

46. Thermal fuses have been coupled to each amplifier body to prevent damage from overheating.

47. The amplifier board now has a HD-26 output connector. All analog signals, including amplifier outputs, temperature telemetry, and DC power, pass through the amplifier board to the switching electronics. In the preliminary design a single connector carried all analog, digital, and power to the switching electronics. It is believed that having a separate, smaller, analog connector will lead to greater reliability and signal integrity.

1.12.2.5 Output

The primary purpose of the output board is to convert the digital control signals to differential pairs for driving across the cabling to the actuators. In the preliminary design, all signals passed through the output board connector to the switching electronics. The analog and power signals now pass through the amplifier board, and only the digital control signals pass through the output board.

1.12.2.6 Actuator drive printed circuit boards

Table 3 lists the AAO developed circuit boards for the actuator drive control electronics.

	Part Number
	Quantity 
	Name

	EL735
	1
	Echidna positioner amplifier board

	EL736
	1
	Echidna positioner backplane (also incorporated back illumination control backplane)

	EL737
	1
	Echidna positioner high voltage power supply

	EL738
	1
	Echidna positioner interface board

	EL742
	1
	Echidna positioner output board

	EL743
	1
	Echidna positioner PCI-6711 to BNC adapter board


Table 3. Actuator drive printed circuit boards.

1.12.3 Switching electronics

1.12.3.1 General description

The Echidna switching electronics include all the circuit boards that are located at or very near the spines. The purpose of the switching electronics is to decode the incoming digital commands from the control electronics. This decoded data is used to correctly set the state of each switch so that the actuators are connected to the appropriate drive signal.

Figure 14 is a three-dimensional rendering of one of the modules and the associated switching electronics. Figure 15 is the equivalent block schematic.

Two temperature sensors, with conditioning boards, will be mounted onto module support plate near the spines. These sensors will be wired into Echidna positioner board A and will provide necessary temperature data for calibration and positioning of the spines. With the exception of these temperature sensors, there have been no significant changes to the switching electronics since the preliminary design.
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Figure 14. 3D drawing of the Echidna positioner with electrical boards labelled.

1.12.3.2 Switching electronics printed circuit boards

Table 4 lists the AAO developed circuit boards for the switching electronics.

	Part Number
	Quantity 
	Name

	EL709
	12
	Module printed circuit board

	EL710
	1
	Switch control board

	EL711
	1
	Echidna positioner board A

	EL712
	1
	Echidna positioner board B

	EL713
	24
	Switch board

	EL714
	1
	Switch extender (for maintenance)

	EL734
	1
	Echidna module test board (for maintenance)

	EL741
	1
	LED test board (for maintenance)

	EL746
	1
	Temperature sensor termination board


Table 4. Printed circuit boards for the switching electronics.
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Figure 15. Block schematic of switching electronics.

1.12.4 Board testing

The switch cards and module printed circuit boards are of special concern and extra consideration is being given to the testing of these boards. Fourteen modules (including 2 spares) will be produced, and the cost of parts and labour to each module is high. Before any module printed circuit board is committed to assembly, it will be thoroughly tested for open and shorted traces by using a test indicator board. 27 switch cards (including 3 spares) will also be manufactured, and each contains a large number of switches. A second indicator board will be produced that will connect to each switch card. A simple test program will be written that will send commands through the parallel port of the computer and test the functionality of each switch card.

1.13 Echidna positioner software

The software specific to the Echidna positioner assembly can be found in the combined software section included as part of the FMOS-Echidna system design (see section 9.3).

Focal plane imager

The Focal Plane Imager (FPI) is a dual purpose XY stage located between the corrector and the Echidna fibre positioner assembly, carrying optics to image both the sky and backlit fibres. The FPI was substantially developed during the preliminary design and a single-axis prototype was assembled and tested. Further testing of the prototype was performed during the final design to confirm system adequacy. 

An overview of the FPI mechanical requirements is presented. Modifications to the mechanical design of the FPI made during the final design are highlighted. 

A detailed description of the FPI electronics is presented, with any modifications made during the final design highlighted where appropriate. FPI software control is included as part of the overall systems software in chapter 9.3.

1.14 Introduction

The FPI functions include: 

· calibration of the Echidna system on the telescope, 

· accurately measuring the position of the Echidna spines in the field of view, 

· assisting in commissioning of the FMOS system.

To calibrate the FMOS-Echidna system 2 non-cooled cameras are implemented. A Pulnix CCD camera, referred to as the “spine camera”, images a subset of the backlit fibres via a telecentric lens. A smaller Watec CCD camera images a section of the sky via the Subaru primary mirror and is referred to as the “sky camera”. The FPI can “look” up (via the spine camera) and down (via the sky camera) along the same axis, so as to determine precisely the XY position with respect to the telescope coordinate system.

Spine tips under configuration in the focal plane are imaged by the spine camera, which views the backlit fibres of the spines and provides the positional feedback to the control software. After a few iterations the fibres are positioned to the required accuracy, discussed in detail in chapter 10.
1.15 FPI mechanical

The salient points of the mechanical design and operation of the FPI, shown in Figure 16, are as follows:

48. The FPI consists of 2 carriages referred to as the X and Y axes carriages. The X-axis carriage is the larger as it must carry the Y-axis drive, Y-axis linear positioning system and Y-axis carriage. The X carriage is mounted to the FPI support plate.

49. The X and Y drive systems have brushless servomotors with incorporated resolvers. The rotation of each motor shaft is transmitted to the carriage through a bellows coupling, ball screw and ball screw nut linked to the carriage. The resolver provides incremental position and velocity information to the servomotion controller for positioning and motor commutation. The exact position of the optics is provided by the X and Y linear encoder systems. 

50. Both carriages move on very rigid and extremely precise linear roller rail systems, which consist of runner blocks and roller rail guides.

51. The optical components, shown in Figure 17, are mounted on the Y-axis carriage.


[image: image16.wmf]X

-

Limit

switch

X

-

axis shock

absorber

FPI support plate

Y

-

axis carriage

Y

-

axis drive

Interface board

X

-

axis encoder

X

-

axis cable

chain

Y

-

axis shock

absorber

Y

-

Limit

switch

X

-

axis carriage

Y

-

axis encoder

Y

-

axis cable chain

Y

-

Limit and

Home switch

X

-

Limit and Home switch

X

-

axis drive

Optics assembly

Temperature

sensors


Figure 16. Details of the FPI mechanisms (the assembly is shown inverted).

52. When configuring of the fibres is complete the FPI moves both carriages to the parking position (referred to as the “home” position) where none of the mechanical or electronic components vignette the incoming beam from the corrector. While in this parked position the brakes are activated in both motors (drive power is switched off).

53. Each axis mechanism contains two over-travel electrical limit switches. In the event these fail to stop the carriages two shock absorbers are mounted on each side of the carriages. They are capable of dissipating kinetic energy from moving elements without causing physical damage to the optical components by excessive shock loading. Once the motor reaches these buffers, the additional current draw of the motor will generate a fault condition, disable the amplifier and switch the motor power off.

54. All moving electrical cables will be placed directly into cable chains secured with strain relief at both ends. Additionally, on both cable chains, locking brackets will be mounted to prevent the chain from moving into the space occupied by the Shack Hartmann unit.

1.15.1 FPI modifications

The following sections present and discuss the modifications made to the design of the FPI presented in the preliminary design report. 

55. After prototyping the X-drive axis was redesigned. It was found the FPI support plate and X-carriage, both made of 5083 aluminium alloy, didn’t comply with the expected dimensional accuracy and stiffness. These large errors would seriously affect instrument performance. The solution was to choose a material that would allow for high precision grinding and a much better dimensional and shape stability after machining. As a result of thorough investigations the material chosen for the FPI support plate and X-carriage was Stavax ESR– a martensitic stainless steel. 
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Figure 17. FPI optics assembly.

56. The X carriage and the FPI support plate were redesigned to achieve stiffness greater than the linear roller rails. This was especially important after the discovery one could not rely on the straightness of the purchased roller rails. 

57. The X-axis shock absorber has been upgraded. The new model better matches the expected maximum impulse calculated for the unlikely event when the load (of 60kg) impacts the shock absorber with the motor speed of 600 RPM. 
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Figure 18. FPI travel limits.

58. The mechanical design of the optical system, shown in Figure 17, must be sufficient to hold the individual components firmly, and to permit the adjustments of those components that have to be moved. Changes were implemented in the FPI optical design to meet the above requirements. In addition, to minimise the possibility of picking up electrical noise, the telecentric lens and both the Pulnix and Watec cameras is electrically isolated by a number of bushes and washers. 

59. A Watec CCD camera was chosen for the sky camera. This high-sensitivity camera fulfills both the imaging and space requirements. An optical filter is located in front of the camera. The camera replaces the inefficient coherent bundle proposed in the preliminary design report. 

60. Figure 18 shows the updated travel limits for the optics of the FPI. The directions of motion of X and Y carriages are indicated. The green rectangles represent the field of view of the FPI spine camera. The rectangle forms part of the scanning pattern adopted during spine configuration.

61. The requirement of front illumination for the science fibres was highlighted during the final design. This device will allow the observer to locate a specific fibre spectrum on the detector of the spectrograph. The design is in progress.

62. For calibration purposes, temperature sensors will be located at several positions on the FPI.

1.15.2 Technical specification of the FPI components

An updated list of FPI mechanical components is as follows:

63. Kollmorgen Brushless Servomotors:

X-axis; 6SM037M-6000-G

Y-axis; 6SM037S-6000-G

The models give high power to size ratio and high acceleration/deceleration capabilities. For both axes the motor to load inertia ratio allows for superior dynamic stability of the system. Both motors are equipped with holding brakes designed as standstill brakes and not suited for repeated operational braking. If the brake is released then the rotor can be moved without a remnant torque, the operation is free from backlash.

64. Linear Bearings ball screw with nut and end support bearings: 

X-axis; JPF1605-4 RRG0 433L C7 T 

Y-axis JPF1605-4 RRG0 (screw length)L C7 T

Both screws and nuts are preloaded according to expected load and sealed.

65. Precision runner block and roller rail

1821-219-10 (size 25) and 1895-269-31 from Star GmbH

Optimum rigidity under load from all directions.

66. Encoder system RGH22Z30F00A from Renishaw

It is a non-contact optical encoder with 0.5µm resolution. The AAO has used this technology very successfully on the Ozpoz Project for ESO and its own 6dF instrument.

67. Bellows couplings MBC33 from Ruland Manufacturing P/L

Very high torsional stiffness, dynamic torque up to 3 Nm

68. Cable chain from Treotham P/L

X-axis – chain series 27I (63mm bending radius for cables)

Y-axis  - chain series 240 (50mm bending radius for cables)

69. Shock Absorbers 

X-axis shock absorber – MC150-MHB supplied by ACE Controls Inc.

Y-axis shock absorber – MC75M supplied by ACE Controls Inc.

Small size limits the area available to remove heat build-up, while the self-compensating design accommodates a variety of load conditions.
1.15.3 FPI components masses

An updated list of FPI component masses located on the X-carriage is presented below. The total mass carried by the X-axis carriage is 50kg.

	Components name
	QTY
	Mass (kg)
	Total

	Y-axis
	 
	 
	 

	E6834 Optics assy
	1
	3
	3

	E6816 Y-carriage plate
	1
	6
	6

	E6830 Rail block short
	3
	0.6
	1.8

	E7330 Y-carriage assy
	1
	8
	7.8

	E6828 Ball screw Nut
	1
	1
	1

	E6832 Y-Cable chain
	1
	0.4
	0.4

	E6841 Cable chain Y bracket support
	1
	0.1
	0.1

	E6807 Y-Encoder Read Head
	1
	0.2
	0.2

	E6843 Nut - carriage coupling
	1
	0.15
	0.15

	E7316 Limit/Home switch flag
	1
	0.02
	0.02

	E7317 Home switch flag
	1
	0.02
	0.02

	E7323 Cable carrier
	1
	0.05
	0.05

	Cables
	1
	3
	3

	Fasteners
	1
	1
	1

	Misc brackets
	1
	2
	2

	Total mass for Y-axis
	 
	 
	18

	X-axis
	 
	 
	 

	E6809 Y-Rail
	2
	1.4
	2.8

	E6830 Runner block short
	4
	0.6
	2.4

	E6845 X-carriage plate
	1
	13.8
	13.8

	E6846 X-carriage
	1
	 
	19

	E6818 Y-axis motor assy
	1
	3.8
	3.8

	E6828 X-Ball screw nut
	1
	0.5
	0.5

	E6824 X-Encoder bracket
	1
	0.1
	0.1

	X-Encoder Read Head
	2
	0.2
	0.4

	E6831 X-Cable chain
	1
	0.5
	0.5

	E6814 X-Cable chain bracket
	1
	0.3
	0.3

	E6815 X-cable chain bush 
	4
	0.01
	0.04

	E7320 Y-Encoder bracket
	1
	0.6
	0.6

	E7322 Y-Encoder adj brkt
	1
	0.05
	0.05

	E7319  Y-Encoder post
	1
	0.1
	0.1

	E6842 Nut - carriage coupling
	1
	0.15
	0.15

	E7311 Shock absorbers
	4
	0.06
	0.24

	E6804 Shock abs stops
	4
	0.01
	0.04

	E6822 Shock abs brkt
	4
	0.03
	0.12

	E7022 X-Limit/Home switch 
	1
	0.01
	0.01

	E7326 X-Limit switch
	1
	0.01
	0.01

	E7315 Limit/Home switch brkt
	2
	0.01
	0.02

	E7248 Temperature controller
	1
	0.05
	0.05

	E7313 Y-cable chain support
	1
	0.1
	0.1

	Cables
	1
	3
	3

	Misc brackets
	1
	2
	2

	Fasteners
	1
	1
	1

	Total mass for Y-axis
	 
	 
	18

	Total mass for X-axis
	 
	 
	50


1.15.3.1 Estimation of the required motor torques

The following section estimates the torque required from the X and Y motors. It is shown the available torque far exceeds the required estimated values for moving the FPI XY carriage.

70. The additional force to be overcome by the X and Y motors is increased by the following:

· The X-axis motor:

Frictional force between the runner blocks and rail guides = 4 x 15N = 60N

Maximum estimated force used to bend cables in X-axis cable chain at –5oC = 50N 

· The Y-axis motor:

Frictional force between the runner blocks and rail guides = 3 x 15N = 45N

Maximum estimated force used to bend cables in Y-axis cable chain at –5oC = 30N

71. The maximum force to be overcome by motors is:

· X-axis motor 6SM37M-6000-G 
 50kg x 9.81m/s2 + 80 N + 50N = 620 N

· Y-axis motor 6SM37S-6000-G 
 18kg x 9.81m/s2 + 60 N + 30N = 267 N

72. The required torque is:

X-axis motor requires constant torque of 0.7 Nm (including allowance for high altitude power derating and acceleration/deceleration time 0.5 sec each).

Y-axis motor requires constant torque of 0.3 Nm (including allowance for high altitude power derating and acceleration/deceleration time 0.5 sec each).

73. The available torque is:

Torque available for X-axis motor = 1.0 Nm at 600 RPM.

Torque available for Y-axis motor = 0.5Nm at 600 RPM

74. Conclusion

After de-rating motors for high altitude conditions (torque and current reduced by 35%) the motors still have sufficient torque to drive the loads efficiently.
1.16 FPI calibration jig

A device designed and developed during the final design for calibration of the FPI is called the FPI calibration jig. The following section presents the design and functionality of the recently assembled jig.

1.16.1 Overview

The FPI calibration jig is shown in Figure 19. The 4-legged structure supports a glass plate with a precisely deposited pattern of 100m holes on one of the upper surfaces. 
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Figure 19. Matrix array for FPI calibration.

The precision of the hole diameter and position of the centre is quoted as <1m by the manufacturer. The hole array is observed when power is supplied to the electroluminescent sheet situated behind the glass plate.

1.16.2 Functionality

The hole pattern contains two grids. Spanning the ~150mm by 150mm plate is a 20mm spaced square grid of 100m holes. When this jig is mounted on the main structural plate, as shown in Figure 20, the matrix array plate lies in the focal plane of the spine camera. The FPI spine camera will image and measure each backlit hole and detect any non-linearity in the axes and the relative orthogonality between the axes.
A small region in the centre of the mask has an array of holes equally separated by ~2mm covering an area at ~26mm x 20mm. This finer grid is for calibrating the distortion of the telecentric lens. 
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Figure 20. Calibration jig placed on the main structural plate.

The matrix array substrate is standard glass and the array dimensions can be measured for a range of expected operating temperatures. It is expected the FPI XY axes will be calibrated at the AAO and again after assembly of FMOS-Echidna in Hilo.

A picture of the calibration plate mounted on the single axis prototype FPI is shown in Figure 21, taken during the distortion measurement of the telecentric lens.
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Figure 21. The calibration plate mounted on the prototype single axis FPI.

1.17 FPI electronics

1.17.1 Overview

The FPI electronics includes the necessary components, interconnections and interfaces to provide remote control of the major FPI systems, including:

· The XY carriage system

· Two monochrome TV frame rate cameras (spine and sky cameras)

· A slow scan cooled CCD camera (guide camera)

1.17.2 XY carriage system

The FPI XY carriage system consists of a 2-axis servo system controlled by the FMOS-Echidna control computer. The X axis carries the Y axis, and the Y axis carries the spine camera, sky camera and imaging optics. Each axis has a brushless servomotor, a resolver (incorporated in the servomotor) and a linear incremental encoder. The resolver provides incremental position and velocity information to the servo motion controller for positioning and motor commutation and the incremental encoder provides accurate positioning information. Each axis has a positive and negative end of travel limit switch and a home position switch. There is an interlocking system that disables the XY carriage system if activated. This is used by the Shack-Hartmann interlock system described in section 9.2.9. Each motor has a built in brake that is released only when the corresponding amplifier is enabled. A block diagram of the FPI XY carriage system Control Electronics is shown in Figure 22.

1.17.3 Servo axis description

Each XY servo axis mechanism consists of a motor with built in resolver and brake, an encoder, two over travel limit switches and a home position switch. Each axis has its own motion controller/servo drive.

1.17.4 Motion control and drive

The motion controller/servo driver for each axis is a Kollmorgen ServoStar CD (CR03260) digital amplifier that provides servo control and motor drive electronics in a compact integrated package. The servo controller implements Pole Placement, Proportional Integral and Proportional Differential with Feed Forward control algorithms. The amplifier is designed for operation with brushless servomotors and provides built-in electronics for sine wave commutation.

The ServoStar has a number of operating modes. The mode used for the Echidna FPI XY carriage system is the serial position controller mode. Positioning commands are sent to the ServoStar from the FMOS-Echidna control computer over an RS232 serial interface (one for each axis). Commands and variables sent to the ServoStar follow the Kollmorgen VARCOM variable and command language.

The ServoStar has three programmable switch inputs. For the Echidna FPI XY axes, two of these inputs are used for end of travel limit switches. Should a limit switch be activated while motion is in progress, the ServoStar will stop motion in the direction of that limit switch. This does not disable the drive or prevent motion in the opposite direction. The third switch input is used for a home position switch on each axis. Limit switch inputs are galvanically isolated.

A programmable output on the ServoStar is used to control the built-in brake on the motor.

1.17.5 Servomotors

The motors used to drive the X and Y axes have been selected based on the speed/torque and space requirements of the mechanical system. Both motors are made by Kollmorgen-Seidel: a 6SM-37M will be used for the X motor and a 6SM-37S for the Y motor. These are brushless servomotors with integrated resolvers for control feedback to the amplifier. The motors also have a brake that needs to be energised for release.

1.17.5.1 Encoders

Primary position encoding for each axis is provided by the resolver incorporated in the motor. The resolver to digital converter in the amplifier has a resolution of 14-bits. As the resolver operates in quadrature, this results in 65536 counts per 360 degrees of mechanical rotation of the motor. The pitch of the ball screw is such that 360 degrees of mechanical rotation of the motor/ball screw shaft results in 5mm of linear movement of the axis. This gives a resolution of 0.073μm. While this resolution is adequate for positioning the cameras, the resolver may only be accurate to (19 arc minutes (~(4.4μm). Therefore, each axis also has a linear incremental encoder with 0.5µm resolution and accuracy. The output signals of this encoder are connected to the Auxiliary encoder input on the associated ServoStar. Software can read the incremental encoder count from the ServoStar to obtain accurate position information. The encoders are Renishaw model RGH22Z30F00A. Encoder +5V power is generated from the Instrument 24V supply via a DC-DC converter in the carriage system electronics.
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Figure 22. FPI XY carriage system Control Electronics.

1.17.5.2 Limit switches

Each servo axis mechanism (X and Y) has a limit switch at each end of the mechanism physical travel. The limit switches are normally closed switches with current flow broken when the switch is activated. The limit switches used are Baumer 4mm NPN normally closed magnetic proximity switches connected to two of the switch inputs on the ServoStar amplifier and configured as limit switches. If a limit switch is activated, the ServoStar immediately prevents any further motion in the direction of that switch. Motion in the opposite direction is still enabled. Should a fault occur which results in the limit switch not disabling motion, the axis will drive into mechanical buffers at the end stops. Once the motor reaches these buffers, the additional current draw of the motor will cause the amplifier to enter a current foldback mode that will disable the amplifier, stop the motor driving and generate a fault condition.

The state of the limit switches may be read independently of the amplifier by the FMOS-Echidna control computer, via opto-isolated digital inputs.

The proximity switches require 24VDC power, which is supplied from the Instrument +24V power supply.

1.17.5.3 Home switch

Each axis has a normally open home position switch that is activated when the axis is in its home position. The home position switch on each axis is a Baumer 4mm NPN normally open magnetic proximity switch, powered from the Instrument +24V power supply and connected to the third switch input of the ServoStar amplifier. The amplifier can be commanded to drive the axis until the home switch is activated. The status of the home switch may be read independently of the amplifier by the FMOS-Echidna control computer, via an opto-isolated digital input.

1.17.5.4 FPI enable interlock switch

A single interlock input provides the ability to disable both the X and Y axis amplifiers if the Interlock is not made. This is used to disable the XY carriage system if the Shack-Hartmann mechanism is not in its park position. A Baumer 4mm NPN normally open magnetic proximity switch will be mounted such that it is activated when the Shack-Hartmann mechanism is in its park position. The switch will be connected to the Shack-Hartmann Interlock Terminal board and will be powered from the Instrument +24V supply.

1.17.5.5 FPI home switch contacts

A pair of relay contacts that indicate that the FPI XY carriage system is in its home position are provided. These can be used by the Shack-Hartmann mechanism to disable movement if the FPI XY carriage system is not in a safe position.. These contacts are closed when both the FPI X and Y axes are both in their home (park) positions and the FPI power is on. External connection to the relay contacts is provided on the Shack-Hartmann Interlock Terminal board. The relay contacts, which are located on the Limit Switch Interface board, have a maximum current rating of 1A DC.

1.17.5.6 Limit switch and encoder terminal board

Each axis will have a small circuit board mounted close to the mechanism to which the switches and encoders will be connected. This board combines all the signals into a single multi-core cable, which runs back to the FPI Control Electronics. This board will provide test points for monitoring the state of the switches and encoder with appropriate test equipment.

1.17.5.7 Shack-Hartmann interlock terminal board

A small circuit board mounted in an appropriate location will provide connectors to which the Shack-Hartmann park position sensor and the Shack-Hartmann enable connections can be made. This board combines these signals into a single cable that runs back to the FPI Control Electronics.

1.17.5.8 Temperature sensor terminal board

A small circuit board will be mounted on the main structural plate on the same side as the FMOS-Echidna assembly. This board combines all the temperature sensors for the X and Y axes into a single multi-core cable that will run back to the FPI Control Electronics. This board will provide test points for monitoring the state of the +5V supply voltage to the temperature sensors and the returning voltage for each sensor.

1.17.6 FPI control electronics

The FPI XY carriage system has control electronics to interface the axis sensors to the amplifiers and to provide remote control and status monitoring of the amplifiers and sensors by the FMOS-Echidna control computer.

The control electronics for the FPI XY carriage system consists of a number of single height (100mm) standard length (160mm) Eurocard based circuit boards plugged in to a common interconnecting backplane. The boards are as follows:

1.17.6.1 Computer interface board

This board interfaces the DT302 multifunction I/O board in the FMOS-Echidna control computer to the control and monitoring functions of the XY carriage system electronics. This board also has power status monitoring circuits that allow the FMOS-Echidna control computer to detect failure of the 24 VDC power supplies. It also has a DC-DC converter to supply +5V to the digital circuitry in the control electronics.

The digital interface functions are as follows:

· X and Y amplifier enable control (2-bits)

· X and Y amplifier fault status (2-bits)

· X and Y limit switch status (4-bits)

· X and Y home switch status (2-bits)

· Instrument interlock status (2-bits)

· Instrument enabled status (1-bit)

· Instrument Emergency Stop status (1-bit)

· Instrument and Servo 24V power supply status (2-bits)

The analog input functions are as follows:

· X and Y axis temperature (4 differential input channels)

· Ambient temperature (1 differential input channel)

· Enclosure temperature (1 differential input channel)

· Instrument and Servo 24V power supply voltages (2 differential input channels)

1.17.6.2 Machine interface board

This board provides interfacing and voltage conversion for the mechanism (axis) sensors. The sensor switch signals are received from the Limit Switch Interface board. These include the end of travel limit switches, the home position switch and the interlock switch. The Machine Interface board receives the linear incremental encoder directly from the encoder. The board also has a DC-DC converter to supply +5V power to the encoder head (derived from the Servo 24V supply). The encoder and switch inputs are then sent to the corresponding amplifier interface board. The switch inputs are optically isolated and passed to the Computer Interface board for monitoring by the FMOS-Echidna control computer.

Front panel LEDs on the board visually displays switch status.

There is one Mechanism Interface Board for each axis.

1.17.6.3 Limit switch interface board

This board provides interfacing for the end of travel limit sensors, the home position switch, the interlock switch and interlock contact.

The board contains relay logic control switching to disable the FPI and Shack-Hartmann shutter drive if both are operating in the common focal plane area. A set of interlock relay contacts provide an external interface to the Shack-Hartmann shutter control electronics. The switch inputs are passed onto the X and Y Machine Interface boards.

There is one Limit Switch Interface board for both the X and Y axes.

1.17.6.4 Amplifier interface board

This board provides control electronics for the amplifier enable, as well as passing the encoder, limit and home switch inputs from the machine interface board to the amplifier. This board provides feedback of the amplifier fault status to the computer interface board. More detailed amplifier fault information can be obtained by interrogating the servo amplifier using the FMOS-Echidna control computer. The board also has a relay, controlled by an amplifier output signal, to provide power to the motor brake.

Amplifier enable and fault status are visually displayed by front panel LEDs on the board. 

There is one Amplifier Interface board for each axis.

1.17.6.5 Control interface board

This board has an interface to the operator control switches for the Echidna FPI. Operator control switches allow the FPI XY carriage system to be disabled for maintenance and test purposes without the possibility of the FMOS-Echidna control computer system remotely moving the carriage system. Accidental remote operation of the carriage system presents a safety hazard to maintenance personnel and to the equipment itself. The Interface board also has local switches on its front panel to allow the board to be operated without being connected to the main operator switches. Relay logic is used to override both axis servo amplifier enable signals in the case of emergency stop switch activation. This provides an additional level of safety over standard TTL control logic.

1.17.6.6 Analog interface board

This board has conditioning electronics for 6 temperature sensors, and the Instrument and Servo power supply voltages. These signals are input to the Analog to Digital converter on the DT302 board in the FMOS-Echidna control computer. A number of temperature sensors are used for calibrating the encoder against temperature changes in the metalwork to which the encoder tape is attached. The temperature sensors will be the National Semiconductor LM34CAZ, with an operational range of -50 to +300° Fahrenheit (-45 to 149° Celsius) and a typical accuracy of +/- 0.8° Fahrenheit (+/-0.5° Celsius). The board has a DC-DC converter to supply +5V power to the Temperature Sensors. This is supplied power from the Instrument 24V supply.

1.17.6.7 FPI printed circuit boards

Table 5 lists the AAO developed circuit boards for the FPI Control Electronics.

	Part Number
	Quantity 
	Name

	EL720
	2
	Limit Switch and Encoder Termination Board

	EL721
	2
	Amplifier Interface Board

	EL722
	1
	Computer Interface Board

	EL723
	2
	Machine Interface Board

	EL724
	1
	Backplane

	EL725
	1
	Control Interface Board

	EL726
	1
	Shack-Hartmann Interlock Terminal Board

	EL728
	1
	Analog Interface Board

	EL744
	1
	Limit Switch Interface Board

	EL746
	1
	Temperature Sensor Termination Board


Table 5. FPI Control Electronics Printed Circuit Boards.

1.17.6.8 FPI control programming interface

1.17.6.8.1 DT302 digital I/O bit functions

The FMOS-Echidna control computer is interfaced to the FPI control electronics using a Data Translation DT302 multifunction interface board. Various digital I/O bits in this board are assigned to control and status functions. Control status bit allocations are shown in Table 6.

	Port
	Line
	I or O
	Function
	Description

	A
	0
	O
	X Enable Control
	0 = Enable (Note 2)

	A
	1
	O
	X IN3 Control
	Not used

	A
	2
	O
	Y Enable Control
	0 = Enable (Note 2)

	A
	3
	O
	Y IN3 Control
	Not used

	A
	4
	O
	-
	Not used

	A
	5
	O
	-
	Not used

	A
	6
	O
	-
	Not used

	A
	7
	O
	-
	Not used

	B
	0
	I
	X Negative Limit Status
	0 = limit inactive

	B
	1
	I
	X Positive Limit Status
	0 = limit inactive

	B
	2
	I
	X Home Switch Status
	1 = switch active

	B
	3
	I
	X Fault Status
	0 = no fault (Note 3)

	B
	4
	I
	Y Negative Limit Status
	0 = limit inactive

	B
	5
	I
	Y Positive Limit Status
	0 = limit inactive

	B
	6
	I
	Y Home Switch Status
	1 = switch active

	B
	7
	I
	Y Fault Status
	0 = no fault (Note 3)

	C
	0
	I
	X Interlock Switch Status
	0 = no interlock (Note 4)

	C
	1
	I
	Y Interlock Switch Status
	0 = no interlock (Note 4)

	C
	2
	I
	Instrument +24V Supply Status
	0 = supply OK

	C
	3
	I
	Servo +24V Supply Status
	0 = supply OK

	C
	4
	I
	FPI Enabled
	0 = manually enabled (Note 5)

	C
	5
	I
	FPI Stopped
	0 = EM Stop active (Note 5)

	C
	6
	I
	-
	Not used (Note 1)


Table 6. Axis Digital I/O Bit Functions.

Notes:

75. Unused or unconnected inputs will be read as '1'.

76. Software enable will only enable the corresponding amplifier if the manual enable has been activated.

77. Amplifier Fault relay is closed (no fault present).

78. Interlock switch is closed.

79. Refer to the following truth table:

	FPI Stopped
	FPI Enabled
	State

	0
	0
	Should never occur (Amplifiers cannot be enabled while Emergency Stop is active)

	0
	1
	Emergency Stop active, Amplifiers disabled

	1
	0
	Emergency Stop inactive, Amplifiers may be enabled

	1
	1
	Emergency Stop inactive, Amplifiers cannot be enabled


Table 7. FPI Status Decoding.

1.17.6.8.2 DT302 programming

Details of the DT302 programming for the FPI remain unchanged and are described in the FMOS-Echidna preliminary design report (PDR).

1.17.6.8.3 ServoStar amplifier information

Details of the ServoStar Amplifier Information for the FPI remain unchanged and are described in the FMOS-Echidna PDR.

1.17.6.8.4 Linear encoder feedback

Details of the Linear Encoder Feedback for the FPI have a minor change. The XENCRES has been changed to 2500 to match the incremental encoder “lines/revolution” value. The remaining information is unchanged and described in the FMOS-Echidna PDR.

1.17.6.8.5 Amplifier/motor direction phasing

Details of the Amplifier/Motor Direction Phasing for the FPI remain unchanged and are described in the FMOS-Echidna PDR.

1.17.6.8.6 Releasing the motor brake for maintenance

Details of the Motor brake release for the FPI remain unchanged and are described in the FMOS-Echidna PDR.

1.17.6.9 Circuit board LEDs, switches and connectors

1.17.6.9.1 Computer interface board

The Computer Interface board has the following LED:
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This board has a high-density 68-pin connector (J2) which is connected to the DT302 interface in the FMOS-Echidna control computer.

1.17.6.9.2 Amplifier interface board

The Amplifier Interface board has the following front panel LEDs:
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This board has two D-type connectors. A 9-pin male connector (J2) that goes to the C8 Auxiliary encoder connector of the ServoStar and a 9-pin female connector (J3) that goes to the ServoStar C3 User I/O connector.

This board contains a number of jumpers that should not be altered. These are included for testing.

	Jumper
	Normal Position
	Function

	JP1
	Out
	Software Enable Amplifier

	JP2
	Out
	Software control of IN3 (see JP3)

	JP3
	2-3
	Amplifier IN3 Controlled by Home Switch

	JP4
	1-2
	Power supplied to brake when Amplifier output is on

	JP5
	Out
	Interlock input controlled from external switch


Table 8. Axis Amplifier Interface Board Jumpers.

1.17.6.9.3 Machine Interface Board

The Machine Interface board has the following front panel LEDs:
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This board has a single DB15 connector (J2) that brings the linear encoder signals from the limit switch and encoder termination board. A 2-pin MTB connector (J3) supplies the +24VDC brake to the respective axis Servomotor.

1.17.6.9.4 Limit switch interface board

The Limit Switch Interface board has a DB9 connector for the Limit Switch and Encoder Terminal board associated with each axes. The X axis limit and home and switches are carried on (J2) and the Y axis limit and home switches are carried on (J3). A third DB9 connector (J4) provides connection to the Shack-Hartmann Interlock Terminal board.

1.17.6.9.5 Control interface board

The Control Interface board has the following LEDs:
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The board has three front panel switches. The top switch is a momentary action switch that disables the amplifiers. The middle switch is a momentary action switch that enables the amplifiers if the enable switch is on. The bottom switch is the enable switch. These switches operate in parallel with the external start, enable and emergency stop control switches on the Operator Control panel, on the outside of the electronics enclosure (refer to section 9.2.7).

There is a DB9 socket connector (J2) on this board to connect the external control switches.

1.17.6.9.6 Analog interface board

The Analog Interface board has the following LED:
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This board has a single DB37 connector (J2) which combines the +5V DC power and temperature signals for six temperature sensors into a single multicore cable, which terminates at the Temperature Sensor Terminal board.

1.17.6.9.7 Backplane

The Backplane has two 2-pin MTB connectors for power. Connector (J1) is supplied with +24V DC Instrument Power from the Instrument Power Supply and connector (J2) is supplied with +24V DC Servo Power from the Servo Power Supply.

1.17.6.9.8 Limit switch and encoder terminal board

The inputs to the Limit Switch and Encoder Terminal board are a DB15 connector (J2) for the linear encoder and four 3-pin MTB connectors (J3-J6) for the home, limit and interlock switches. A single DB25 connector (J1) provides the combined linear incremental encoder signals to the Machine Interface board and the limit and home switch signals to the Limit Switch Interface board using a cable which is split on the inside of the electronics enclosure following the feed through connector.

1.17.6.9.9 Shack-Hartmann interlock terminal board

The Shack-Hartmann Interlock Terminal board provides a 2-pin MTB connector for the Shack-Hartmann enable control and a 3-pin MTB connector for the Shack-Hartmann park position sensor. A DB9 connector combines these signals for connection the Limit Switch Interface board.

1.17.6.9.10 Temperature sensor terminal board

The Temperature Sensor Termination board provides a DB37 connector (J1) for connection to the Analog Interface board. The +5V DC power and temperature signal connections for the LM34CAZ temperature sensors are provided using six 3-pin MTB connectors (J2-J7).

1.17.6.10 Power supplies

Two independent 24V DC power supplies are used in the FPI Control Electronics. The Servo +24V DC power is provided to the ServoStar amplifiers, and is used to generate +5V DC for the encoder. The Instrument +24V DC power supply powers the control electronics and the magnetic proximity switches. It is also used to generate +5V DC for the digital circuits in the control electronics. The power supplies are packaged as Eurocard module supplies.

1.17.6.11 Packaging

The control electronics are implemented as Eurocard boards plugged in to a common interconnecting backplane. The boards, backplane and power supplies are mounted in a 3U sub-rack. All external connections are made by D-type connectors mounted on the front panels of the boards.

1.17.7 Cameras

The FMOS-Echidna Preliminary Design specified that two cameras would be used in the Instrument. In addition to the spine camera, the sky camera (a slow scan cooled CCD) was to be used for both Guiding and for Spine to Object calibration, and was to be optically connected by a fibre coherent bundle to imaging optics carried on the FPI XY carriage system (because the space envelope did not allow the camera itself to be carried on the XY carriage system). However, due to the difficulty in obtaining a coherent bundle of sufficient size and throughput, this scheme has been replaced by a three camera system, comprising a spine camera, a sky camera and a Guide camera. The new sky camera is low light TV frame rate camera, and is small enough to allow both it and the spine camera to be carried on the FPI XY carriage system while the Guide camera (which is a slow scan cooled CCD) is mounted statically and fed from the Guide spine fibres.

1.17.7.1 Spine camera

The spine camera is used to acquire images of the back illuminated ends of a group of spines. The images are processed by software on the FMOS-Echidna control computer to determine the position of each spine. This camera is mounted on the FPI XY carriage system carriage.

The spine camera is a Pulnix TM-62EX monochrome TV frame rate miniature CCD camera. This camera produces continuous interlaced video at a frame rate of 50Hz (CCIR format). Video output from the camera is fed in to an input on the DT3155 frame grabber located in the FMOS-Echidna control computer. The camera is powered from the FMOS-Echidna control computer power supply.

1.17.7.2 Sky camera

The sky camera is a Watec WAT-902H (CCIR) ultra low light high resolution monochrome CCD camera. The camera produces continuous interlaced video at a frame rate of 50Hz (CCIR format). Video output from the camera is fed in to an input on the DT3155 frame grabber located in the FMOS-Echidna control computer. The camera has a minimum illumination of 0.0003 lux f1.4 (AGC Hi) and has a rated operating temperature of –10 to +40° Celsius. Power for the camera is supplied from the FMOS-Echidna control computer power supply.

1.17.7.3 Guide camera

The guide camera is used during acquisition for fine adjustment of the telescope pointing and for determining guide corrections during exposures. Guide objects will be imaged on the camera via guide fibre bundles originating from the guide fibre spines on the Echidna modules.

The camera head needs to be a slow scan, cooled, integrating CCD camera system to achieve the low noise and sensitivity for imaging faint night sky objects. A suitable camera made by Hamamatsu Photonics was identified for this task. The guide camera consists of three parts; a camera head, a camera control unit and a computer interface.

1.17.7.3.1 Guide camera head

The guide camera head is a Hamamatsu Photonics Digital CCD C4742-98 L. The camera head is cooled using a temperature controlled Peltier device, regulated by the camera electronics unit to keep the CCD temperature at –60° Celsius. The heat exchange from the head uses re-circulating cooled liquid from the telescope top end services.

1.17.7.3.2 Camera control unit

The camera control unit is a Hamamatsu Photonics C4742-98 Camera Control Unit. The Camera Control Unit will be located on the inside lid of the Electronics Enclosure and provides the interface between the Hamamatsu Photonics Digital CCD C4742-98L Camera head and the computer interface. The Camera Control Unit converts the serial CCD data from the Guide Camera Head into a parallel 14-bit high speed precision data output.

1.17.7.3.3 Computer interface

The Hamamatsu Photonics C4742-98 Camera Control Unit is interfaced to the FMOS-Echidna control computer via an EDT PCI-DVK digital video capture card. This provides both a 16-bit digital parallel interface for the data from the Camera Control Unit and a serial interface for control and status of the Hamamatsu Photonics Digital CCD C4742-98 L Guide Camera Head.

1.18 FPI software

The software specific to the FPI can be found in the combined software section included as part of the System design (see section 9.3).

The guide system

The FMOS-Echidna instrument requires a suitable guidance system to correct telescope pointing throughout observations. A significant source of error originates in the gravitational deflection of the Echidna spines as the telescope changes in zenith angle. If left uncorrected each of the 400 fibres would gradually move away from the object under observation because of spine deflection. This is avoided by using guide spines which have the same deflection characteristics as the science spines.

The proposed guidance system is a significant development from that presented in the preliminary design report. An overview of the system is presented with a summary of the design requirements and constraints.

A detailed description of the selection of one of the most expensive single items in FMOS-Echidna, the ORCA-IIBT cooled slow-scan guide camera from Hamamatsu Photonics, is presented.

1.19 Overview

The guide system comprises 14 guide spines located in two rows at the edge of the field of view. Each guide spine contains a 7-fibre bundle of 50m diameter core fibres (compared to the 100m core science fibres). Given each guide spine is virtually identical to a science spine (except for the nature of the fibres contained within) the relative deflection is similar enough to use the guide spines for guidance. With guide stars (R~16-18) located on a subset of the 14 available guide spines, movement of the images on the guide fibre bundles (GFBs) can be used to correct for spine deflection. The GFBs travel from the Echidna positioner assembly to the guide re-imaging system located away from the FPI.

The 7-fibre guide bundle is identical to that proposed in the preliminary design report. During the early stages of the final design an increase in the number of fibres contained within the bundle was contemplated when it was considered chromatic aberration between the guide and science images would be too great. Further investigation by Masayuki Akiyama into the maximum amount of chromatic aberration expected during a 1 hour observation provided strong evidence that a 7-fibre bundle would be all that was required.

1.19.1 Design parameters for GFB re-imaging system

The following was considered commencing the design of the Guide Fibre Bundle (GFB) re-imaging system:

80. The guide fibre core diameter is 50m. The input beam F/ratio is approximately F/2.

The optimal CCD pixel size is ~20m with 1:1 imaging if the guide fibre output is to be adequately sampled. The magnification must be scaled appropriately if the CCD pixel size of the selected guide camera differs from this value.

To reduce the size of the re-imaging optics and CCD chip size (the latter is favourable but not essential) the GFB connector should be as compact as possible.

81. The GFB connector must allow for removal of a single guide fibre bundle, preferably without affecting the others. This allows for a quick module interchange if required.

82. The GFB connector must house a minimum of 14 GFBs. The light from each GFB must be successfully imaged onto the chip with adequate sampling.

A filter blocking < 600nm is to be located in between the GFBs and CCD. 

83. The back-illumination of the GFBs (for guide spine location during a field configuration) is to be incorporated into re-imaging system.

As always the difficulty of manufacture, ease of assembly and cost should be considered at all times. 

1.19.2 Design schematic of the GFB re-imaging system

A schematic of the GFB re-imaging system is shown in Figure 23. 
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Figure 23. A schematic of the GFB re-imaging system.

The salient points are as follows:

84. The GFB connector consists of a 4-level sandwich construction, each level housing 4 GFBs. Each GFB is removable. The GFB connector is described in section 8.1.3.

85. The guide camera is the model ORCA-IIBT from Hamamatsu Photonics. The selection of this camera is discussed in detail in section 8.2.

86. Assuming a 50mm spacing between the guide fibre output and collimator lens, a diameter of ~30mm should be adequate for lens L1, and a slightly larger diameter (35mm) for lens L2. This results in a distance of 77mm from L2 to the detector. For reference, the value of D in Figure 23 is approximately 10-12mm.

87. To achieve adequate sampling with the 24m pixel size of the selected ORCA-IIBT guide camera, the output from the 14 GFBs is collimated using a ~F/1.8 camera lens and focussed to the cooled camera detector using a ~F/2.2 camera lens producing a magnification of 1.2.

88. The filter can be located in the collimated beam (in between lens L1 and L2). 

1.19.3 GFB connector

Shown in Figure 24 is a schematic of the GFB connector. The four layers are identical and each consists of a rectangular plate with 4 cylindrical sections removed. Each of the cylindrical sections holds a GFB ferrule (OD 1.47mm). This plate is coloured white in Figure 24 and is shown with all components removed in Figure 25.
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Figure 24. A concept design of the guide fibre bundle (GFB) connector (for schematic purposes only).

After each ferrule is placed in a corresponding cylindrical section, the plate is fastened to the layer below (fasteners are not shown in Figure 24). A section of compliant material (coloured orange in Figure 24) located in between each layer is compressed on fastening and locates the ferrules.
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Figure 25. The ferrule plate.

A zoomed image of the GFB ferrules is shown in Figure 26. The OD 1.47mm GFB ferrule (dark blue) houses 6 identical ferrules of OD 0.305mm (light blue). Cemented inside the latter ferrule is a single guide fibre. The spacing of the guide fibres in a single bundle prevents image crosstalk on the detector. Though 16 GFBs are shown in Figure 26 only 14 are filled in the final instrument.
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Figure 26. The fibre bundles inside the GFB ferrules.

1.19.3.1 Curved object plane

In order to use simple optics one requires the image or object plane be curved. We can achieve this for the object plane by: 

89. arranging the cylindrical sections in the ferrule plate such that they are non-parallel and

90. using a curved reference surface to position the GFB ferrules before fastening the layers together. 

Neither of the above changes is considered difficult to implement.

1.19.4 Determining GFB rotation

It would simplify the assembly of the connector if one does not have to worry about orientating each GFB when inserting the corresponding ferrule into the connector. However, it is essential to know the orientation of the bundle with respect to the telescope altitude-azimuth axes so that image movement, calculated from the re-imaged output end of the GFB, can be converted to telescope adjustments along the altitude and azimuth axes. One can assume each bundle is spatially coherent.

The proposed method for obtaining the orientation relationship is as follows:

91. With the FMOS prime focus unit installed at the Subaru top end, guide spines, required during an observation, are positioned on guide star targets. 

92. With the field acquired, the telescope is offset ~1” North or East. The movement of the image detected by the cooled camera directly gives the required orientation relationship.

This procedure must be performed on each active guide spine. Once the orientation is calculated, however, it is unlikely to be required again unless the module is removed from the assembly and either the guide spines or corresponding ferrules are physically rotated in their mounts. 

An alternative to this method is to use collimated forward illumination provided by an optical LED mounted on the telecentric lens. This preferred technique is currently under development.

1.19.4.1 Back-illumination

A relatively simple method of guide fibre bundle back-illumination can be implemented. This consists of 1-2 LEDs located in front of the guide camera providing uniform illumination simultaneously on all guide fibre bundles. The back-illumination will be based on the method developed for illumination of the guide bundles (called FACBs) in the AAO’s OzPoz instrument. 

1.19.4.2 Spine rotation during configuration

The Echidna spines are not constrained in rotation about the principal axis parallel to the spine length. Spines, including guide spines, can therefore rotate during spine movement. The above procedure is invalid if the rotation is left undetected.

It is proposed that spine rotation will be calculated using the GFB images detected by the spine tip imaging system. This system is part of the FPI and comprises a telecentric lens feeding a Pulnix CCD camera. So long as the spines do not rotate more than 30o from the initially calibrated values, one can use the spine camera to calculate spine rotation after each movement.
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Figure 27. Measured guide fibre bundle rotation on the sky over expected lifetime of instrument (10,000 field configurations) for a single guide spine. This represents the largest spine rotation measured out of the 7 guide spines tested. 

In reality it is unlikely a spine will rotate significantly during a night’s worth of configuring. This was determined from rotation measurements of several guide spines lasting an equivalent of several operational lifetimes. The largest rotation of any of the spines tested is shown in Figure 27, where it can be seen the spine rotates approximately 200o after performing a number of configurations simulating the expected lifetime of the instrument. The greatest change of angle with spine movement occurs at the beginning of the test where the angle changes by ~50o after ~1000 spine movements or ~100 field configurations. This is considered of little worry given a value of 8-10 for the expected nightly number of configurations.

1.20 Selection of the guide camera

1.20.1 Camera SNR calculation

A comparison of cooled camera imaging performance (specifically the time taken to reach a certain signal to noise ratio (SNR)) for a range of cameras available at the time of writing is presented. An excel spreadsheet specifically written to calculate the throughput of the Subaru telescope was adapted to calculate the SNR of a cooled camera containing a CCD of user defined %QE performance.

In addition the following should be noted:

93. A summary of the cameras and corresponding CCDs is shown in Table 9. The Kodak 1401 CCD is a front illuminated chip and, at the time of writing, has no associated camera.

94. The cameras under consideration are known to have available Linux drivers, a mandatory requirement.

95. The %QE performance versus wavelength for each cooled camera CCD is shown in Figure 28.
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Figure 28. Quantum efficiency performance for cooled camera CCDs under consideration. For FMOS-Echidna guiding is performed at wavelengths> 600nm, indicated by the solid blue line.

96. A selection of front illuminated and thinned, back-illuminated CCDs are considered.

97. The read noise and dark current for each camera are taken from the corresponding data sheet and are shown in Table 10.

98. The flux above the atmosphere is derived from an R=18 magnitude star, the faintest guide star to be used in FMOS. (The absolute spectral irradiance of an R=18 star is approximately 2.3E-16 ergs/s.cm^2.A from the Handbook of Space and Astronomy by Martin V. Zombeck. This corresponds to approximately 40,000 photons collected by the Subaru mirror for a bandwidth 600-1000nm. This value includes primary mirror reflection losses and an atmospheric absorption coefficient of 0.4).

99. Absolute irradiance values for a 0.0 magnitude Vega-type star versus wavelength are shown in Figure 29.
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Figure 29. Spectral irradiance of a magnitude 0.0 star above the atmosphere for a Vega-type star.

100. The guide star is imaged onto a 7-fibre bundle in the focal plane of the telescope. The output of the fibre bundle is re-imaged onto the cooled camera CCD. The total loss in the system, starting from the focal plane and ending at the detector, includes dead space loss, fibre absorption, Fresnel reflection at all glass/air boundaries and any coupling loss between the fibre and optics. 

101. The dead space loss is difficult to estimate and greatly depends on the size and position of the guide star image with respect to the 7-fibre bundle. With a 0.5” focussed image located in the centre of 3 guide bundles, the dead space loss is 100%! The likelihood of this scenario ever occurring is extremely small. For the purposes of this report a range of values for the total loss in the system, ranging from 0% to 90%, are considered.

102. The time taken to reach a certain SNR (usually 100) with a loss value of 0%, 50% and 90% is given for each camera in Table 10. 

Regardless of image size a fixed portion of the night sky is collected by each 50m core guide fibre. This is taken into account in the SNR calculation using an absolute spectral abundance equivalent to an R=20 magnitude star.

Though an R=18 magnitude is assumed for the faintest guide star it is always advantageous if fainter guide stars can be detected so increasing the guide star density on the sky.

Table 9. Pixel and chip size and %QE performance for the cameras under consideration.

	Camera Name
	CCD
	Pixel size ()
	Chip size (mm)
	%QE at =700, 850, 950nm

	SBIG ST7E
	KAF 0401E
	9
	6.9 by 4.6
	0.5, 0.3, 0.1

	Princeton Instruments MicroMax 512B
	Marconi CCD 57-10
	13
	6.7 by 6.7
	0.75, 0.45, 0.3

	Princeton Instruments Versarray 512B
	Marconi CCD 77-00
	24
	12.3 by 12.3
	0.85, 0.65, 0.4

	
	Kodak KAF1401
	6.8
	9.0 by 7.0
	0.4, 0.3, 0.2

	Princeton Instruments MicroMax 1300B
	EEV CCD 36-40
	20
	26.8 by 26.0
	0.8, 0.6, 0.25

	Hamamatsu ORCAII-BT-512
	Hamamatsu S7170
	24
	12.3 by 12.3
	0.85, 0.73, 0.35

	Hamamatsu C4880-30
	SiTe SI502A
	24
	12.3 by 12.3
	0.8, 0.7, 0.35


1.20.2 Conclusion

It is felt an update frequency of ~10s is required to successfully correct for the cumulative effect of spine deflection, temperature variation and pointing errors. With this specification the SBIG ST7E is eliminated, given that it is struggling to obtain a SNR of 100 with 50% additional loss or greater in the system taken into account. The remaining cameras have acceptable integrating times with best performance found in the Versarray 512B, the Hamamatsu ORCAIIBT and C4880-30, and the MicroMax1300B.

	Camera Name
	CCD
	Read Noise (e-)
	Dark current (e-/pix.s-) at stated temp.
	Integration time (s) in order to reach stated SNR (0%, 50% and 90% loss given)

	SBIG ST7E
	KAF 0401E
	15
	1 (-40C)
	0%: 2s SNR=100

50%: 4.5s SNR=80

90%: 10s SNR=50

	MicroMax 512B
	Marconi CCD 57-10
	8
	<10 (-40C)
	0%: 0.6s SNR=100

50%: 1.5s SNR=100

90%: 10s SNR=100

	Versarray 512B
	Marconi CCD 77-00
	10
	0.4 (-45C)
	0%: 0.45s SNR=100

50%: 0.9s SNR=100

90%: 6s SNR=100

	
	Kodak KAF1401
	13
	0.005 (-40C)
	0%: 3s SNR=100

50%: 5.5s SNR=100

90%: 10s SNR=40

	MicroMax 1300B
	EEV CCD 36-40
	9
	<1 (-45C)
	0%: 0.5s SNR=100

50%: 1s SNR=100

90%: 7s SNR=100

	ORCAII-BT-512
	Hamamatsu S7170
	8
	0.3 (-60C)
	0%: 0.5s SNR=100

50%: 1s SNR=100

90%: 7s SNR=100

	Hamamatsu C4880-30
	SiTe SI502A
	10
	0.5 (-60C to –70C)
	0%: 0.55s SNR=100

50%: 1s SNR=100

90%: 7.5s SNR=100


Table 10. Read noise, dark current and integration times for cameras under consideration.

A reasonable CCD area is required to successfully re-image all of the 14 GFB. Note that the problem lies in the physical size of the interface that houses the (removable) bundles rather than the collective area of the image. With recent news that the MicroMax1300B is no longer available, and, after an extensive comparison between the three remaining cameras, it was decided the ORCAII-BT-512 from Hamamatsu most closely fitted the needs of the application.

1.20.3 Guide system location in prime focus unit

As shown in Figure 30 the guide fibre camera unit is mounted on the main structural plate next to the Echidna assembly. The location makes access to the guide fibres and camera controller, placed in the electronic enclosure, very convenient.

To maintain the safe temperature of the camera head it will use a separate line of ethylene-glycol 42 at -4°C supplied from the telescope cooling system.

FMOS-Echidna system

The FMOS-Echidna system (or “system” for short) is the combined assembly comprising the electronics enclosure, the Echidna positioner assembly, the main structural plate, the guide system and the FPI. Once assembled it is lifted as one unit into the prime focus unit and secured in position.

Modifications to the system mechanical design made during the final design are summarised. An update of the component mass is presented. A summary of the assembly procedure, whereby the system is located into the prime focus unit, is given.

A detailed description of the system electronics is presented with modifications to the preliminary design highlighted and discussed where appropriate. 

An overview of the software design for the Echidna positioner assembly, the FPI and system is presented in one section. Modifications to the preliminary design are highlighted and discussed.

1.21 System mechanical

1.21.1 Overview
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Figure 30. The system fully assembled and ready for installation into the prime focus unit.

The Echidna positioner assembly, FPI and electronics enclosure are mounted on the main structural plate as shown in Figure 30. The plate is made of 20 mm thick aluminium alloy 5083 and precision ground on two sides to achieve the required accuracy. Dimensional accuracy of this plate and the prime focus drum (Waku-2) is important to position Echidna spines accurately in the focal plane.

The electronic enclosure, located above the Echidna positioner assembly, will be fully enclosed and sealed. The temperature inside the enclosure will be controlled by the cooling system.
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Figure 31. Insertion of the FMOS-Echidna system and corrector into the prime focus unit (PFU).

The majority of the system assembly will be accomplished by bolting components or assemblies together. Spring washers or anti-vibration washers will secure all bolts. Heavy assemblies will be carried by suitable lifting frames and placed on dedicated support structures while located in the maintenance room. The method of inserting and removing FMOS-Echidna from the PFU is shown on Figure 31.

1.21.2 System modifications

The single major change to the system preliminary design is the redesign of the electronics enclosure. 

1.21.2.1 Electronics enclosure

The electronics enclosure, shown in Figure 32, consists of the FMOS-Echidna control computer, the FPI electronics, two Servostar amplifiers, the guide camera control unit, mains control and the cooling unit. 
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Figure 32. Electronic enclosure opened and all removable covers detached.

In the preliminary design the electronics equipment was arranged on two levels. Further investigation of this arrangement identified the following problems:

103. The 2-level layout consumed all the space available between the Echidna positioner assembly and the top ring of the prime focus unit.

104. No safe way to route fibres from the Echidna positioner assembly to the fibre connector existed. The only possibility was to route the fibres down the centre of the 2-level electronics enclosure. This option made the enclosure frame complicated and enclosure sealing difficult. Access to electronic equipment during assembly and maintenance proved difficult with such an arrangement.

To address the above concerns a new enclosure was designed. One of the fundamental changes is that all electronic equipment, with the exception of the mains control, was placed on the one level. The design is compact, easy to seal and allows for fairly good access to all electronic equipment. All panels except one, identified in Figure 32, are detachable. Panels are covered from the inside with heat insulation foam and mounted on the frame by means of quick releasing fasteners. The frame is made of stainless steel, to obtain low heat transfer, and will be painted black.

With regards to the new electronics enclosure design the following should be noted:

105. There is sufficient space above the enclosure for the fibres to twist the specified (180o rotation of the prime focus unit inner drum, to which the electronics enclosure is connected.

106. The maximum power of the electronics equipment, with all items running continuously, is estimated to be about 2000W. However, the expected maximum power to be dissipated will be less than half of this value due to the low duty cycle.

107. A heat exchanger (model HX-5330-BNN manufactured by Thermacore P/L) will be installed in the electronics enclosure to counter the heating effects of the electronic equipment. The heat exchanger will use ethylene-glycol 42 at –4°C, at a rate of 12 litres per minute, supplied from the telescope cooling system. A separate line is required to cool the guide camera head.

108. A prototype of the electronics enclosure will be assembled with replicant heat sources located where appropriate. The heat exchanger will be tested and if inefficiencies are noted “cold plates” and additional fans will be fitted to ensure only a small differential exists between the temperature of the electronics enclosure outer surfaces and ambient air.

1.21.2.2 Protective finishes

All steel surfaces other than those critical to alignment of optical elements will be primed and coated with a protective paint. Internal surfaces, which could reflect stray light, will be coated with a suitable near infrared “matt black” paint. All aluminium surfaces will be matt black anodised.

1.21.3 System component masses

The mass of the system is estimated to be 324kg. This is 4 kg over that agreed with the Subaru team in July 2002. However, this is not a major concern at this point as it is believed the corrector will be more than 4kg below the agreed mass of 184 kg.

	Components name
	QTY
	Mass
	Total

	Y-axis
	 
	 
	 

	E6834 Optics assy
	1
	3
	3

	E6816 Y-carriage plate
	1
	6
	6

	E6830 Rail block short
	3
	0.6
	1.8

	E7330 Y-carriage assy
	1
	8
	7.8

	E6828 Ball screw Nut
	1
	1
	1

	E6832 Y-Cable chain
	1
	0.4
	0.4

	E6841 Cable chain Y bracket support
	1
	0.1
	0.1

	E6807 Y-Encoder Read Head
	1
	0.2
	0.2

	E6843 Nut - carriage coupling
	1
	0.15
	0.15

	Limit/Home switch flag & bracket
	1
	0.2
	0.2

	E7317 Home switch flag
	1
	0.02
	0.02

	E7323 Cable carrier
	1
	0.05
	0.05

	Cables
	1
	2
	2

	Fasteners
	1
	1
	1

	Misc brackets
	1
	2
	2

	Total mass for Y-axis
	 
	 
	18

	 
	 
	 
	 

	X-axis
	 
	 
	 

	E6809 Y-Rail
	2
	1.4
	2.8

	E6830 Runner block short
	4
	0.6
	2.4

	E6845 X-carriage plate
	1
	13.8
	13.8

	E6846 X-carriage
	1
	 
	19

	E6818 Y-axis motor assy
	1
	3.8
	3.8

	E6828 X-Ball screw nut
	1
	0.5
	0.5

	E6824 X-Encoder bracket
	1
	0.1
	0.1

	E6824 X-Encoder Read Head
	1
	0.2
	0.2

	E6831 X-Cable chain
	1
	0.5
	0.5

	E6814 X-Cable chain bracket
	1
	0.3
	0.3

	E6815 X-cable chain bush 
	4
	0.01
	0.04

	E7320 Y-Encoder bracket
	1
	0.6
	0.6

	E7322 Y-Encoder adj brkt
	1
	0.05
	0.05

	E7319  Y-Encoder support
	1
	0.1
	0.1

	E6842 Nut - carriage coupling
	1
	0.15
	0.15

	E7311 Shock absorber
	4
	0.06
	0.24

	E6804 Shock absorber stop
	4
	0.01
	0.04

	E6822 Shock absorber bracket
	4
	0.03
	0.12

	Home/Limit switch, flag & brackets
	2
	0.1
	0.2

	E7326 X-Limit switch
	1
	0.01
	0.01

	E7315 Limit/Home switch brkt
	2
	0.01
	0.02

	E7248 Temperature controller
	1
	0.05
	0.05

	E7313 Y-cable chain support
	1
	0.1
	0.1

	Cables
	1
	3
	3

	Misc brackets
	1
	2
	2

	Fasteners
	1
	1
	1

	Total mass for X-axis (inculding Y-axis)
	 
	 
	50

	 
	 
	 
	 

	FPI stationary components mass total
	 
	 
	 

	E6768 Base plate 
	1
	24
	24

	E6809 Rail guides
	2
	1.5
	3

	E6810 X-motor assembly
	1
	4.3
	4.3

	Home/Limit switch, flags & brackets
	2
	0.1
	0.2

	E7248 Temperature controller
	1
	0.05
	0.05

	E6844 X-Limit/Home switch brkt E7022
	1
	0.02
	0.02

	E7311 Shock absorbers
	4
	0.06
	0.24

	E6801 Shock absorber bracket
	4
	0.025
	0.1

	Cables
	 
	 
	4

	Fasteners
	 
	 
	4

	FPI mass total
	 
	 
	90

	 
	 
	 
	 

	E7201 Module
	12
	0.7
	8.4

	E7208 Switch and control board 
	13
	0.2
	2.6

	E7045 Module support plate
	1
	3.5
	3.5

	E7206, E7212 Echidna support bracket
	2
	2
	4

	E6996 Top structure
	1
	3.4
	3.4

	E7015, E7244 Echidna board "A" and "B"
	2
	0.2
	0.4

	E6976 Column
	4
	0.2
	0.8

	Fasteners
	1
	4
	4

	Cables
	1
	5
	5

	Miscelaneous parts
	1
	5
	5

	Echidna assembly mass total
	 
	 
	37

	 
	 
	 
	 

	Computer Enclosure
	1
	12
	12

	Computer Boards
	1
	1.55
	1.55

	Echidna Electronics Rack + Boards
	1
	2
	2

	Echidna Unit Electronics
	1
	1
	1

	FPI Electronics Rack + Boards
	1
	3
	3

	Power Control Electronics
	1
	5
	5

	ServoStar Amplifier (2)
	2
	1.6
	3.2

	Guide Camera Control Unit
	1
	5.45
	5.45

	Guide Camera Head
	1
	1.5
	1.5

	Isolation Transfomer
	1
	2
	2

	Cooling Unit
	1
	20
	20

	Cables and Connectors
	1
	10
	10

	Cameras (Spine + Sky)
	1
	0.4
	0.4

	Cooling Hoses
	4
	2
	8

	Electronic equipment mass total
	 
	 
	75

	 
	 
	 
	 

	Frame, covers & shelves
	1
	40
	60

	Fasteners
	1
	2
	2

	Electronic enclosure frame mass total
	 
	 
	62

	 
	 
	 
	 

	Main structural plate mass
	 
	 
	40

	 
	 
	 
	 

	Cable wrapper assy total mass (est.)
	 
	 
	20

	 
	 
	 
	 

	Total
	 
	 
	324


1.22 System electronics

1.22.1 Overview

This section describes the final design of the electronics and associated parts of the FMOS-Echidna system. These include:

· FMOS-Echidna control computer 

· Mains power distribution

· Electronics enclosure and cooling

· Echidna positioner cooling system

· Operator control switches and indicators

· Instrument cabling

· Telescope connections

· FPI – Shack-Hartmann mechanism interlocking

· FMOS Back illumination interface

· FPI calibration plate electronics

A major design consideration of the FMOS-Echidna system electronics is the difficulty of access to the prime focus unit during and after installation on the telescope in an extremely difficult and hazardous environment. The design of the FMOS-Echidna system electronics attempts to incorporate the following features, in order to alleviate the access difficulties:

· Ease of maintenance – the electronics is designed for easiest possible access (when the prime focus unit is off the telescope).

· Minimal operator intervention – the start-up sequence after installation on the telescope top end is as simple as possible.

· Access to control switches and prime focus unit/telescope interconnections – the number of switches and cable connections has been kept to a minimum. All switches and cable connections will be located so that they are easily accessible to personnel undertaking the top end change.

· Remote monitoring – the electronics has been designed with remote monitoring (telemetry) facilities built-in, to aid in fault diagnosis and to help detect faults as early as possible during operation.

It should be noted that the complexity and construction of the prime focus unit is such that most maintenance and repair work will need to be undertaken with the prime focus unit removed from the telescope.

A block diagram of the FMOS-Echidna system control electronics is shown in Figure 33.

1.22.2 FMOS-Echidna system control computer

1.22.2.1 Introduction

The FMOS-Echidna system control computer is required to provide intelligent remote control for the following functions:

· Echidna positioner assembly

· Fibre and fiducial back illumination

· FPI XY carriage system

· FPI spine camera

· FPI sky camera

· FPI guide camera

In order to perform these functions, the FMOS-Echidna system control computer must have the following features:

· An open bus architecture for which various types of interface boards can be readily purchased (or designed if necessary).

· Adequate interface expansion capacity for the installation of all the interface boards needed for controlling the FMOS-Echidna system.

· Able to be housed in an industrial enclosure suitable for a harsh environment.

· Capable of running a real-time or close to real-time embedded operating system, without a locally connected disk drive, with remote development capability.

· Powerful enough to carry out the desired functions of the FMOS-Echidna system without compromising the desired system performance.

· An Ethernet interface for remote operation and maintenance via the Local Area Network.

· At least two RS232 serial ports for connection to stand-alone servo amplifiers.

· A means of local control for debugging and monitoring.
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Figure 33. FMOS-Echidna system control electronics.

The architecture which most closely meets these needs is an Industrial PC system based on the PICMG standard. PICMG (PCI Industrial Computer Manufacturers Group) is a consortium of companies which collaboratively develops specifications that adapt standard PCI bus technology for use in industrial and telecommunications applications. PCI bus components are now the most widely available for computer hardware.

In particular, the PICMG standard includes a PICMG PCI-ISA passive backplane and a PCI-ISA single board computer. The single board computer is installed in the backplane, together with standard PCI bus boards to implement the full system functionality.

1.22.2.2 PCI-ISA passive backplane and single board computer

The PCI-ISA Passive Backplane Standard was developed to adapt desktop PCI bus standards for industrial applications. Desktop computers generally have most of their circuitry on a single large "motherboard" that mounts to the bottom (or side) of the computer chassis. While this is the least expensive packaging method, it is not particularly suitable for use in industrial applications. The motherboard, usually constructed from 0.062" material, is thin enough and large enough to flex when inserting plug-in boards. This flexure can, and often does, break small traces and solder joints on fine pitch surface mount devices. Replacing a motherboard necessitates complete disassembly, removing all cards and cables from the system. The time to replace a motherboard may range from half an hour to several hours. This is unacceptable for many critical industrial or telephony applications. Since motherboard technology changes literally monthly, it is usually impossible to find an exact replacement. Using another motherboard often causes software problems due to BIOS changes, changing device drivers, and different timing. These can take days or weeks to completely solve.
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Figure 34. Architecture of the FMOS-Echidna system control computer.

The PCI-ISA Passive Backplane Standard moves all of the components normally located on the motherboard to a single plug-in card. Looking much like a standard ISA or PCI card, a PCI-ISA CPU card has two edge connectors on it – one for the PCI bus and one for the ISA bus. The "motherboard" is replaced with a simple "passive backplane" that has only connectors soldered to it. This backplane is simple and robust, with a very low likelihood of failure.

Passive backplane systems have several advantages. First, they are more maintainable than a motherboard system and have a much lower mean time to repair (MTTR). Second, it is easy to upgrade to a newer and faster processor if desired. Third, passive backplane CPU's are generally manufactured by industrial suppliers who provide configuration control and longer product lifetimes than manufacturers of desktop computer motherboards. Single board computers conforming to the current standard (Revision 2.0) have been in production for a number of years by a large number of manufacturers worldwide.

Associated with the PCI-ISA Backplane Standard is a PCI-PCI Bridge Standard. The PCI-PCI Bridge Standard provides for a standardised way to extend the number of PCI slots available in a passive backplane system. This is required to provide the system with sufficient PCI bus slots to meet the requirements of the application.

The particular PCI-ISA single board computer chosen for FMOS-Echidna is an ICS Advent SBC-SBX-VE/Aviant BX. This board is configured as follows:

· 850 MHz Pentium III processor

· Intel 440BX Chipset

· CandT 69000 PCI VGA Display with 2Mbytes memory and 1280x1024 resolution (for debugging)

· 10/100BaseT Ethernet interface

· Four DIMM sockets (up to 1 Gbytes memory – one 256 Mbyte DIMM currently installed)

· DiskOnChip2000 Flash Disk socket

· Dual Serial Ports

· PS/2 mouse and keyboard connectors (for debugging)

· Dual EIDE controller (not used)

· Floppy drive controller (not used)

· USB interface (not used)

· Enhanced parallel port (not used)

The PCI-ISA backplane has been selected to match an industrial PC computer enclosure and to have enough PCI bus slots to accommodate all required interfaces. The particular backplane selected for the FMOS-Echidna control computer is an Advantech PCA-6108P6. This backplane has one ISA bus slot, one PICMG CPU board slot and six PCI bus slots. The ISA bus slot is not used.

1.22.2.3 Computer enclosure

The computer enclosure is an Advantech IPC-6908 chassis designed for harsh environments. The enclosure is constructed out of heavy duty steel and has mounting fixtures on its base. The enclosure has two 49 CFM cooling fans with easily accessible air filters. The fans are hot swappable.

1.22.2.4 Interface boards

All interface boards in the FMOS-Echidna system control computer are standard PCI bus boards. The boards were selected after consideration of the requirements of the FMOS-Echidna system and the availability of Linux device driver software. The following boards are used: 

109. Data Translation DT302 – Multifunction I/O board providing 23-bits of digital I/O, two 12-bit analog outputs and sixteen single ended or eight differential 12-bit analog input channels. Three of these boards are used in the FMOS-Echidna control computer for the following:

· Switching control and actuator drive electronics telemetry

· FPI XY carriage system control and status

· Back illumination control

110. National Instruments PCI-6711 Analog Output board – this board is used to generate the actuator drive waveform.

111. Data Translation DT3155 – monochrome frame grabber for spine and sky camera video acquisition. This board has four video inputs.

112. EDT PCI DVK – 16 bit digital frame grabber. This board interfaces the camera electronics unit for the guide camera system to the FMOS-Echidna control computer.

A block diagram of the FMOS-Echidna control computer system is shown in Figure 34.

1.22.2.5 Operating system 

The operating system for the FMOS-Echidna control computer is Redhat 7.1 Linux. The selection of Linux allows the use of existing and tested device drivers for all of the PCI bus interfaces in the FMOS-Echidna system control computer. 

Diskless operation is implemented by booting an Etherboot Operating System loader from the DiskOnChip2000 device. The OS loader then uses the BOOTP protocol to boot Linux from a server on the network.

Currently, and for commissioning, the boot server is a Linux PC, so as to provide a development environment. However, once the software system is fully mature, the boot server could be any Unix system.

1.22.2.6 LAN media converter

An Alloy FE-C120SC Media converter connects the 100BaseTX Unshielded Twisted Pair LAN interface from the single board computer to 100BaseFX fibre optic suitable for the telescope LAN cabling system. The fibre optic interface will use a single Dual SC connector with two 62.5/125μm multi-mode fibres.

1.22.2.7 KVM extender

A BlackBox ACU1001A Keyboard, Video, Mouse (KVM) extender will be provided for system development and debugging, particularly during instrument commissioning. This device will be connected to the Keyboard, Video and Mouse connectors of the Echidna single board computer and extend them to an identical device located in the telescope control room, to which the keyboard, monitor and mouse are connected. The extender converts the keyboard, monitor and mouse data into a modulated analog signal that is output to a standard Category 5 twisted pair cable. The output from the KVM is not compatible with IEEE 802 LAN networks so will require a dedicated connection to the telescope control room (using twisted pair cables).

1.22.3 Mains power control unit

The electronics enclosure will include a Mains Power Control Unit. This contains the following:

· Circuit Protection Device for wiring and components

· Mains Filter to filter conducted noise on the incoming supply

· Surge Protection device to clamp surges on the incoming supply

· 24VDC Power supply for powering the control unit

· Contactor which controls power to the distribution outlets

· Control unit and key-switch

· Mains distribution outlets to supply mains to all FMOS-Echidna electronics units

· Mains distribution outlet to supply mains to back illumination electronics unit.

· Circuit protection/isolation for selected outlets

· Coolant leak detection control and power shut-off

A block diagram of the Mains Power Control Unit is shown in Figure 35.
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Figure 35. FMOS-Echidna mains power control unit.

The Mains Power Control Unit accepts UPS power from the telescope and supplies it to the electronics enclosure via a suitable distribution board. A 2-pole circuit breaker protects the UPS power wiring and can also be used to isolate power from the chassis. An EMI filter and a surge protector are provided on the UPS power input to protect the loads and to meet EMC requirements. Power to the distribution outlets is controlled by a 2-pole contactor, which is enabled or disabled by a key-switch and enclosure thermal protection switches. Some individual distribution outlets may have additional circuit protection devices (such as the outlet supplying power to the servo amplifiers).

The Mains Power Control Unit has a control switch to enable and disable lamp indicators and also provides a basic lamp test function. When power is applied to the unit the lamps are in the enabled state to provide visual indication of the state of the mains control. Once the FMOS-Echidna is operating the lamps can then be disabled for observation.

As the FMOS-Echidna system electronics are contained within a fully enclosed space, the failure of the cooling system could cause damage to the electronics as a result of overheating. It will therefore be necessary to monitor the temperature of the electronics enclosure, and to take steps to protect the electronics against an over temperature condition. This will be implemented with a number of thermal switches located in the enclosure. If a thermal switch is tripped, mains power to all units in the electronics enclosure will be removed via the Mains Power Control Unit. An external status indicator will provide visual indication that this error has occurred.

Leakage of coolant in the FMOS-Echidna system could cause damage to the system or to the telescope. The Mains Power Control Unit will shut off power to the FMOS-Echidna system if a coolant leak is detected by the Coolant Leak Detection System (section 9.2.5.2). The coolant supply to the electronics enclosure and guide camera head will also be shut off.

Filtered mains power is also supplied for the FMOS Science Fibre Back Illumination Unit and the electroluminescent Power Supply. 

1.22.3.1 Mains power control unit printed circuit boards

Table 11 lists the AAO developed circuit boards for the Mains Control Unit.

	Part Number
	 Quantity 
	Name

	EL745
	1
	Power Control Board


Table 11. Mains Control Unit Printed Circuit Boards

1.22.4 Electronics enclosure and cooling

1.22.4.1 Enclosure layout

The electronics enclosure will be a fully enclosed metal box mounted in the prime focus unit above the Echidna Fibre Positioner. The enclosure will contain the following electronics units for the FMOS-Echidna system:

· Fibre Positioner control electronics

· FPI XY carriage system electronics (including control and interface electronics)

· Back Illumination control electronics (physically located in the same chassis as the fibre positioner control electronics)

· Mains Power Control Unit (physically located on top of the Electronics Enclosure)

· FMOS-Echidna system control computer

· Guide camera electronics unit

· Two Kollmorgen Servostar servo amplifiers

A description and diagrams of the electronics enclosure layout is provided in Figure 32.

All electronics equipment will be securely fastened inside the electronics enclosure. All items, other than the guide camera control unit, will be secured to the base of the enclosure. The guide camera control unit will be fastened to the roof of the electronics enclosure.

All of the electronics units designed and built by the AAO for FMOS-Echidna will be implemented on single height (100mm) standard length (160mm) Eurocard format circuit boards. These include the Echidna Fibre Positioner Control electronics, the FPI XY carriage system control and interface electronics and the Back Illumination Interface Electronics.

The circuit boards making up these units will plug in to backplanes that are mounted in two 3U (1U = 44.45mm) chassis units. The chassis units will also contain Eurocard format power supplies. The widths of both chassis units are 63 TE (1TE = 20mm). The use of Eurocard format for the circuit boards and power supplies offers the following advantages:

· Modular design and construction to aid troubleshooting and replacement

· High reliability backplane connectors

· Inexpensive commercially available mounting hardware

The chassis units will mount vertically in the electronics enclosure so as to permit easy access for replacement and troubleshooting.

1.22.4.2 Enclosure cooling

In order to minimise the heating effects of the electronics equipment on the telescope environment, it will be necessary to cool the electronics enclosure. This will be achieved using a Thermacore 5330 heat exchanger, with a maximum heat transfer coefficient of 70 W/°C, which will extract the heat generated in the electronics enclosure and transfer it to the telescope coolant system. A control system will regulate the coolant flow rate and therefore enclosure temperature. The cooling system will maintain a small temperature differential between the outside surface of the electronics enclosure and the ambient air

The cooler unit is mounted inside the electronics enclosure. The enclosure is reasonably well sealed and the electronics units inside the enclosure transfer their heat to air either by fan cooling or by convection (if they are low power units). Fans in the cooler unit blow enclosure air through a heat exchanger in which a low temperature cooling liquid flows, transferring thermal energy from the air to the cooling fluid.

The electronics in the enclosure will be protected against failure of the cooling system. Failure of the cooling system could cause the electronics enclosure to heat up to temperatures that could cause damage to the electronics contained inside. Thermal switches inside the enclosure will detect an over temperature condition. Operation of the thermal switches will cause the power to be removed from the enclosure.
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Figure 36. Electronics enclosure cooling system.

1.22.5 FMOS-Echidna cooling system

1.22.5.1 Coolant plumbing

Coolant plumbing is installed in the FMOS-Echidna system to provide reticulated chilled liquid coolant to the electronics enclosure heat exchanger and the guide camera head. Parallel supply and return lines are provided for the enclosure heat exchanger and the camera head. Each supply line has a flow control valve to adjust the supply for each load. A diagram of the coolant plumbing is shown in Figure 37.
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Figure 37. FMOS-Echidna coolant plumbing system.

1.22.5.2 Coolant leak detection system

Some protection against the possibility of coolant leaks in the chilled liquid plumbing is required. Such a leak could cause serious damage to the FMOS-Echidna instrument, as well as possibly depositing coolant over the Subaru telescope and dome areas. Various steps will be taken to prevent and detect this situation:

1. High quality connectors with low leak potential will be used for all coolant plumbing.

2. All plumbing will be pressure tested after assembly.

3. All coolant plumbing should be inspected prior to using the Instrument on the telescope.

4. A leak detection system will be implemented to detect significant leaks during operation.
It is hoped that a coolant leak detection system can be incorporated in the FMOS-Echidna cooling system to detect gross coolant leaks and take appropriate action on the occurrence of such leaks. Such a leak detection system would be based either on a differential flow meter or a pair of single flow meters. This leak detector would be installed in the coolant lines as close as possible to the telescope top end coolant connections. There would also be a solenoid driven supply valve installed in the coolant supply line ahead of the flow meter.

Upon power up, the coolant supply valve solenoid will be energised, thus allowing coolant to flow through the system. After a delay (to allow the differential flow meter to reach equilibrium), the flow meter contacts will be enabled. If the flow meter detects a difference in the flow rate of the coolant flow into and out of the Echidna cooling system, the flow meter contacts will open which will cause power to the Echidna system to be removed, and the coolant supply valve to be shut off. The electrical controls to implement this will be located in the Mains Control Unit. A diagram of the Coolant Leak Protection System is shown in Figure 38.

[image: image43.wmf]Supply Valve

Differential Flow Meter

Coolant Supply (In)

Coolant Supply (Out)

Coolant Return (Out)

Coolant Return (In)

To Electronics

Enclosure Heat

Exchanger and

Guide Camera

Head

Coolant Shutoff Valve Control

Coolant Leak Detection Contacts

To FMOS-Echidna

Mains Control Unit

From Telescope

Coolant Supply

System


Figure 38. Coolant leak protection system.

1.22.6 Instrument cable and connections

Cable connections between the electronics enclosure and the Echidna fibre positioner and FPI will be made with connectors mounted on the side or bottom of the electronics enclosure. These connectors will be mounted in such a way as to make them easily accessible from outside the prime focus unit. All connectors will be clearly identifiable using an appropriate connector numbering scheme. Connector types will be MIL-C-26482-type multi-pole circular connectors and BNC type coaxial connectors.

All cables used for FMOS-Echidna will be screened with shield connections to chassis earth for good EMI performance. All cables associated with FMOS-Echidna will be clearly labelled for ease of maintenance. All cables will be dressed for ease of access and maintenance. All cables will be routed and secured to prevent movement at varying telescope attitudes, which could cause interference to fibres or mechanisms.

The following external cables/connectors are required:

· FMOS-Echidna Control and Power Cable

· Science Fibre Back Illumination Unit Power Cable

· Guide and Fiducial Fibre Back Illumination Cable

· spine camera Video and Power Cable

· sky camera Video and Power Cable

· Guide Camera Interface Cable

· X Axis Motor Cable

· X Axis Resolver Cable

· X Axis Encoder Cable

· X Axis Limit, Home, Interlock Switch Cable

· Y Axis Motor Cable

· Y Axis Resolver Cable

· Y Axis Encoder Cable

· Y Axis Limit, Home, Interlock Switch Cable

· Shack-Hartmann Interlock Cable

· Temperature Sensors Cable

1.22.7 Operator control switches and indicators

A number of Operator Control Switches and Indicators are required on the outside of the enclosure.

1.22.7.1 Control switches

The FMOS-Echidna Control Electronics: 

· Power Control Switch – this switch turns on power to all the electronics units in the electronics enclosure

· Lamp Control Switch – this switch provides control of the indicator lighting used on the Mains Control Unit

· Instrument Start Switch – this switch starts the FPI carriage system

· Instrument Enable Switch – this switch enables the FPI carriage system

· Emergency Stop Switch – this switch stops the FPI carriage system

· Main Power Circuit Breaker – this circuit breaker protects the power wiring to the Echidna prime focus unit, and controls power to all electrical and electronics units in the Echidna prime focus unit

The only switches that need to be operated after the prime focus unit is installed are the Power Control Switch, Lamp Control Switch and the Instrument Start Switch (assuming that the Instrument Enable Switch is in the ON position). The switches will be mounted in a position so as to make them easily accessible for staff performing the prime focus unit installation on the telescope.

1.22.7.2 Indicators

The following indicators will be mounted on the outside of the Mains Control Unit in a position to make them visible from appropriate viewing locations in the telescope building:

· Over-temperature Shut-off – this indicator will be on if an over-temperature condition is detected in the electronics enclosure, which causes power to be removed from all units in the electronics enclosure.

· Coolant Leak Detect Shut-off – this indicator will be on if a coolant leak condition is detected, which causes power to be removed from all units in the electronics enclosure.

· Mains Available – this indicator will be on when mains is initially supplied to the Mains Control Unit.

· Contactor Closed – this indicator will be on when the mains contactor inside the Mains Control Unit is activated.

The Mains Available and Contactor Closed indicator will be turned off when the Lamp Control Switch is turned to the Lamp Off position. The Over-Temperature Shut-off and Coolant Leak Detect Shut-off, when activated, will remain on regardless of Lamp Off position.

1.22.8 Telescope power, LAN and coolant connections

1.22.8.1 Power

The Mains power available to the FMOS-Echidna system in the PFU will be 120 VAC at 60Hz, supplied from the telescope Un-interruptible Power Supply. All power supplies used in the instrument electronics will be compatible with this supply voltage and frequency. The power circuit wiring will be protected by a 10A circuit breaker as close to entry to the instrument as possible. This circuit breaker will be accessible for staff performing the prime focus unit installation on the telescope. The Power Control Switch will perform normal power control.

Connections to the Subaru telescope mains power supply will be made using a D38999/46FG16PN MIL circular connector with appropriate mains rated cable. Pins A and D of this connector carries the 120VAC supply. As this connector does not carry a Protective Earth conductor, the Protective Earth for the FMOS-Echidna system will need to be established in a manner, which is compliant with the relevant National Electrical Code requirement.

1.22.8.2 Local area network

The FMOS-Echidna system control computer requires a single 100 Megabit per second fibre optic Ethernet connection to the telescope LAN. Fibre Optic connections for the telescope LAN will be made with DSC (Dual SC) Connectors and 62.5/125μm multi-mode fibre cable.

Twisted pair cable connections

During commissioning, it may be desirable to have access to the FMOS-Echidna control computer Keyboard, Video and Mouse (KVM) connections for debugging and troubleshooting in the telescope Control Room while the FMOS-Echidna prime focus unit is mounted on the telescope. This can be achieved using a Keyboard/Video/Mouse extender (one near the FMOS-Echidna control computer and one in the control room). These devices will be linked using four Category 5 twisted-pair cable connections terminated with a standard RJ-45 connector. The KVM output is not compatible with IEEE 802 LAN networks.

1.22.8.3 Coolant

The electronics enclosure and guide camera head require liquid coolant to transfer heat away from the telescope area. These will use coolant supplied from the telescope cooling system.

Coolant connections will be made with Swagelok Quick connect couplers compatible with the Subaru telescope cooling liquid system (SS-QC8-D1-810). The instrument side connectors will be male. The coolant plumbing is described in section 9.2.5.1.

1.22.9 Echidna FPI – Shack-Hartmann mechanism interlocking

The operational ranges of the Shack-Hartmann shutter mechanism and the FPI mechanically overlap. Therefore it is essential to provide interlocking between the two mechanisms so that they cannot collide.

The mechanical design is such that:

· The FPI carriage system can drive over its full range in X and Y without conflicting with the Shack-Hartmann mechanism, so long as the Shack-Hartmann mechanism is at its parked (inoperative) position.

· The Shack-Hartmann camera can be driven to and from its operational position (in the centre of the field) without conflicting with the FPI, carriage system, so long as the FPI X and Y drives are both at their park positions.

· The interlocking must ensure that the FPI carriage system cannot move at all unless the Shack-Hartmann is in park and that the Shack-Hartmann cannot drive unless the FPI carriage system is in park.

This has been taken into consideration in the FPI electronics design. As described in section 7.4.5.3, there is provision for a Baumer 4mm NPN Normally Open proximity sensor to be mounted so that it will be in the closed state when the Shack-Hartmann mechanism is in the park position. The output of this sensor will be used by the FPI electronics to disable the FPI drive if the sensor is in the open state.

So as to inhibit Shack-Hartmann drive when the FPI is not in park, the FPI electronics will provide a pair of isolated relay contacts that will close only when the FPI is in the park (home) position. The Shack-Hartmann control electronics will use these relay contacts to enable its drive. This is described in section 7.4.5.4.

Although the electrical interlocks will provide complete safety against collisions, the control software should monitor the condition of the park switches and issue commands to move the Shack-Hartmann Shutter or the FPI from park only when it is safe to operate.

1.22.10 Environment

All considerations will be given to ensuring that the FMOS-Echidna system electronics do not alter the telescope environment beyond the specifications of the Subaru telescope. All steps shall be taken to ensure that there will be no light pollution produced by the FMOS-Echidna electronics, which could leak into the telescope area. This will include providing switchable status indicators on all equipment designed for FMOS-Echidna, and covering lamps and indicators on all items of commercially procured equipment to ensure no light leakage occurs.

1.22.11 Electro-magnetic compatibility

The FMOS-Echidna system control electronics will be designed to meet international standards for Electro-Magnetic Compatibility for emissions and susceptibility. All commercially sourced items of equipment will only be accepted if they are certified as EMC compliant. It is envisaged that the FMOS-Echidna system will be tested for EMC compliance by a certified EMC Test Laboratory in Sydney, prior to shipping the instrument to the Subaru telescope.

1.22.12 Back illumination

1.22.12.1 Introduction

The Echidna positioner fibres require back illumination so as to allow their positions to be accurately checked using the spine camera. The science fibres are back illuminated using LEDs mounted in the prime focus unit top end fibre connectors. These LEDs are driven from the Science Fibre Back Illumination Unit (refer to section 9.2.12.2), which is controlled by the FMOS-Echidna control computer via a fibre optic serial link (described in section 9.2.12.5.4). Back illumination of the Echidna positioner guide fibres and fiducials is achieved using LEDs mounted in the guide fibre unit at the front of the guide camera head. Control of these LEDs is implemented using digital outputs from the FMOS-Echidna control computer (described in section 9.2.12.5.2).

1.22.12.2 Science fibre back illumination system

1.22.12.2.1 Introduction

The FMOS Science Fibre Back Illumination System includes a Back Illumination Unit, LED arrays, prisms and prism actuators in the FMOS Science fibre connectors, and the interface between the FMOS-Echidna system control and the Back Illumination Unit. The Back Illumination Unit drives the LED arrays and prism actuators in the fibre connectors, under command from the FMOS-Echidna system control. A block diagram of the system is shown in Figure 39.
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Figure 39. FMOS Science Fibre Back Illumination System.

1.22.12.2.2 Description

In order to simplify the electronics control arrangements and wiring that would otherwise be needed to individually drive 400+ LEDs, a scheme has been proposed by the University of Oxford and Durham University teams for back illuminating the FMOS-Echidna science fibres. This scheme allows for a back illumination LED for every science fibre. The LEDs are mounted in the fibre connectors and each LED can be individually activated by control electronics. The LEDs are electronically arranged in an XYZ matrix (16x16x2), which is addressed by a 9-bit word. A local memory holds 32 x 9-bit LED address words, which define the particular LEDs to be activated in a given scan corresponding to a TV frame acquisition from the spine camera. Following an external Scan Start request, control logic will sequentially address the 32 memory locations thus turning on up to 32 LEDs for 39 microseconds each and then repeating the sequence until a Scan Stop request is received. The system is then ready to accept the LED addresses for the next scan.

The 32 x 9-bit LED address words are loaded in to the scan memory by the FMOS-Echidna control computer over a fibre optic serial link. The same link is also used to send the Scan Start and Scan Stop requests, as well as for loading an intensity memory with DAC data to set the intensity of each LED. The details of this link are described in section 9.2.12.5.4.

The status of the scanning system (scan stopped, scan running, etc.) can be read by the FMOS-Echidna control computer from the back illumination unit over the fibre optic serial link.

In addition to the LEDs for each fibre, the fibre connectors also contain prisms that direct the light from each LED into the fibre coming from the spine. Each LED and fibre has an associated prism. An actuator moves the prisms between an “illuminate” position and an “observe” position. A conceptual diagram of this arrangement for each LED is shown in Figure 40.

The prism actuator drive electronics is also contained in the Back Illumination Unit, and the FMOS-Echidna control computer commands movement of the prism actuators over the fibre optic serial link. The position of the prism actuators (in observe position or in illumination position) can be read by the FMOS-Echidna control computer from the back illumination unit over the fibre optic serial link.
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Figure 40. Fibre Connector Prism, LED and Fibre Arrangement.

1.22.12.2.3 Design and manufacturing responsibilities

The FMOS Science Fibre Back Illumination Unit will be designed and manufactured by the University of Oxford. The FMOS Science Fibre Connectors (and associated LED arrays, prisms and prism actuators) will be designed and manufactured by the University of Durham. The fibre optic serial interface between the FMOS-Echidna control electronics and the FMOS Science Fibre Back Illumination Unit will be designed and manufactured by the AAO.

1.22.12.2.4 Equipment location

The FMOS Science Fibre Back Illumination Unit will be located on the Subaru telescope top end. The exact location is yet to be determined, but it is assumed at this time that the unit will be mounted close to or on the Prime Focus Unit, near to the Science Fibre Connectors. There is no space in the electronics enclosure to mount the Science Fibre Back Illumination Unit.

The Science Fibre Connectors will be mounted on the Prime Focus Unit.

1.22.12.2.5 Back illumination unit details

1.22.12.2.5.1 Enclosure format and size

The format and size of the FMOS Science Fibre Back Illumination Unit is yet to be determined, however it is assumed that the electronics will be implemented on a number of single height (3U) Eurocard boards, either standard (160mm) or extended (220mm) length. The electronics enclosure will be of a suitable size to accommodate the circuit boards, connectors and power supply.

1.22.12.2.5.2 Power dissipation

Power dissipation of the FMOS Science Fibre Back Illumination Unit is yet to be determined, however, if the power dissipation during operation of the unit is greater than ~100W over a 1 hour period, consideration will have to be given to cooling the enclosure.

If necessary, consideration should be given to implementing a low power mode, which could be enabled by the FMOS-Echidna control computer during exposures, while the Back Illumination Unit is not required.

1.22.12.2.5.3 Power supply

It is assumed that the FMOS Science Fibre Back Illumination Unit will be powered from 110VAC, 60Hz power, which will be available from the electronics enclosure.

1.22.12.2.5.4 Echidna control system interface

The interface between the FMOS Science Fibre Back Illumination Unit and the FMOS-Echidna system control will be via the Fibre Optic Serial Data Link. This interface was defined in the preliminary design report, however, the interface definition has been updated to include the following features:

113. Additional “commands” to drive the prisms in and out and to read status from the Back Illumination Unit.

114. Bi-directional operation to allow the FMOS-Echidna Control System to obtain status from the Back Illumination Unit.

The Back Illumination Serial Link board that interfaces the Back Illumination Unit to the Fibre Optic Serial Data Link generates all the control signals necessary for loading memory, starting and stopping scans and controlling the prism actuators. It is recommended that, for development and testing purposes, an alternative interface board generating the same signals is developed to allow the Back Illumination unit to be directly controlled from a PC (via a suitable digital I/O board or even the parallel port).

1.22.12.2.5.5 Interlocks

It is assumed that any interlocks between the FMOS Science Fibre Back Illumination Unit and the FMOS Spectrograph will be defined by the University of Oxford and Subaru and will be implemented using a software interface between the FMOS Spectrograph Control System and the FMOS-Echidna system control. A definition of the software interface for the interlocks will need to be provided to AAO by the University of Oxford.

1.22.12.2.5.6 Software

It is assumed that embedded controller firmware in the FMOS Science Fibre Back Illumination Unit (if any) will be developed by the University of Oxford as part of the design and manufacture of the unit. All software to provide external control of the unit will run on the FMOS-Echidna control computer and will be developed by the AAO.

1.22.12.2.6 FMOS science fibre connector

1.22.12.2.6.1 Back illumination unit interface

It is assumed that the electrical interface between the FMOS Science Fibre Back Illumination Unit and the LED arrays and prism actuators in the FMOS Science Fibre Connectors will be defined and agreed by the University of Oxford and Durham University.

1.22.12.2.6.2 Illumination functions

It is assumed that the Back Illumination System will be able to illuminate all fibres in all connectors, including fibres installed in modules outside the field of view of the Subaru telescope at prime focus.

1.22.12.2.6.3 Prism actuators

It is assumed that all prisms in all connectors are driven simultaneously and do not need to be individually commanded to move.

1.22.12.3 Guide fibre and fiducial back illumination sources

Guide fibres and fiducials will each have their own LED back illumination source, however these will be controlled differently to the FMOS science fibres.

The back illumination electronics provides the ability to control up to 15 individual LED sources, each with adjustable intensity. A number of these sources will be used to provide back illumination for guide fibres and fiducials. If necessary, software can take a number of spine camera TV frames with different combinations of LEDs enabled and then process the images to identify specific guide fibres and fiducials.

The LED sources for back illuminating the guide fibres are located in the guide fibre unit. The LED sources for back illuminating the fiducials are nearby. The fiducials are fixed spines with fibres installed. The fiducial fibres are directly connected to the LED sources.

1.22.12.4 Forward illumination source

A single infra-red LED will be mounted on the FPI telecentric lens. This provides an accurately placed, moveable light source to assist the identification of individual science fibre positions in the spectrographs relative to the Echidna spine locations. The Forward Illumination source is controlled from the fiducial and guide fibre back illumination electronics.

1.22.12.5 Back illumination control system

1.22.12.5.1 Introduction

The FMOS-Echidna Back Illumination control system includes the electronics to control and drive the guide fibre and fiducial back illumination sources, and the electronics to interface the FMOS-Echidna system control to the FMOS Science Fibre Back Illumination Unit. A block diagram of the FMOS-Echidna Back Illumination Control System is shown in Figure 41. The FMOS Science Fibre Back Illumination Serial Link is described in section 9.2.12.5.4.
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Figure 41. FMOS-Echidna Back Illumination Control System.

1.22.12.5.2 Echidna back illumination control electronics

1.22.12.5.2.1 Back illumination backplane and computer interface

The Back Illumination Control Backplane provides a common 16-bit data bus and control interface between the Computer Interface board, Back Illumination LED Driver board and Back Illumination Serial Link Interface board. The Back Illumination Backplane shares the same physical Printed Circuit Board as the FMOS-Echidna Control Electronics backplane. The +5V DC power is also shared with the FMOS-Echidna electronics and this is used to supply power to the Back Illumination LED board and Back Illumination Serial Link Transmitter board. 

The bus is controlled by the FMOS-Echidna control computer via the Back Illumination DT302 Multipurpose I/O board. The 23 digital I/O lines from the DT302 are configured (together with software) to implement a simple bus structure on the Illumination Control Backplane, which provides a 16-bit data bus, 2-bit address bus and several control lines. 

The data, address and control signals are sent through the Computer Interface board to the backplane and this information is decoded by the respective Back Illumination board. The Computer Interface board is identical to that developed for the FPI Electronics.

1.22.12.5.2.2 DT302 digital I/O bit functions

The Back Illumination DT302 board digital I/O bits are assigned to control and status functions as shown in Table 12.

	Port
	Line
	I or O
	Function
	Description

	A
	0
	I/O
	D0
	Data Bus 0

	A
	1
	I/O
	D1
	Data Bus 1

	A
	2
	I/O
	D2
	Data Bus 2

	A
	3
	I/O
	D3
	Data Bus 3

	A
	4
	I/O
	D4
	Data Bus 4

	A
	5
	I/O
	D5
	Data Bus 5

	A
	6
	I/O
	D6
	Data Bus 6

	A
	7
	I/O
	D7
	Data Bus 7

	B
	0
	I/O
	D8
	Data Bus 8

	B
	1
	I/O
	D9
	Data Bus 9

	B
	2
	I/O
	D10
	Data Bus 10

	B
	3
	I/O
	D11
	Data Bus 11

	B
	4
	I/O
	D12
	Data Bus 12

	B
	5
	I/O
	D13
	Data Bus 13

	B
	6
	I/O
	D14
	Data Bus 14

	B
	7
	I/O
	D15
	Data Bus 15

	C
	0
	O
	R\!W
	Bus Direction (1=Read,0=Write)

	C
	1
	O
	!STROBE
	Command Strobe (0=Strobe)

	C
	2
	O
	A0
	Card Address 0

	C
	3
	O
	A1
	Card Address 1

	C
	4
	
	-
	Not used

	C
	5
	
	-
	Not used

	C
	6
	
	-
	Not used 


Table 12. Back Illumination Digital I/O Bit Functions.

1.22.12.5.3 Guide fibre and fiducial back illumination LED drive board

The Back Illumination LED Drive board contains the LEDs and intensity control for backlighting the guide fibres and fiducials. The drive and monitoring signals from the Back Illumination LED Interface board are connected to the Back Illumination LED Drive board DB37 D-type connector (J1) input. The brightness of each LED is adjustable and can be controlled by trimming each the individual potentiometers on the board. The current through each of the LEDs is monitored and status is fed back to the Back Illumination LED Interface board.

1.22.12.5.4 Science fibre back illumination unit interface electronics

1.22.12.5.4.1 Introduction

The interface between the FMOS-Echidna system control and the FMOS Science Fibre Back Illumination Unit is implemented using a custom designed bi-directional high speed fibre optic serial data link. This link has the advantages of complete galvanic isolation, high speed, a reduced number of connections and the ability to generate all required interface control signals.

The design of this link is based on the following assumptions:

1. The Back Illumination Unit may not contain any local intelligence, so a custom fibre optic serial link with the ability to generate all required interface control signals is required.

2. 12-bits of data will be sufficient to load the back illumination scan memory with the LED address words (which requires 9-bits) and the DAC which sets the LED intensity (number of bits for DAC yet to be defined, but unlikely to be more than 12).

3. There are two separate memories containing LED scan data and LED intensity data.

4. The memories are loaded sequentially from the lowest address to the highest address using repeated LOAD SCAN MEMORY or LOAD INTENSITY MEMORY commands. The memory pointer is maintained internally and is initialised by the RESET MEMORY LOAD POINTER command.

5. The scan is started and stopped by the FMOS-Echidna control computer. The Back Illumination Unit may implement a scan stop timeout if a Scan Stop command is not received in a reasonable amount of time.

6. The FMOS-Echidna control computer must command the back illumination unit to drive the prisms in the Fibre Connectors between “Observe” and “Illuminate” positions.

7. The format of the circuit board for the Back Illumination Unit End link interface will be a single height, standard length Eurocard.

8. The Back Illumination Unit End link interface requires a +5V supply.

1.22.12.5.4.2 Back illumination serial link (Echidna end)

The Back Illumination Serial Link board at the FMOS-Echidna end is installed in the Echidna Back Illumination Control backplane, as shown in Figure 41.

The board has a single 16-bit Command/Data/Status register whose function is dependent on whether the board is being written or read.

The format of the Command/Data/Status register when written is as follows:

	15
	14
	13
	12
	11
	10
	9
	8
	7
	6
	5
	4
	3
	2
	1
	0

	E
	C2
	C1
	C0
	D11
	D10
	D9
	D8
	D7
	D6
	D5
	D4
	D3
	D2
	D1
	D0


· Bits D0-D11 are data bits. These are loaded in to the Back Illumination Unit LED Scan Memory (the least significant 9-bits are used to specify the LED address), or the Back Illumination Unit Intensity Memory which sets each LED intensity (the least significant 8-bits are used to specify the DAC Intensity for each LED).

· Bits C0-C2 define a command. These specify whether the data is loaded in to LED Scan Memory, or the Intensity Memory, or if the scan is to be started or stopped etc.

· Bit E is an Enable Bit. If this bit is set, the command and data defined by Bits 0-14 is valid and is transmitted to the Back Illumination electronics.

Bits C0-C2 and S are summarised as follows:

	15
	14
	13
	12
	Command Function

	E
	C2
	C1
	C0
	

	0
	X
	X
	X
	Do nothing

	1
	0
	0
	0
	Reset Memory Load Pointer.

	1
	0
	0
	1
	Load Data Bits into Scan Memory. Bits 0-8 contain scan memory LED address data, Bits 9-11 are not used. The LED address data is loaded into the Scan Memory location currently addressed by the Memory Load Pointer. The Memory Load pointer is incremented after the load.

	1
	0
	1
	0
	Load Data Bits into Intensity Memory. Bits 0-7 contain LED intensity DAC data. Bits 8-11 are not used. The Intensity values for each LED are loaded into the Intensity Memory location currently addressed by the Memory Load Pointer. The Memory Load pointer is incremented after the load.

	1
	0
	1
	1
	Start Scan. Bits 0-11 ignored.

	1
	1
	0
	0
	Stop Scan. Bits 0-11 ignored.

	1
	1
	0
	1
	Drive Prisms Into Illumination Position. Bits 0-11 ignored.

	1
	1
	1
	0
	Drive Prisms Into Observing Position. Bits 0-11 ignored.

	1
	1
	1
	1
	Read Back Illumination Unit Status. Bits 0-11 ignored.


The format of the Command/Data/Status register when read, is as follows:

	15
	14
	13
	12
	11
	10
	9
	8
	7
	6
	5
	4
	3
	2
	1
	0

	0
	0
	0
	0
	0
	0
	0
	S8
	S7
	S6
	S5
	S4
	S3
	S2
	S1
	S0


The Status bits are defined as follows:

	S7
	S6
	S5
	S4
	S3
	S2
	S1
	S0
	Status

	X
	X
	X
	0
	X
	X
	X
	X
	Prisms not in Observe Position

	X
	X
	X
	1
	X
	X
	X
	X
	Prisms in Observe Position

	X
	X
	0
	X
	X
	X
	X
	X
	Prisms not in Illumination Position

	X
	X
	1
	X
	X
	X
	X
	X
	Prisms in Illumination Position

	X
	0
	X
	X
	X
	X
	X
	X
	Scan Idle

	X
	1
	X
	X
	X
	X
	X
	X
	Scan Running

	0
	X
	X
	X
	X
	X
	X
	X
	No Scan Stop Timeout (No Scan Stop received after a given time).

	1
	X
	X
	X
	X
	X
	X
	X
	Scan Stop Timeout (Reset by Scan Start)


1.22.12.5.4.3 Back illumination serial link (back illumination unit end)

The Back Illumination Serial Link board at the Back Illumination Unit is installed in a backplane, into which the various other boards are installed.

The Serial Link board generates the following data and control signals:

	Data/Control Signals
	Function

	DATA BITS 0-11
	Data bits containing scan memory LED address data or LED intensity DAC data, 

	STATUS BITS 0-7
	Back Illumination Unit status

	RESET MEMORY LOAD POINTER
	If Bit 5 is 0, Bits 0-4 are loaded into the Scan Memory Load Pointer. If Bit 5 is 1, the Scan Memory Load Pointer is Reset. Bits 6-11 are not used.

	LOAD SCAN MEMORY
	Load Data Bits into Scan Memory (Data Bits 0-8 contain LED address data, Bits 9-11 not used)

	LOAD INTENSITY MEMORY
	Load Data Bits into Intensity Memory (Data Bits 0-7 contain LED intensity DAC data, Bits 8-11 are not used)

	START SCAN
	Starts the Scan

	STOP SCAN
	Stops the Scan

	DRIVE PRISMS TO ILLUMINATE
	Drive Prisms Into Illumination Position

	DRIVE PRISMS TO OBSERVE
	Drive Prisms Into Observing Position

	GET STATUS
	Read Back Illumination Unit Status (Status loaded onto Status bits 0-7)


1.22.12.5.4.4 Serial link hardware description

The parallel to serial transmitter (at the FMOS-Echidna end) sends the command and data to a serial to parallel receiver at the Back Illumination Unit end. The receiver latches the Scan/Intensity data, and decodes the command to generate the appropriate control signal (Load Scan Memory, Load Intensity Memory, Start Scan, Stop Scan, and Drive Prisms to Observe Position, Drive Prisms to Illuminate Position, Get Status) for the Back Illumination Unit electronics.

Upon receipt of a Get Status command, the parallel to serial transmitter (at the Back Illumination Unit end) sends the status of the Back Illumination Unit to a serial to parallel receiver at the Echidna end.

The link itself is based on Cypress Semiconductor HOTLink Transmitter and Receiver devices, with appropriate Fibre Optic Transmitter and Receiver modules. The serial link runs at 160 Mbps.

The Echidna End board is implemented as a single height (100mm) standard length (160mm) Eurocard module, installed in the FMOS-Echidna control electronics rack (from which it receives 5V power). The board plugs into the Echidna Back Illumination Control backplane bus derived from a DT302 interface. Two ST connectors for the Fibre Optic Transmitter and Receiver are mounted on the front panel of the board. A test toggle switch is also mounted on the front panel, with an LED to indicate that test mode is enabled. A Block diagram of the Echidna End board is shown in Figure 42.

The Back Illumination Unit End board is implemented as a single height (100mm) standard length (160mm) Eurocard module, plugged in to the Back Illumination Unit backplane from which it receives 5V power and drives the 12 data bits and the command signals, and receives the Status inputs. The front panel of the board includes two ST connectors for the Fibre Optic Transmitter and Receiver, some status LEDs that can be disabled with a switch and a test toggle switch. A block diagram of the Back Illumination Unit End board is shown in Figure 43. A timing diagram for the of the Back Illumination Unit End board control signals is shown in Figure 44.
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Figure 42. Back illumination serial link (FMOS-Echidna end).
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Figure 43. Back illumination serial link (back illumination unit end).
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Figure 44. Back illumination serial link (back illumination unit end) control signal timing.

Notes:

1. Timing shown is a suggestion only. tSETUP, tPULSE and tHOLD can be multiples of the basic board clock period, (yet to be decided, but one of 62.5ns, 50ns or 40ns). tPD depends on the output enable/disable time of the device selected to drive the status signals onto the data bus.

2. The signals DATA OUT and COMMAND SIGNAL are driven out of the Back Illumination Serial Link (Back Illumination Unit End) board when a command is sent from the FMOS-Echidna control computer.

3. The signal READ STATUS is driven out of the Back Illumination Serial Link (Back Illumination Unit End) board when a Read Status command is sent from the FMOS-Echidna control computer. The Back Illumination Unit electronics must drive the DATA IN lines into the Back Illumination Serial Link (Back Illumination Unit End) board.

The Back Illumination Serial Link (Back Illumination Unit End) board has a DIN41612 connector (Type C 64-pins with rows A and C loaded). The allocation of signals to the connector pins are as follows:

	
	A
	C

	1
	GND
	Reserved

	2
	GND
	Reserved

	3
	D0
	Reserved

	4
	D1
	Reserved

	5
	D2
	Reserved

	6
	D3
	Reserved

	7
	D4
	Reserved

	8
	D5
	Reserved

	9
	D6
	Reserved

	10
	D7
	Reserved

	11
	D8
	Reserved

	12
	D9
	Reserved

	13
	D10
	Reserved

	14
	D11
	Reserved

	15
	START SCAN
	Reserved

	16
	STOP SCAN
	Reserved

	17
	LOAD SCAN MEMORY
	Reserved

	18
	LOAD INTENSITY MEMORY
	Reserved

	19
	DRIVE PRISM TO ILLUMINATE POSITION
	Reserved

	20
	DRIVE PRISM TO OBSERVE POSITION
	Reserved

	21
	READ STATUS
	Reserved

	22
	RESET MEMORY POINTER
	Reserved

	23
	S0
	Reserved

	24
	S1
	Reserved

	25
	S2
	Reserved

	26
	S3
	Reserved

	27
	S4
	Reserved

	28
	S5
	Reserved

	29
	S6
	Reserved

	30
	S7
	Reserved

	31
	VCC
	Reserved

	32
	VCC
	Reserved


1.22.12.5.5 Back illumination printed circuit boards

Table 13 lists the AAO developed circuit boards for the Back Illumination Control System.

	Part Number
	 Quantity 
	Name

	(EL736)
	(1)
	(Echidna Backplane – Refer to section 0)

	EL722
	1
	Computer Interface Board

	EL730
	1
	FMOS Back Illumination Serial Link (Echidna End) Board

	EL731
	1
	FMOS Back Illumination Serial Link (BIU End) Board

	EL747
	1
	Back Illumination LED Driver Board

	EL748
	1
	Back Illumination LED Board


Table 13. Back illumination control system printed circuit boards.

Note: table does not include the Science fibre back illumination unit.

1.22.13 FPI calibration plate control electronics

A calibration plate will be used for measuring distortion in the spine camera telecentric lens and also the distortion of each FPI axis. This is backlit by a sheet of green electroluminescent paper that requires between 60-150VAC at 400Hz for optimal performance and brightness. Power will be supplied by the electroluminescent power supply.

The calibration plate will never be used while the instrument is in operation on the telescope. There is no necessity to provide any remote control of the calibration plate control electronics (such as remote switching).

1.22.13.1 Electroluminescent power supply

The electroluminescent power supply provides an AC signal to the calibration plate. It contains the electroluminescent power supply board which converts 120VAC mains input to 60-150 VAC signal at 400Hz. This supply could be permanently located between the FPI carriage system and the Echidna spines, but equally, could be bench mounted.

1.22.13.1.1 Electroluminescent power supply board

The Electroluminescent Power Supply board converts 120VAC mains power input into 60-150VAC output at 400Hz. Mains input is converted to between 4-9VDC depending on the required output light intensity. This is converted by a Pacel E6 EL inverter into 60-150 AC volts at 400Hz depending on the input voltage.

1.22.13.1.2 Electroluminescent power printed circuit boards

Table 14 lists the AAO developed circuit boards for the FPI calibration plate Electronics.

	Part Number
	 Quantity 
	Name

	EL749
	1
	Electroluminescent Power Supply Board


Table 14. Electroluminescent Power Printed Circuit Boards.

1.23 System software 

1.23.1 FMOS-Echidna system control

During the final design phase the FMOS-Echidna instrument control software (ICS) has been advanced considerably. The FMOS-Echidna ICS runs as a multi-threaded process on the FMOS-Echidna Computer (PC4) and currently controls the following systems:

· FPI X-axis (controls Servostar using RS232 communication over serial port; limit/enable switches via DT302 card A).

· Spine movement (actuator switching via parallel port; actuator driving signals via NI6711 waveform generator card)

· Pulnix spine camera (input channel 0 on DT3155 frame grabber card.)

· Watec sky camera (input channel 1 on DT3155 frame grabber card.)

· Telemetry (via DT302 card B; sensors not attached)

The FMOS-Echidna ICS is currently capable of handling a number of complex operations:

· Handling output files from the spine-to-object allocation software.

· Configuring a field.

· Calibrating a single spine.

· Calibrating multiple spines in parallel.

· Acquiring and processing sky camera images.

· Reading status of telemetry sensors.

Additionally, it handles many simple operations that are used in testing/debugging. This includes moving the FPI to a requested position, acquiring a single spine camera image, aborting operations, etc.

Where relevant, the FMOS-Echidna ICS, maintains/uses calibration models to correct for:

· spine camera CCD rotation.

· FPI X-axis scale.

· distortion of telecentric lens (on spine camera).

An astrometric telescope model has been developed for FMOS-Echidna but not yet integrated with the ICS. The implementation is based on the astrometric model used in the VLT OzPoz instrument. Compensating for telescope flexure is the only major component yet to be implemented.

All FMOS-Echidna ICS operations are initiated using the FMOS-Echidna GUI. (see section 9.3.5)

1.23.2 Spine unit calibration

As each spine unit behaves slightly differently, the FMOS-Echidna ICS utilizes a calibration database for each spine unit to achieve optimal performance. During field configurations the ICS maintains the calibration database by updating it with any movements the spines make.

The spine unit calibration database has been fully implemented and integrated with the FMOS-Echidna ICS. It is effectively a dynamically-sized 3-dimensional table for each spine that records the last N instances of step-sizes for each of the 4 directions of movement. When determining the appropriate number of steps for a new move, the spine unit calibration software module looks up the appropriate table and finds the closest equivalent step size in it (interpolating if the closest matching result is too big/small).

This approach has proven to be too idealistic as it does not give enough consideration to localised inferior step sizes. (i.e. step size for an axis varies across the patrol area for a spine.) Consequently, we are investigating a simpler approach where the spine calibration software module only “remembers” the last move for each of the 4 directions. (This is similar to the approach taken during early spine prototyping.) The flexibility of the current spine calibration solution should make this a trivial modification.

1.23.3 Sky camera

As noted in section 5.2.2 of the preliminary design report, due to space limitations, a cooled CCD sky acquisition camera system mounted on the FPI is unfeasible. The original design involved a cooled CCD camera system mounted on the FPI for the dual purpose of sky acquisition and guide fibre imaging. During the final design phase, the design was altered so that the cooled CCD camera was moved away from the FPI, guide fibres routed to the cooled camera, and a smaller non-cooled Watec CCD installed on the FPI for the purposes of sky to FPI coordinate mapping.

The Watec CCD camera is designed to connect to the 2nd input port of the DT3155 frame grabber card (to which the spine camera is attached). This involved minimal changes to the DT3155 device driver and FMOS-Echidna ICS.

The Watec CCD camera was tested on the AAT to verify its performance and ensure it was capable of performing the necessary functions of the sky camera. A report on the results of these tests is available in section 12.1.3.

1.23.4 FMOS ICS external interfaces

The FMOS-Echidna instrument relies on a number of external (non-AAO) software interfaces to function correctly within the FMOS system. Below is a brief high-level description of the required functionality for FMOS-Echidna in each system.

Freezing the formal specification for each system as early as possible is critical to the success of the FMOS-Echidna project. Specifically, it reduces the risk of failing to meet the instrument delivery deadline.

1.23.4.1 TCS

For optimal flexibility, the FMOS-Echidna instrument must be able to dynamically get/offset the telescope position at any time during an observation.

This functionality will largely be used by the FMOS-Echidna guiding system during an observation. A number of commissioning programs also rely on the ability to offset/raster/spiral the telescope position (through this might be better done via SOSS scripts).

Therefore, the FMOS-Echidna instrument requires the following TCS communication services:

115.  get the current apparent position of the telescope

116.  offset the telescope position

For 2, a suitable ACK is required when the offset is complete.

1.23.4.2 Instrument rotator

During guiding, Echidna may require the ability to dynamically adjust the rotation angle of the instrument rotator.

The current implementation of FMOS-Echidna's guiding system (based on the guiding system developed for the OzPoz instrument on the VLT) calculates both an RA/Dec error and a rotation error.

It is possible the rotation position will need to be adjusted on acquisition of the field and during an observation.

It has been noted that for the Subaru "Suprime Cam" instrument, the rotation angle is not corrected and does not show any apparent guiding error during observations of up to 10 minutes.

We need to quantify the accuracy of the Subaru rotator for the expected observation durations of the FMOS instrument. The FMOS-Echidna instrument can be expected to observe fields for up to 1 hour duration, even longer with short "tweaking" operations at approximate 1 hour intervals. Can the rotator sustain accurate positioning for these durations?

As Echidna carefully positions each spine within 10 m of its target position - this would suggest that any rotation errors should not impact the spine positioning by more than a fraction of this amount.

Unless quantitative results on the accuracy of the Subaru rotator over the maximum FMOS observation duration prove that the rotator is capable of sustaining the required accuracy, the FMOS-Echidna instrument will require the following communication services to dynamically adjust the rotator:

 1. get the current rotation angle.

 2. offset the current rotation angle.

For 2, a suitable ACK is required when the rotation offset is complete.

1.23.4.3 FMOS GUI framework

A Graphical User Interface (GUI) is provided to control the FMOS Instrument.

If a "unified" FMOS GUI is desired, (That is, a single GUI to control the FMOS, Spectrograph and Detector systems instead of separate GUI programs with different look-and-feels.) a framework is required in which the Echidna, Spectrograph and Detector GUI systems can all be combined.

Currently, the FMOS-Echidna GUI is written in the Tcl/Tk scripting language and embedded in a preliminary FMOS GUI framework. This framework has been developed at the AAO and can support other Tcl/Tk GUI systems.

As FMOS-Echidna GUI development is significantly advanced, any "unified" FMOS GUI design should support Tcl/Tk components.

In the event that a “unified” FMOS GUI is not required, this system interface will become the sole responsibility of the AAO.

1.23.4.4 GUI-to-instrument communication

The FMOS-Echidna instrument requires a communication channel between the FMOS-Echidna GUI and the FMOS-Echidna ICS. This is for FMOS-Echidna-specific information used to control the instrument and render the FMOS-Echidna GUI. Currently, the communication mechanism is implemented using a standard UNIX (TCP/IP) socket, but is modularised so that it can easily be replaced with an alternative communication mechanism (ie. CORBA, RPC, etc.) should this be necessary.

There has been unofficial discussion that all software communication within the FMOS system should be routed through the OBCP. If the current UNIX socket implementation is acceptable to Subaru, this software interface can remain internal to the AAO and no external support will be required.

1.23.4.5 Atmospheric conditions

FMOS-Echidna needs to be able to request the current atmospheric conditions when a field is to be configured. This is to calculate atmospheric refraction, select appropriate calibration models based on various temperature sensors located on the instrument, etc.

Specifically, FMOS-Echidna requires the ability to:

117.  get the current atmospheric temperature

118.  get the current pressure

119.  get the current humidity.

1.23.4.6 SOSS

It is expected that during observation mode, the FMOS instrument can be completely controlled via a set of scripts stored within the SOSS. These scripts will send an abstract sequence of (instrument-independent?) commands to the OBCP to initiate all FMOS operations. It is the duty of the OBCP to interpret these commands and send appropriate subcommands to each of the individual FMOS systems - PC1 Kyoto IRS&CAM, PC2 UK IRS&CAM, PC3 PFU system, PC4 Echidna.

To achieve this, the developers of the FMOS OBCP will need to know how to invoke subcommands within the FMOS-Echidna system, and which subcommands are relevant.

Additionally, it is not clear what AAO software effort (if any) is involved in developing the SOSS scripts and how this can be accomplished. (The AAO does not have any experience with the Suka toolkit/SOSS scripts.) Any software tasks in this system that are the responsibility of the AAO should be identified as soon as possible and the AAO notified.

1.23.4.7 Time

1.23.4.7.1 Observation midpoint

To correctly account for atmospheric refraction effects, FMOS-Echidna must know the time at the mid-point of an observation (the time for which refraction effects are calculated).  FMOS-Echidna does not know the length of the observations, so this must be determined elsewhere and halved.  The result should be added to current time and estimate of time required to configure and acquire the field.  The result should pass down when the field is configured (and to the guiding software).

1.23.4.7.2 Current time

During guiding, FMOS-Echidna must be able to determine the current time associated with each guide observation.  The internal PC clock is sufficiently accurate if it could be updated from a properly calibrated network time server at regular intervals.  In this case the details of how to find and use such a server are required.  Alternatively, there may be an observatory time protocol that should be used.

1.23.4.8 Data reduction/archiving

FMOS-Echidna will need to provide data to the FMOS data reduction and/or Subaru Archiving system (such as the sky position associated with each fibre). This data will most likely be inserted into Flexible Image Transport System (FITS) headers. The organizations responsible for generating the data reduction and/or Archiving systems must specify what information is required from the FMOS-Echidna instrument.  (The AAO will make some suggestions and particular information is required for the commissioning software.)  The organization responsible generating the data files (detector software/data handling sub-system) needs to specify how the FMOS-Echidna system is to provide this information.

1.23.4.8.1 Fibre flux

FMOS-Echidna requires some services from the DR system.  In order to calibrate the FMOS-Echidna Astrometric model using rasters of spectroscopic observations, FMOS-Echidna needs to be able to determine the flux of each fibre from a spectroscopic observation.  The set of fibres from one image must be associated with the offset in the raster.  Note, the relationship between slit positions and FMOS-Echidna fibre number must be handled here such that the FMOS-Echidna calibration software can get the FMOS-Echidna Fibre number – rather then the slit position number.

When combined with the Fibre forward-illumination mode, the same flux values can be used to detect the location of each fibre on the spectrograph slit.

1.23.4.9 Instrument focus

The sky camera and spine fibres may have slightly differing focal planes. Consequently, the FMOS-Echidna ICS may require the ability to dynamically adjust the instrument focus (by a millimetre or so) whenever switching between sky camera acquisition and observing modes.

The precise focal position for each of the 2 modes will be determined during the commissioning period.

1.23.4.10 Filesystem and networking

Due to the harsh environmental conditions at the prime focus of the Subaru telescope, the FMOS-Echidna control computer (850MHz Pentium III, 256MB RAM) does not contain a hard disk drive. When this machine is turned on it uses the BOOTP and TFTP protocols to locate and acquire an appropriate Linux kernel image from another (appropriately configured) machine on the LAN. The machine is then booted using this kernel and the system NFS-mounts all appropriate filesystems (including the / (root) filesystem).

Currently, the FMOS-Echidna control computer in the prototype instrument remotely boots itself off a Linux development box on the LAN.

A capable machine with ample disk space (minimum ~2GB for FMOS-Echidna) must be provided and appropriately configured to allow the FMOS-Echidna control computer to remotely boot itself. The remote machine may run any compatible Unix/Linux OS.

1.23.4.11 Telescope flexure compensation

The telescope will flex depending on the zenith distance of the observation.  This effect is to be partially compensated by moving the corrector such that its axis continues to be aligned with that of the telescope mirror. This effect is partly documented in “Effects of Atmospheric Refraction and Shift of Correct Distortion on FMOS”, Masayuki Akiyama, 20/Feb/2002.  However, full details of the compensation technique are not yet known.  The details of the impact of the compensation on the required fibre positions are required.  If the details are dependent on any mechanism position, then that position must be able to be calculated or must be provided to FMOS-Echidna at about the same time as the refraction parameters are provided.

1.23.4.12 Commissioning requirements.

In order to commission the instrument and construct an accurate astrometric model, the following functionality is required:

1.23.4.12.1 Spectroscopic rastering

Observing (SOSS) Scripts to produce a (NxN +2) raster of spectroscopic observations, with a specified delta of a specified field.  We must be able to determine which data file represents a given position in the grid so that the correct offset can be associated with it.

1.23.4.12.2 Spiral scanning and telescope offsets.

This may already be available as part of the Telescope Control System or it may required that an SOSS or other script be implemented to send the appropriate commands.  Note that a simple spiral scan is not sufficient.  It is also required to be able to reset the spiral centre to either the current position or an offset of the current position.

1.23.5 Observation and engineering graphical interfaces

During the final design phase, a GUI was developed to control the FMOS-Echidna ICS.

This GUI is written in Tcl/Tk and communicates with the FMOS-Echidna ICS using a

standard TCP/IP UNIX socket connection. (This allows FMOS-Echidna to be controlled remotely.)

Most of the fundamental FMOS-Echidna operations described in the FMOS-Echidna ICS section can all be initiated through the GUI. In future, we intend to add the ability to control all appropriate FMOS-Echidna operations from the GUI - this will constitute the GUI running in engineering/maintenance mode. A number of irrelevant features will be disabled when running the same GUI in observation mode.

Appended below are a number of screenshots from the current FMOS-Echidna GUI with a brief description following each.
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Figure 45. A screenshot of the FMOS-Echidna GUI where many of ICS operations are initiated. Note there are tabs at the top of the screen dividing the various systems.
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Figure 46. A screenshot of the FMOS-Echidna sky camera window. This window allows the user to acquire images from the Watec CCD camera and apply a number of image processing methods to the resulting image.
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Figure 47. A screenshot of the FMOS-Echidna Telemetry system. Note that in the prototype instrument all electronics sensors and the Y FPI status sensors have not been installed. All other FPI sensors are showing actual legitimate readings.
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Figure 48. A screenshot of one of several "popup" windows. This window is used to control the calibration of spine units.

1.23.6 Guide system

A description of the guiding system can be found in section 7.3.7 of the preliminary design report. The guide system is capable of calculating telescope pointing offsets and instrument rotation offsets. This system is based closely on the guiding system used in the OzPoz instrument on the VLT. 

During the final design phase, most major components of the guiding system were implemented. Currently outstanding are modes to handle both normal and cross beam-switching observations, and the ability to handle temporal guiding offsets that arise with observation mid-point calculations.

The guiding system has not been comprehensively tested or integrated with the TCS system (see section 2.1 of Echidna external software interfaces report) or the instrument rotator system (section 2.2). This will be done during the manufacturing phase.

1.23.7 Astrometric model

The FMOS-Echidna astrometric model allows the coordinates on the focal plane to be determined given the RA and Dec of a source and the RA and Dec of the field centre. This model will be used in the following systems within the FMOS-Echidna software system:

· the Echidna Fibre Positioner software.

· the configuration software.

· the calibration software used to refine the model during commissioning.

The model requires a number of parameters. Some of these are fixed and will be known in advance, some will need to have their precise values established during commissioning, and some will vary for each observation.

The software supports up to 20 model parameters.  Three of these are convenience values used by the commissioning software, rather then real parameters of the model.  The model can be broken into three components – a simple linear model used for mapping scale, rotation and non-perpendicularity effects, an optical distortion model and a top end flexure model.  

1.23.7.1 Linear model.

Ten of the 20 parameters are allocated to the linear model.  The basic linear model parameters are the first 6 model parameters.  They are used as follows

x’  =  a + bx + cy

y’  =  d + ex + fy

Where a, b, c, d, e and f are the parameters.  The initial values for these parameters need only account for the expected initial rotation of the Y axis and otherwise will represent a null transformation.

3 remaining linear parameters allow for independent fitting of the scale, rotation and non-perpendicularly.  They are set to non-null values only by the commissioning software and at all other times have null values.  The 10th parameter is currently unused.

1.23.7.2 Distortion model.

Six parameters are used for the distortion model.  Currently, it is presumed as follows (based on Ray-Trace analysis of the corrector design).

R = a * th + b * th3 + c * th5 + d * th/
th = angle off axis of object.   = observation wavelength.

The above formula must be confirmed and initial values determined before attempting to commission the instrument.  This should be possible using ray-trace analysis of the optical path.

The remaining two distortion model parameters are unallocated, allowing for expansion of model details during commissioning if required.

1.23.7.3 Telescope flexure effect

The telescope will flex depending on its attitude.  This effect is to be partially compensated for by moving the corrector such that the optical path continues to be aligned with telescope mirror.  A result will be that the distortion centre will move depending on the declination relative to the FPI.  The hardware involved in this correction may work with a fixed number of positions and it is possible this software may require the relevant positions.  Details of this effect have not yet been determined.  The software allows for it by providing for passing of hardware related information through to the model.  The basic effect to be modelled is described in “Effects of Atmospheric Refraction and Shift of Correct Distortion on FMOS”, Masayuki Akiyama, 20/Feb/2002.  It is given by the following formula

displacement = coefficient ( sin(z)

Where z is the zenith distance of the telescope. The software allows for there to be different coefficients in the horizontal and vertical directions.  Parameters of index 6, 7 8 and 9 are allocated to the flexure effect with 6 and 7 being the coefficients in the two directions and 8 and 9 being reserved for expansion of the flexure effect model.

1.23.8 Spine-to-object allocation software

During the final design phase, the initial prototype of the spine-to-object allocation software has been extended to support: 

· proper .fld input (Field Description File) and output files.

· determination of position angle of observation.

· allocation of guide star (fiducial) objects to guide spines.

Additionally the software was ported to multiple architectures and a more standards-compliant compiler. (g++ v3.2)

A specification for the spine-to-object allocation software (including an associated GUI) was determined and is presented in Appendix A.

1.23.8.1 Performance

The spine-to-object allocation software was trialled on a number of fields within a large section of the SDSS early data release catalog (RA range 150-180 degrees; Dec range –1 to +1 degrees) to ascertain its performance. Selecting 400 random objects from several fields yielded a typical allocation efficiency of (88%. Carefully selecting fields with particularly dense or sparse regions reduced the efficiency, however it seldom dropped below 80%. 

1.23.9 Telemetry system

The electronics telemetry sensors for the Echidna positioner assembly telemetry system are accessed through the analog inputs on DT302 I/O card B. The FPI telemetry sensors are accessed through ports B and C on DT302 I/O card A. The DT302 I/O cards required the development of a new Linux device driver. (The previous driver was largely incomplete, overly complex, and supported only a few of the required features.) The new driver was completed early during the final design phase and has been used successfully in operation since.

1.23.10 Forward-illumination system

Difficulties determining fibre-to-slit correlation with the OzPoz fibre-positioning instrument led to the addition of a forward-illumination system to FMOS-Echidna. This consists of an LED mounted on the FPI that is capable of forward-illuminating individual spines. With this arrangement it will be possible to forward-illuminate any spine and determine its associated slit on the spectrograph. It will also aid in detecting broken or malfunctioning fibres.

The LED will likely have a lensing system to achieve a ~100 m diameter image at the focal plane. A forward-illumination system with this size image will also enable us to effectively test the guiding system (it can simulate a guide star) and the software that determines guide spine orientations.

Field configuration time
The estimated field configuration time for FMOS-Echidna has not altered significantly during the final design phase. Our estimates show that we should still achieve a total configuration time of less than 10 minutes.

The table below identifies major system parameters that contribute significantly to the field configuration time for FMOS-Echidna, and our best estimate for these parameters.

	Parameter:
	Description:
	Best estimate:

	$nSubsets
	Number of subsets
	59*

	$wakeupTime
	Time to drive FPI to first frame (seconds)
	3*

	$parkTime
	Time to park FPI (seconds)
	3*

	$moveTimeFPI
	Time to step FPI to next subset, including communication lag (seconds)
	1.1*

	$exposureTimeFPI
	Exposure time for 3 FPI images. Exposure time includes:

transmission delay and overhead incurred sending commands to fibre back-illumination units (science and guide fibres)

· waiting for back-illumination LEDs to "warm up"

· exposure time for each image

· readout time/delay of each image

· temporary storage of frames (in RAM) until image processing

(seconds)
	0.5*

	$maxControllableSpines
	Maximum number of spines that can be controlled at once
	200

	$maxDimensions
	Number of directions spines can be moved simultaneously (max 4)
	2*

	$spineMoveTimeHV
	Time to move spines at high voltage, incl. damping (seconds)
	5*

(~1.4mm/sec)

	$spineMoveTimeLV
	Time to move spines at low voltage, incl. damping (seconds)
	0.5*

(~0.7mm/sec)

	$numNonWaitIterations
	Number of field iterations before FPI hovers over each subset
	3

	$numWaitingIterations
	Number of spine-move iterations whilst FPI hovers over each subset
	2

	$swDelay
	Image processing overhead to centroid/split into sub-images/decode (seconds)
	0.6*


* means the parameter value has been determined empirically on the prototype instrument.

Using the algorithm below with the parameter values estimated above, we estimate a field configuration to take 9 minutes and 35 seconds.

# first iteration: do not use FPI.

my $n = $nSpines / $maxControllableSpines;

# Blindly drive all spines home.

my $firstIteration = $wakeupTime +

                    ($n * $spineMoveTimeHV * (4 / $maxDimensions));

# Iterate over field several times, imaging and then moving spines, but

# don't wait (hover) for the spines to stop moving before moving the

# FPI to the next subset.

my $middleIterations = $numNonWaitIterations *

   ($resetFPITime + ($nSubsets * ($moveTimeFPI +  $exposureTimeFPI)));

# Iterate over field once, imaging and then moving spines, and *DO* wait

# (hover) until the spines are positioned within tolerance.

my $finalIteration = $resetFPITime + ($nSubsets *

                                      ($moveTimeFPI +

                                       ($numWaitingIterations *

                                        ($spineMoveTimeLV +

                                         $exposureTimeFPI +

                                         $swDelay))));

# total field configuration time (in seconds).

my $total = $firstIteration +

            $middleIterations +

            $finalIteration +

            $parkTime;

We are investigating the possibility of altering some of the parameters of the Servostar motor to reduce the positioning time of the FPI. As the FPI positioning time ($moveTimeFPI) is a major bottleneck in the field configuration process, a significant time saving may be gained. Further FPI motor tests during the manufacturing phase will allow us to determine the extent of this time saving.

Limits to spine positioning accuracy

1.24 Summary

To meet the overall performance aim of setting the cores of fibres on all spine tips in the correct relationship to one another within 10µm and setting spines on astronomical targets to similar accuracy, various contributions to inaccuracy must be closely controlled.  During the detailed design phase, the most critical of these contributions have been considered and, where possible, tested experimentally.  

None of the contributions appears to endanger the performance aim.

1.25 Accuracy of measures with spine camera

1.25.1 Spine camera accuracy

The spine camera uses a commercial telecentric lens to image the backlit fibres onto a CCD; the coordinates are then computed by analysing images captured by a frame-grabber.  While it was demonstrated much earlier that the repeatability of measures of spine positions was very adequate – to about 1µm, referred to the plane of the spine tips – it was only recently that measurements were made to determine how well measurements over the full field of the camera could be mapped with spine positions.  This entailed calibrating the focal length and optical distortion of the camera and testing how stable these were with time and temperature.

For the purpose of distortion calibration, a special graticule was purchased and forms part of the FPI calibration jig. It is on glass and has transparent circles of 100µm diameter (matching the core diameters of the fibres) on a grid with 2 mm pitch in X and Y, covering the area viewed by the camera with some overlap.(The grid also has a rectangular array of holes on 20 mm pitch, for calibrating the FPI motions.)

The graticule was backlit with a sheet of electroluminescent material giving a green light which roughly matches the spectral output of the green LEDs intended for backlighting spines.  With the prototype FPI system set with its X travel horizontal, the graticule was placed in a horizontal plane below the spine camera.  The camera was inverted from its normal test orientation (looking upward at the spines) so as to look downward at the graticule. Then frames were collected and the image barycentres computed, just as they are for imaging the backlit spines, and logged (with resolution of 0.01 pixel, corresponding to about 0.3 µm at the graticule). 

The resulting data were entered into Excel spreadsheets for fitting distortion and analysing the residual errors.  The results were generally excellent. Figure 49 is a plot of the residual errors for a typical exposure after fitting the appropriate parameters to a set of six exposures taken on 17th Feb. 2003. Between each exposure and the next, the spine camera was moved in the X direction by 50 µm.  The parameters fitted to each exposure were averaged and the residuals shown were with respect to a fit with these mean parameters.  The relevant parameters were: 
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Figure 49. Residual errors in measuring hole positions with the spine camera.  Centres of circles are at error-free positions of holes (nominally on 2 mm pitch). Dots represent measured positions with the X and Y errors each magnified by a factor 50; thus the radii of the circles correspond to a radial error of 10µm.  For this exposure, the rms radial residual was 2.4 µm and the greatest radial residual 7.5 µm.
Scale in X:  29.7928 pixel/mm (33.565 µm/pixel)

Scale in Y:  29.1820 pixel/mm (34.268 µm/pixel)

Centre of distortion pattern on CCD: 358, 260 pixel. 

 (Note that the geometric centre of the frame grabber array, which has 768 by 576 pixels, is 383.5, 287.5 pixels, with the numbering convention that has been adopted.)

Distortion parameter A:  - 4.34 x 10-5,    in the relationship  S = s + As3
where S = computed radius of target (mm) with allowance for distortion

s = computed position of target (mm) without allowance for distortion.  

At the corners of the picture, the distortion leads to radial shifts in image position corresponding in the object plane to 145 µm (at the corner nearest the distortion centre) up to 231µm (at the most distant corner).  Expressed as a percentage, the radial distortion at the most distant corner is 1.32%.  The distortion is pincushion, i.e. images near the periphery of the field are displaced outward.  The negative value of A here arises from the equation being in terms of object position rather than image position.  

The residual errors shown in Figure 49 were typical of this set of tests and other sets done with larger moves between exposures.  The largest residual (7.5 µm) occurs at the corner of the CCD that is furthest from the distortion centre and its displacement is towards the CCD centre.  This suggests that a slightly better fit to the distortion at the largest radius could be obtained with an additional polynomial term.

1.25.2 Change in spine camera calibration with temperature

Calibrations as described above, with the spine camera viewing a scale on glass, were made during environmental testing at temperatures from ~ +21ºC down to -5ºC.  The apparent X and Y scales (pixels/mm), with no allowance for shrinking of the glass graticule, were reduced by about 0.05% at the cold temperature compared with the warm temperature.  Assuming an expansion coefficient for the glass of 7 x 10-6/ºC, the glass would have shrunk by 0.02%.  The remainder, ~ 0.03%, was presumably due to changes in the lens to graticule spacing and to changes within the camera.  At the periphery of the field of the camera, 0.03% change corresponds to about 7.5 µm in the object plane, or about 0.3µm/ºC.  There was no significant change in the distortion parameter A.

During observing, the camera scale will be re-calibrated prior to each reconfiguration with reference to the FPI encoder, with allowance for the (measured) temperature of the frame to which the encoder tape is attached.  

1.25.3 Accuracy of spine camera positioning

The measurement of a fibre position will be derived from the position of its image on the CCD together with readings of the X and Y linear encoders on the FPI drive. The prototype instrument simulates the X drive, including weights to represent the mass of the missing Y carriage and its drive. Its optical encoder has 0.5µm resolution and, over the measurement range of 150 mm, should be linear to about 1 µm. However, the encoder tape is situated at one side of the carriage with the drive at the other side, separated in Y by 500 mm, and spines will be distant by up to 261 mm from the line of the encoder. So any departure from pure translation of the carriage would result in an encoding error.  In particular, even a small angular yaw of the carriage (rotation about the Z axis) could degrade the accuracy.

Yaw of the carriage can result from friction in its motion in conjunction with compliance (both occurring at the four recirculating roller linear bearings).  This effect was critically tested by mounting a linear displacement sensor temporarily in line with the drive screw and comparing its reading with the counts from the encoder tape.  The agreement between the two readings was found to differ by up to about 4 µm, depending on whether a position was approached in the positive or negative X direction. Later, the outer dust seals on the linear bearings were removed.  This was to reduce the force needed to slowly move the carriage (with the drive disconnected) from about 60 to about 30 N. The hysteresis in yaw was then checked by driving the carriage to a particular position in both X directions and looking at the correspondence between measurements of the positions of graticule holes (with the spine camera) and the encoder readings. The hysteresis indicated was about 2µm.  The spine camera axis in the prototype is about 350 mm from the encoder tape, while, as noted above, the greatest separation in Y between the encoder and a spine in the final assembly will be 261 mm. So the hysteresis due to X carriage yaw should be a little less than in the recent tests.

1.25.4 Dynamic accuracy of FPI drive

The servo loop controlling the prototype X drive was first implemented (in software) with the positional feedback from the linear optical encoder.  It became apparent, in looking at the carriage yaw during settling after a move was commanded, that this was not the best choice.  It could take as long as about 10 seconds for the encoder reading to settle and give good agreement with centroid measures.  Waiting so long before storing a CCD frame could have seriously extended the time to complete a spine reconfiguration. 

The position feedback was then changed to the resolver which is built into the drive motor (and was already used for velocity and acceleration control in the servo loop).  This led to the servo loop being much tighter, with settling to within one encoder increment in well under 1 second. The absolute accuracy of the resolver is inferior to that of the encoder but this does not matter since the spine measurement always takes account of the encoder reading taken at the time the CCD image is stored.

1.26 Fitting distortion of prime focus corrector

A theoretical study has been made of fitting the distortion of the telescope with the FMOS prime focus corrector. Centroids were calculated in Zemax for wavelengths 900, 1300, and 1800 nm at semi-field angles, ( :  0.1, 0.15, 0.175, 0.2, 0.225, and 0.25 degrees.  In Excel, these data were fitted with the function:

Radial position in focal plane (m) = Y = y + Ay3 + By5 + Cy/, 

where y = 0.291948 x ( ( º)

 = wavelength (nm)

and the fitted parameters were:

A = 1.8004

B = 15.502

C =-68.1

The greatest departure of any centroid from its fitted value was 2.2µm.  New values will have to be calculated with the finalised design and confirmed by experiment on the sky.  However, it is clear that the distortion, which reaches about 0.9% at the edge of the field, can be readily fitted with a simple function.

Environmental testing 

Significant environmental testing of the prototype instrument was undertaken during the final design. This includes the low pressure testing of all 3 FMOS-Echidna cameras, investigating the spine unit performance at low temperature and high humidity and the low temperature performance of the FPI motor. 

The selection of the expected environmental conditions simulating the summit of Mauna Kea is discussed. A summary of all the tests performed over the course of the 10-day testing follows.

1.27 Environmental conditions at the telescope

Recorded temperature and humidity data, taken at the telescope top end ring, is shown in Figure 50. The maximum and minimum yearly temperatures are approximately 10oC and –5oC respectively. Though these temperatures rarely occur throughout the year the instrument will be tested over this range. 
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Figure 50. Yearly environmental data taken at the top end ring of the Subaru telescope (courtesy of Masayuki Akiyama, Subaru telescope).

The humidity varies from 0% to 80% though the extremes are rarely experienced. The telescope dome is deliberately closed if relative humidity measurements rise above 80%.

The Subaru telescope is at an altitude of 4200m corresponding to a mean atmospheric pressure of 614mb.  

In summary, the simulated conditions for environmental testing are:

· Temperature range -5oC to +10oC

· Humidity range 15% (lowest obtainable at ADI) to 80%

· Pressure 600mb

1.28 Tests and results

The environmental testing of the prototype instrument is divided into the series of tasks listed below. Each task is allocated a number, such as 11.2.1.1 and title, such as “Spine step size performance versus temperature”. A brief summary of the test and procedure is presented for each task. The results are presented and discussed.

Summarised first are components related to the Echidna positioner assembly followed by those associated with the FPI. 

1.28.1 Echidna positioner assembly components

1.28.1.1 Arcing between piezoelectric actuator electrodes at low pressure

A piezoelectric actuator is placed in a vacuum chamber and the pressure is reduced to a small fraction of an atmosphere.  A voltage of 0V is applied to 3 electrodes and 300VDC to the fourth to check for arcing. The current is monitored and the chamber is visibly inspected for evidence of sparking between the electrodes. The pressure is increased slowly to atmospheric pressure keeping the constant voltage applied. 

Result

No current monitored and no sparks witnessed. No arcing and no breakdown could be detected at any time as the pressure was raised from the minimum value to atmospheric pressure (sea level).

1.28.1.2 PCB/module differential expansion versus temperature

The module with PCB in place is held for ~60 minutes at +10oC. It is immediately inspected for PCB bowing and/or cracking of the piezoelectric actuators. The temperature is reduced to –5oC and the procedure is repeated.

Result
No cracking or solder detachment was witnessed at either temperature.

1.28.1.3 Echidna spine unit performance versus temperature

The spine units are calibrated at a range of environmental temperatures. All spine units in the prototype module are tested. In addition, several guide spine units are performance tested for several hours at lowest test temperature. The guide spines and actuators are shown mounted in the environmental test chamber in Figure 51.

Result

The results are presented and discussed in section 5.2.2. In summary, the performance is virtually unaffected as the environmental temperature is lowered from room temperature to –5oC. 
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Figure 51. The final design module (B) mounted in a climatic test chamber.

1.28.1.4 Echidna spine unit performance versus humidity

The configuration performance of the final design module spine units is monitored at a range of humidity levels.

Result
The performance is unaffected with varying humidity level. A significant proportion of the environmental testing was performed at a high humidity level (90%+) and no deterioration of the performance was observed.

Please note if the relative humidity increases to 100% and condensation forms on the spine pivot ball the Echidna spine units will cease to operate.

1.28.1.5 Module base deflection versus temperature

A module was mounted on two parallel gauge blocks placed on a flat granite table as shown in Figure 53. The electronic lever indicator was calibrated on previously marked “0µm” reference point Number 1, labelled in Figure 52. The measurements were repeated on other marked points along the module. The measuring equipment was able to resolve a displacement of 1 µm magnitude. 

Result

The module deflections (in  microns) are summarised in the table below and graphically in Figure 54. In conclusion, the differential deflection of the module, measured at 25°C and –2°C, was extremely small and will not affect adversely spine tip positions in the focal plane.
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Figure 52. A rendered drawing of the final design module base with PCB and actuator population shown.
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Figure 53. The final design module base undergoing deflection measurement.

	Second prototype module mounting surface deviations versus temperature
	

	Test temperature 25°C
	Point 1
	Point 2
	Point 3
	Point 4
	Point 5
	Point 6
	Point 7
	Point 8
	Point 9

	1st measurement
	0
	1.5
	2
	2
	1
	1
	0.5
	-0.5
	-1.5

	2nd measurement
	0
	2
	2
	2
	1.5
	2
	1
	0
	-1.5

	3d measurement
	0
	1.5
	2
	2
	1.5
	1.5
	1
	0
	-1.5

	Average
	0.0
	1.7
	2.0
	2.0
	1.3
	1.5
	0.8
	-0.2
	-1.5

	
	
	
	
	
	
	
	
	
	

	Test temperature -2°C
	Point 1
	Point 2
	Point 3
	Point 4
	Point 5
	Point 6
	Point 7
	Point 8
	Point 9

	1st measurement
	0
	1
	1
	0.5
	0
	1.5
	1
	1
	0.5

	2nd measurement
	0
	-0.5
	-0.5
	-0.5
	-1
	-0.5
	0.5
	-0.5
	-1

	Average
	0.0
	0.3
	0.3
	0.0
	-0.5
	0.5
	0.8
	0.3
	-0.3
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Figure 54. Results for module deflection measured at two temperature extremes.

1.28.2 Focal plane imager

1.28.2.1 Camera testing

The aim of the camera testing was to determine the performance of the Pulnix, Watec and Hamamatsu cameras at low pressure and low temperature. The first test was conducted at an environmental chamber at Air Transit International that provided temperature control but not pressure control. The second test was conducted at Vipac environmental test facility and allowed the control of the pressure but not the temperature. 

The basis for determining the performance of the cameras under test was the quality of images captured at ambient temperature and pressure. These were compared with the images captured under operational temperature ranges between –5°C and +10°C and operational pressure 600mb.

Two targets were used for imaging for the cameras. The Hamamatsu and Watec cameras were mounted on an optical bench focussed upon a small calibration grid, mounted in a light tight box that was back illuminated by a Green LED. The Pulnix camera was mounted on a separate bench and back illuminated with a small sheet of green electroluminescent paper. These experimental setups were used in both pressure and temperature testing.  The output images of the Watec and Pulnix cameras were captured using a DT-3155 video capture card and the Hamamatsu camera images were captured using a EDT PCI-DVK digital video capture card.

1.28.2.1.1 Low pressure performance of the Pulnix camera

The camera, with telecentric lens attached, is placed in the vacuum chamber and focussed on an optical target. The imaging performance of the camera is monitored as the pressure is reduced to 600mb then monitored for 8 hours for failure or degradation of image.  The images were captured using a Data translations DT-3155 analog video capture board using the DTAquire software.

Result

Figure 55 and Figure 56 are selected images from the test showing the capture at 1013mb and 600mb respectively. The ambient temperature was ~24oC before capture of both images. There was no failure of the Pulnix camera or visible degradation of the image after 8 hours with the pressure held at 600mb.
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Figure 55. Captured image from Pulnix camera at 1013 mb and ambient temperature of ~24oC.

[image: image61.png]



Figure 56. Captured image from Pulnix camera after ~8hr at 600 mb and ambient temperature of ~24oC.

1.28.2.1.2 Low pressure performance of the Watec camera

The 1/2 inch format Watec video camera images a section of sky and is used to aid in the mapping of field plate to sky coordinates.

The camera, with an inverted 4.0( microscope objective attached, is placed in the vacuum chamber and focussed on an optical target. The imaging performance of the camera is monitored as the pressure is reduced to 600mb then monitored for 8 hours for failure or degradation of image. The images were captured using a Data translations DT-3155 analog video capture board using the DTAquire software.

Note:  the Watec camera was imaging in high gain for all environmental tests to allow the illumination source to be reduced in intensity hence preventing saturation of the Hamamatsu. This increases the background noise of the Watec captured images.

Result

Referring to Figure 57 and Figure 58, the target is a 4x4 matrix (with the bottom right corner missing) of (1mm square on the detector (the images shown in Figure 57 and Figure 58 are zoomed). The first image was captured at 1013mb and the second was captured after 8 hours at 600mb. There was no failure of the Watec camera or visible degradation of the image after 8 hours with the pressure held at 600mb. 
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Figure 57. Captured image from Watec camera at 1013mb and ambient temperature of ~24oC.
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Figure 58. Captured image from Watec camera at 600mb and ambient temperature of ~24oC.

1.28.2.1.3 Low pressure performance of Hamamatsu camera

The water-cooled Hamamatsu integrating camera is used to detect the re-imaged output ends of the 14 guide fibre bundles.

The camera, with an inverted 4.0( microscope objective attached, is placed in the vacuum chamber and focussed on an optical target. The imaging performance of the camera is monitored as the pressure is reduced to 600mb then monitored for 8 hours for failure or degradation of image.  The Hamamatsu camera head was connected to a Melcor water cooler, which was set to 20°C and had a flow rate of 3 Litres/minute. This was used as a heat exchange to draw heat away from the peltier coolers in the Hamamatsu CCD head that cooled the CCD to –60°C. 

The acquisition exposure time was set to the default setting of 0.5s, no pixel binning and images were taken with an EDT PCI DVK digital video capture board using EDT Pdvshow software.

Result

Referring to Figure 59 and Figure 60, the target is a 4x4 matrix (with the bottom right corner missing) of (1mm square on the detector (the images shown in Figure 59 and Figure 60 are zoomed). The first image was captured at 1013mb and the second was captured after 8 hours at 600mb. There was no failure of the Hamamatsu camera head or visible degradation of the image after 8 hours with the pressure held at 600mb. 
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Figure 59 - Captured image from Hamamatsu camera head at 1013mb and ambient temperature of ~24oC
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Figure 60. Captured image from Hamamatsu camera head after ~8hr at 600mb and ambient temperature of ~24oC.

1.28.2.2 Temperature and humidity testing of Pulnix camera

The camera, with telecentric lens attached, is placed in the environmental chamber and focussed on the FPI calibration plate. The imaging performance of the camera is monitored as a function of temperature and humidity. 

Result

Testing was performed at Air Transit International with the Pulnix camera inverted on the FPI carriage so that the FPI calibration plate could be imaged. Testing was performed in conjunction with the FPI calibration test and was conducted between ambient temperature and -5°C.  The video from the Pulnix camera was captured with a DT-3155 analog video capture card. 

The Pulnix camera images initially showed interference at temperatures below 0°C. The interference also increased when the FPI carriage was moved at that temperature. The problem was caused by failure of the coaxial cable between the Pulnix camera and the FPI cable chain. The cable became rigid at lower temperatures leading to the failure. The coaxial cable was replaced with a smaller diameter cable and the problem did not reoccur. 

The coaxial cable to be used in the FMOS-Echidna assembly is designed for low temperature use and does not stiffen at the predicted operating temperatures. This cable was not available for the environmental testing.
1.28.2.3 Temperature and humidity testing of Watec camera

The camera, with an inverted 4.0( microscope objective attached, is placed in the environmental chamber and focussed on an optical target. The imaging performance of the camera is monitored as a function of temperature and humidity.  The functional test setup of the Hamamatsu camera was the same as vacuum testing used at Vipac environmental test facility. 

Result

The Watec camera was tested between ambient and –5°C and relative humidity up to 100% at Vipac environmental test facility. No failure of the camera or visual degradation of the images occurred during the environmental testing.

No images are supplied: the result is almost identical to those seen in Figure 57.   
1.28.2.4 Temperature and humidity testing of the Hamamatsu camera

The camera, with suitable lens attached, is placed in the environmental chamber and focussed on an optical target. The imaging performance of the camera is monitored as a function of temperature and humidity.  The functional test setup of the Hamamatsu camera was the same as vacuum testing used atVipac environmental test facility. 

Result

The Hamamatsu camera head was tested between ambient and –5°C and relative humidity up to 100% at Air Transit International. No failure of the camera or visual degradation of the images occurred during the environmental testing.

No images are supplied as the result is almost identical to those seen in Figure 59.
1.28.2.5 Calibration of FPI temperature sensors

The test was performed using the Anglo Australian Observatory temperature chamber with a temperature range between 25°C and -5°C.  The sensors were held free from any surface as a dynamic test and mounted against an aluminium block to minimise temperature deviations during readings for a static test. 

The temperature sensors under test are LM34CAZ temperature sensors with an expected linearity of +/-0.4°C and accuracy of +/-1°C. The performance of these sensors was measured against a precision 4 wire PT100 1/5 DIN sensor and a scientific mercury thermometer.

The calibration is performed over 2 cycles of the full temperature range.  

Result
Linear regression was used to determine the best fit line for the data measured from the LM34CAZ sensors mounted against the aluminium block. The fitted lines for the data for each sensor was 1.07°C +/- 0.01°C with non-linearity of 0.31°C. The offset temperature of the sensors, when calculated at 0°C, was up to 2.0°C. This method was repeated again with the LM34CAZ sensors in free air with a derived slope of 1.05°C +/-0.08°C. 

The sensors exhibited reasonable linearity over the range but will need a calibration offset in the Echidna software to enable comparison with other FMOS-Echidna sensors.  

Figure 61 shows the variation with dynamic temperature change over time and demonstrates that while the LM34CAZ sensor absolute temperatures vary significantly, the relative temperature variations were small.
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Figure 61. Sensor testing (dynamic) temperature vs time.

1.28.2.6 Low temperature performance of FPI cable chain

The purpose of this experiment was to find the force needed to pull a cable chain with sample cables inserted into the chain and fastened at both ends.  The cable chain under test is identical to the X-axis carriage cable chain on the prototype instrument. The pull force was measured at 25°C and at –5°C. The force was measured over a distance of 180mm, equal to 3 chain links.

List of cables inserted in the cable chain; 


11mm dia – 2 pcs with min bending radius 55mm


5 mm dia – 8 pcs with min bending radius 50mm

Result
The force required to pull chain: at 25°C is 10N, and at –5°C is 50N.

As expected after cooling down the cables to –5°C, a greater force was required to pull the cable chain. Figure 62 shows the layout of the experiment.
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Figure 62. Low temperature testing of the FPI cable chain.

1.28.2.7 Carriage - linear bearings assembly performance

The purpose of the test was to investigate the force is required to move the carriage from a standstill position to freely moving at low temperature. The test was performed along both FPI directions.  

The pull force was measured at 25°C and at –5°C. The measuring distance was equal to the full stroke of the X-carriage – 220mm. The measuring instrument used during experiment was a Dynamometer with range 0 – 75N. The instrument position was horizontal

Result
The force required to move the carriage from a standstill position was:

· at 25°C, the measurement varied from 60N to 70N

· at –5°C, the measurement varied from 45N to 55N

The force required to maintain the carriage at a constant, relatively slow speed;

· at 25°C, the measurement varied from 40N to 45N

· at –5°C, the measurement varied from 40N to 45N

The test results showed that we don’t have a significant increase in the force required to move the carriage. This is a very positive outcome as the motors will not carry an additional load resulting from linear bearings friction force at low temperature.

1.28.2.8 Low temperature performance of the X-drive

During the test the motor brakes were released and the ball screw was rotated by hand. The purpose of the test was to check if there is any noticeable increase of torque required to drive the X-carriage manually. The test was performed at –5°C.

Result
During rotation of the ball screw in both directions over a distance of about 100 mm no increase was noted in the required torque. This demonstrates that there is very little variation in friction over any tested distance and thermal expansion of the fpi elements doesn’t affect bearings performance significantly.

1.28.2.9 FPI Motor performance at low temperature

The motor performance was investigated at ambient temperatures ranging from –5° to +10°C. The temperature was measured in two places; 1 – the motor flange, and 2 – the motor end back plate (connector side). The FPI load was positioned horizontally and translated in 20mm steps.

Result
In the specified temperature range of -5°C to +10°C the motor performed as expected in the direction of the load moving towards the motor but rather erratically in the opposite direction. Initially it was believed the behaviour was due to contraction of motor components. 

It was decided to warm up the motor by means of a resistor attached to the outer motor body to maintain the temperature above +5°C. It was found this did not eliminate the bad performance along one of the FPI directions.

A more detailed investigation of the motor at room temperature revealed problems in the internal resolver setup. With the necessary changes made, the motor is operating correctly in both directions.

1.28.3 Conclusions

The environmental testing of the prototype instrument was successful. The imaging performance of all 3 of the FMOS-Echidna cameras was unaffected by low temperature and high humidity, corresponding to the worst case values experienced at the Mauna Kea site. The imaging performance was also unaffected during sustained low pressure simulation.

The calibration profiles of Echidna spine units were virtually unaffected by varying temperature and humidity. The configuration performance was unaffected even at 90%+ relative humidity values, though the spine units will cease to operate if condensation forms at 100% RH, as expected. The spine unit performance is unaffected by sustained low temperature operation (~8hr).

Substantial low temperature testing of the FPI components, including the cable chain and motor, was performed. In the case of the motor testing, initially negative results identified a problem with the internal resolver of the motor. The problem has since been fixed.

Further environmental testing will be performed on assembly of the FMOS-Echidna system.

Further test results

This section presents results of testing performed during the final design not already summarised. The presented results include:

120.  the on-sky performance of the Watec sky camera

121.  a strength comparison of adhesives for the cementing of actuator components

122.  metrology procedures and results for the newly assembled final design module and spines

123. a fibre twisting experiment simulating the expected torque on the FMOS-Echidna fibres as a result of rotation of the prime focus unit and

124. the inter-magnet force profiles for Echidna spine unit actuators

1.29 The performance of the sky camera and image processing software

1.29.1 Introduction

This section analyses the performance of the Watec WAT-902H (CCIR) CCD camera (Watec) and associated image analysis software. The video camera is part of the FPI and will be used for sky imaging on the FMOS-Echidna instrument. On 8th October 2002, a Watec CCD camera was installed at the Cassegrain auxiliary focus of the Anglo-Australian Telescope (AAT) and a number of stars of varying magnitudes were observed. 

The primary questions to be answered by this experiment were

125. Is the Watec sensitive enough to successfully detect the faintest star to be imaged for the purpose of field to sky mapping (apparent magnitude R~16-17)

126. Should the Watec be used in high-gain or low-gain mode

127. What increase in SNR is obtained by performing pixel binning and frame averaging techniques in the image analysis software.

1.29.2 Telescope specifications

The table below lists relevant parameters for the AAT and Subaru telescopes. The figures are used to make an extrapolation to the Subaru telescope for a meaningful comparison.

From this data we conclude:

128. The Subaru telescope primary mirror collects 4.4778 times as many photons as the AAT 

In this configuration, the AAT spreads the image over 29( as much area as the Subaru FMOS system. This is due to the different image scales (a factor of 3.227) and the inferior seeing conditions (a factor of 9.0) at Siding Spring Observatory.
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	Primary Mirror radius, rm [metres]
	1.95
	4.1

	Obstruction radius, ro [metres]
	0.5
	0.95

	Area/pi (rm2 - ro2) [m^2]
	3.5525
	15.9075

	Image scale [s/arcsec]
	149
	83

	Seeing [FWHM in arcsec]
	1.8
	0.6


For the AAT, there are reflectivity/transmission losses on the primary, secondary and tertiary mirrors. For Subaru with FMOS installed there are losses on the primary mirror and with the 3-lens corrector. These losses can be ignored if only 1st-order results are used. 

The above factors directly correlate to the following image effects:

· The larger light-collecting area of the Subaru telescope means one can expect a photon count ~4.5 times greater. i.e. each pixel value is multiplied by a factor of ~4.5. (unless saturated) 

· The image of a star will be spread over 1/29th of the area. i.e. the FWHM is ~5.4 times narrower and the photon count is multiplied by 29

· The expected FWHM at the Subaru FMOS prime focus equates to ~6 pixels of the Watec CCD. (physical CCD pixel size is 8.6um x 8.3um)

If one considers the maximum count for pixels acquiring a star, I,:

I = 4.4778 * 3.2227 * 9.0000 = 129.9

each pixel collects ~130 times as many photons. As the CCD pixel response is effectively linear this translates directly to a pixel value 130 times greater.

A factor of 130 increase in the number of photons corresponds to an increase of ~5 magnitudes. In theory, the Subaru telescope (FMOS prime focus) should detect ~5 magnitude fainter image than the AAT auxillary Cassegrain focus (in 1.8" seeing). Therefore, if the Watec camera can detect a R~11-12 magnitude star on the AAT auxillary Cassegrain focus it should detect a R~16-17 magnitude star at the Subaru FMOS prime focus, with all possible factors being equal.

1.29.3 Performance of the Watec on the AAT auxillary Cassegrain focus

The Watec, in low gain mode, was installed at the AAT Cassegrain focus and pointed towards a V=11.84 (R~12.6) magnitude star. An OG590 “red” filter was placed in front of the camera, approximating the filter to be installed on the FMOS-Echidna sky camera. Without normalisation the image cannot be detected, as shown in Figure 63. With normalisation the image is detected by the camera, as shown in Figure 64. 
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Figure 63 Without normalisation the V=11.84 (R~12.6) star cannot be detected by the Watec.
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Figure 64. After image normalisation the V=11.84 (R~12.6) star image appears.

Shown in Figure 65 is a profile of a single row of pixels through the centre of the normalised star image. The profile shows the actual value for each pixel in the row. Note a value of 255 represents the maximum pixel value. Dead pixels are ignored. The position of the star is easily calculated to the required accuracy from the profile.
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Figure 65. A cross-section through the normalised image.

An image of the same star acquired with the CCD camera in high gain mode and with the same OG590 filter is shown in Figure 66. The frame has not been normalised. A cross-section through the image is shown in Figure 67. The star has a maximum pixel count of 215. The SNR is not improved.

Note there are 4 other pixels with a maximum pixel count > 215. With this simple software these “hot” pixels are incorrectly identified as star images. The average pixel count must be taken into account to remove the false-positive detections, using a pixel binning process.
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Figure 66. Multiple “stars” detected in the high gain mode.
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Figure 67. The cross-section through the centre of the star, with the camera gain set to high.
1.29.4 Pixel binning

Pixel binning of the image can be used to smooth the background noise and make stars more easily detectable. This is particularly useful when hot pixel intensities exceed the intensity of the imaged star and are falsely identified, as shown for 2 of the 4 detections in Figure 68. 

After the application of 2x2 pixel binning the 2 stars are correctly identified. Cross-section profiles through the 2 detected stars are shown together in Figure 69. The SNR has been improved at the expense of a slight reduction in image position resolution. Of course the method of pixel binning will be used to identify valid targets only as one can revert to the non-binned data for image position calculation.
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Figure 68. Multiple “stars” are detected as the software falsely identifies hot pixels.
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Figure 69: With pixel binning the stars are correctly identified. The graph shows cross-sections through the 2 stars detected in the same frame.

1.29.5 Frame averaging

An additional way of smoothing the background noise is to perform frame averaging. This simple but effective technique involves acquiring a number of sequential frames and using the average pixel value. Shown in Figure 70 is the average of 10 sequential frames containing the V=14.48 (R~15.3) magnitude star observed in the previous section, with all other factors constant. The achieved SNR is greatly improved. 
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Figure 70.A 10-frame average of a V=14.48 (R~15.3) star.

Frame averaging is most effective with faint stars acquired with the Watec in high-gain mode. For example, a V=13 (R~13.8) magnitude star is neither visible in high-gain nor low-gain images from the Watec (even by eye and after normalisation), but by averaging 10 high-gain frames the star is detected. This is not achievable with 10 equivalent low-gain frames. 

1.29.6 Electronic interference

Before bias subtraction the CCD background noise exhibits interference structure. The interference effects are evident in the composite image of the Scorpius constellation shown in Figure 71. The image was taken with a 10mm, f/1.6 camera lens in Siding Spring using red, green and blue dichroic filters. The interference “fringes” are clearly visible. 

Bias-subtraction has proved to be an effective means of eradicating these effects.

1.29.7 Conclusion

The images acquired with the Watec CCD on the AAT and subsequently analysed here suggest the FMOS-Echidna sky camera and image processing software should be able to detect the faintest stars required for sky to FPI coordinate mapping purposes (R~16-17). This applies to both the high-gain and low-gain mode of the camera, though the combination of high gain and frame averaging detects the faintest objects.
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Figure 71. A red, green and blue composite of the constellation Scorpius taken with a 10mm, f/1.6 camera lens feeding the Watec camera. The electronic interference features evident throughout the frame can be eradicated using bias subtraction.

1.30 Adhesive test for actuator components

The following presents the results of a series of glue tests performed in May and June 2002. During the preliminary design stage (PD) it was found the magnet to hemisphere joint was not strong enough to prevent the hemispheres from detaching from the magnets with little applied force. In general, it was noticed the problem lay in the fact that the glue was not used between the flat surfaces but as a “cement” round the outside rim. In addition, the glue used during the PD (K138 epoxy from Ciba) did not stick perfectly to the smooth surface of the ring magnet.

Note that the following experiment was performed using the original cylindrical “ring” magnets. These have since been replaced by a triangular shaped magnet however the coating and surface finish of the 2 types are virtually identical. As such the results and conclusions are transferable.

Previous experiments had shown that a thin glue layer is allowable between the hemisphere and magnet surfaces without significant deterioration in the magnetic strength.

1.30.1 Rare earth ring magnet

Each Echidna spine sits on an actuator mount that we term the 3-point mount. A rare earth ring magnet is incorporated into this mount in order to keep the spine firmly attached to the 3 points of contact (hemispheres in this case) creating sufficient friction for the device to operate successfully. The ring magnets used are from the Australian Magnet Technology centre and have physical dimensions of OD: 6.0mm ID: 3.5mm t:  3.0mm. (Note the geometry and manufacturer have sinced changed, however, the coating remains the same).

The magnets are made from a sintering process using Grade 30 MGOe Neodymium Iron Boron powder. The material remanence (residual flux density) is 1.08-1.12T and coercive force is 780-836 kA/m (note this is for grade N30). A double-layer coating of Copper and Nickel protects the magnetic material from corrosion. Unlike the smaller disk magnets ordered with only a single layer coating of Nickel, no corrosion of the ring magnets has been observed over the past 1-2 years.

1.30.2 Test methodology

The adhesives under test are being investigated as possible candidates for cementing of both the hemispheres and piezoelectric actuator to the magnet surface. During the preliminary design it was witnessed that detachment occurred between the adhesive and the magnet surface rather than the ground steel surface of the hemisphere or the rough surface of the piezoelectric actuator. With this in mind this experiment investigates the most suitable adhesive for bonding to the magnet surface.  

1.30.3 Adhesives under test

The adhesives under test are summarised in Table 15. Care was taken to choose a wide range of glue types as well as ones specifically designed for impact resistance and bonding to metal surfaces. Advantages and disadvantages are listed in the comments column where applicable. If a time has not been specified in the table a curing time of 24 hours should be assumed.

Table 15. A description of the adhesives under test.

	Name of adhesive
	Type
	1 or 2 part adhesive
	Comments

	Ciba K138 Epoxy
	Epoxy
	2
	Very viscous

	5min Araldite epoxy
	Epoxy
	2
	Exothermic reaction on mixing – glue gets warm

	Loctite 324 + 7075 activator
	Structural adhesive
	1 (+ activator)
	Recommended by Australian Magnet Technology centre

	Loctite 326
	Structural adhesive
	1 (+ activator if fast curing required)
	Anaerobic adhesive – hardens with lack of Oxygen

	Loctite 3805
	Steel and Aluminium epoxy filler
	2
	Viscous, slightly magnetic

	Loctite C2
	Cyanoacrylate
	1
	Very runny, spreads easily

	5 min Loctite E-00CL
	Epoxy
	2
	Exothermic reaction on mixing – glue gets warm

	Loctite E-30CL
	Epoxy
	2
	Similar to C-00CL but no heat generation

	“Evo-stik”
	Impact adhesive
	1
	Extremely viscous, hard to apply

	Devweld 531
	Methacrylate (2 part)
	2
	Extremely viscous, hard to apply, very pungent


1.30.4 Experimental set-up

1.30.4.1 Test plate

Shown in Figure 72 is a flat Aluminium plate that has been sandblasted and cleaned with alcohol. Identical ring magnets, also surface cleaned with alcohol, are glued around the perimeter of the Aluminium plate such that, in each case, approximately half of the magnet is protruding from the edge. 

There are 3 ring magnets cemented to the surface of the plate for each adhesive under test. All adhesives are left to cure for 24 hours before testing.
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Figure 72. The Aluminium test plate with identical ring magnets cemented to the surface using the adhesives under test.

1.30.5 Force measurement

The Aluminium plate is inverted and attached to the baseplate of a 3-axis positioner shown in Figure 73. The encoders for all axes have an accuracy of 1-2 m, and the positioner can be moved at a range of speeds along all axes.  Clamped to the 3-axis positioner is a digital force gauge with extension rod attached. The digital force gauge has  a maximum rating of 1.26Kgf (or 12.36N). Results of a calibration test of the force gauge are given at the end of this section.

The procedure for testing the bond strength of each adhesive is as follows:

129. The force gauge is reset to read a “0” value.

130. The x, y, z encoder speeds are set to “0.1”. The tip of the force gauge extension rod is moved into position above the ring magnet and brought into contact such that a slight compression of the force gauge is obtained (50-100grammes-force or gf registered on the force gauge). This is shown in Figure 74. 

131. The z encoder speed to reduced to “0.001”. With the z encoder motor engaged the force gauge reading increases steadily until a) the magnet detaches from the plate surface or b) the maximum scale of the force gauge is reached (1.26Kgf or 12.36N). The maximum value is recorded in the instance of a) occurring.

132. If b) occurs the z motor is reversed until the force gauge reads a slight non-zero value. The z encoder position is recorded. The z motor is reversed and driven until the magnet detaches from the plate surface. (This is easily witnessed by the dramatic reduction in the force gauge reading.) The z encoder position is noted at this point.
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Figure 73. A force gauge clamped to the 3-axis positioner.

[image: image81.jpg]



Figure 74. The force gauge attachment pressing against a cemented magnet under test.

The linearity of the digital force gauge was found to be extremely good, as shown in Figure 75.
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Figure 75. Calibration of the digital force gauge.

1.30.6 Results

In a preliminary test of all the adhesives it was found that the Evo-stick brand was substantially weaker than the others. Given the viscosity and extreme pungent smell the adhesive was disregarded before the more extensive testing summarised below.

1.30.6.1 Test 1

Table 16 summarises the performance results for the case where the magnet detaches from the plate with an applied force less than 1.26Kgf, or the limit of the display. If an adhesive is strong enough to keep the magnet from detaching with this applied force, a value “>1.26Kgf” is registered. If an adhesive does not have 3 force measurements, such as the 5 minute Araldite epoxy, an error occurred during the testing.

	Name of adhesive
	Magnet detachment force (Kgf)

	K138 Epoxy

1

2

3
	0.95

0.94

1.25

	5min Araldite epoxy

1

2
	1.25

1.15

	Loctite 324 + 7075 activator

1

2

3
	>1.26

>1.26

>1.26

	Loctite 326 (no activator)

1

2

3
	>1.26

>1.26

>1.26

	Loctite 3805

1

2

3
	>1.26

>1.26

>1.26

	Loctite C2

1

2

3
	0.8

>1.26

>1.26

	Loctite E-00Cl

1

2

3
	>1.26

>1.26

>1.26

	Loctite E-30CL

1

2

3
	>1.26

>1.26

>1.26

	Devweld 531

1

2

3
	>1.26

>1.26

>0.58


Table 16. Force (Kgf) required to detach cemented magnet from Al plate.

It is clear from Table 16 that there are stronger adhesives for this application than the original 5 minute Araldite and K138 epoxy adhesives. 

1.30.6.2 Test 2

To further test the remaining adhesives Table 17 lists the start and finish encoder readings representing the initial point of contact between the force gauge and magnet and the magnet detach point respectively. Though the force gauge no longer gives a reading past 1.26Kgf, one can at least use this data to deduce the extension of the adhesive/magnet/plate combination before detachment takes place. This distance travelled by the z encoder is also given in Table 17.

	Name of adhesive
	Start, end encoder reading
	Distance traveled by z encoder (mm)
	Coating removed?

	Loctite 324 + 7075 activator

1

2

3
	-37625, -42736

-37968, -42389

-38112, -42583
	0.51

0.44

0.45
	Yes

Yes

No

	Loctite 326 (no activator)

1

2

3
	Recording error

-38193, -42834

-36937, -42481
	Recording error

0.47

0.55
	Yes

Yes

Yes

	Loctite 3805

1

2

3
	4363, 119

5145, 1934

5840, 2173
	0.42

0.32

0.37
	No

No

No

	Loctite C2

1

2

3
	-

-39817, -43946

Recording error
	-

0.41

Recording error
	No

No

No

	Loctite E-00CL

1

2

3
	4163, -530

4022, -504

3899, -830
	0.47

0.45

0.47
	No

No

No

	Loctite E-30CL

1

2

3
	3606, -1178

4706, 169

6913, 1453
	0.48

0.49

0.55
	No

No

No

	Devweld 531

1

2

3
	Recording error

-39633, -43873

-
	Recording error

0.42

-
	No

No

No


Table 17.

An interesting feature of the Loctite adhesives, in particular Loctite 326, is the bond strength to the magnet coating. As can be seen in the last column of Table 17 the Loctite adhesives consistently remove the coating from the magnet. In other words, the magnet detaches from the plate by the coating being ripped from the magnet rather than the adhesive breaking. 

For this reason alone, one can recommended the Loctite 326 and Loctite 324 (with activator 7075) adhesives for the magnet to hemisphere joint. Slight preference goes to Loctite 326 for better consistency in removing the coating. It should be noted this adhesive has a corresponding activator if fast bonding is required. 

The Loctite E-30CL was chosen as the adhesive for the magnet to piezo joint. Though it did not remove the coating from the magnet in this test, the force required to break the magnet to plate joint was quite significant. It is favoured over the Loctite varieties because of an increased adhesive strength to the piezoelectric material.

1.31  Inter-magnet force measurement

The inter-magnet force of repulsion versus separation between 2 triangular magnets is investigated. The magnet forms part of the 3-point mount, the driving mechanism behind an Echidna spine unit.

A similar experimental procedure to that summarised in section 12.2.4 was adopted. One magnet is rigidly connected to the end of a force gauge as shown in Figure 76. The force gauge is connected to a 3-axis positioner capable of 1 m positioning accuracy along the z-axis. The second magnet, orientated similarly to the first, is cemented to the baseplate of the 3-axis positioner. The magnets are aligned along the z-axis and the force of repulsion is measured as a function of magnet separation.

The magnet orientations simulate the orientations found in the Echidna module. The magnetic field directions are parallel and the polarities are similarly orientated, such that the magnets repel as the gap spacing is reduced. This explains the positive force gauge reading shown in the force profile results in Figure 72. 
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Figure 76. Schematic for the measurement of the inter-magnet force of repulsion.

In summary, the maximum measured force between the magnets is ~90gf, or ~0.9N. A repulsion force of ~55gf corresponds to the nominal gap spacing between the magnets after the 3-point mounts are cemented into the Echidna module.
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Figure 77. The inter-magnet force of repulsion versus magnet separation. 

1.32 Furcation tube twisting experiment

The furcation tube provides a safe method for routing the optical fibre from the Echidna assembly to the FMOS connector located outside the prime focus unit. For every module in the Echidna positioner assembly there are 4 separate lengths of furcation tube exiting the top bridge. Divided between 2 of the furcation tubes are 44(6m lengths of FMOS science fibre, 40 for the installed science spines in the module and 4 spares. The furcation tubes must route around the electronics unit before exiting the prime focus unit.

Given the altitude-azimuth design of the Subaru telescope the Echidna assembly rotates about the primary mirror optical axis during an observation. This is achieved using a 2-drum prime focus unit, whereby the inner drum can rotate with respect to the outer drum that is mounted to the top end ring of the telescope. The FMOS-Echidna system is mounted to the inner drum of the prime focus unit. Therefore, the furcation tubes form a physical link between the rotating inner assembly and fixed outer drum. Specifically, the furcation tubes are fixed, at one end, to the top of the rotating electronics unit and, at the other end, to the top of the prime focus unit. There is ~0.5m available height between the 2 locating points. 

Special consideration must be given to the mounting mechanism of the furcation tubes inside the prime focus unit. During rotation of the inner drum it is vitally important no external stresses are placed on the optical fibres carried within the furcation tubes that could increase focal ratio degradation. A mechanism based on the electronics cable wrap secured to the top of the FMOS prime focus unit would prevent the application of excess stress on the furcation tubes, however, given the available space, a mechanism of this type for the furcation tubes was considered difficult to implement. In addition, results from a study by Masayuki Akiyama suggested a required rotation of (180o of the prime focus unit, rather than the maximum available (270o, was sufficient to perform all necessary FMOS observations. With this news it was possible to consider a simple mounting arrangement for the furcation tubes whereby both ends are fixed 0.5m apart and the tubes are allowed to twist (180o. This method required prototyping to prove the long term twisting has no adverse affect on the measured focal ratio degradation of the fibres carried within the furcation tubes. The investigation is summarised in the following section.
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Figure 78. Simulation of the (180o twisting of the fibre furcation tube in the FMOS prime focus unit. The mounting points of the furcation tube, located near A and B, are just outside the frame.

Two 6m lengths of furcation tube carrying 22 fibres each were assembled. The ends of all 44 lengths of fibre were cemented into ferrules and polished. Each length of furcation tube was mounted and tested the following way:

133. The furcation tube is mounted as shown in Figure 78. The tube is fixed near points marked A and B in the diagram, spanning the 0.5m distance available in the FMOS prime focus unit.
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Figure 79. The input arrangement for the furcation tube twist experiment.

134. At the midpoint the tube is fixed to a lever arm. The lever arm is mounted to the top of a DC motor. The motor driven lever arm simulates the twisting motion of the prime focus unit. The rotation velocity is adjustable.

135. The direction of the lever arm is changed when the lever arm contacts a switch, shown in Figure 78. This provides a simple mechanism for producing continuous (180orotation. 
136. The input end of the furcation tube is shown in Figure 79. The 44 ferrules are mounted in a linear array with each fibre illuminated in turn by collimated laser light. The array is rotated with respect to the incoming beam to mimic f/3 incidence.

137. The output end is shown in Figure 80. The output of each fibre is first inspected visually using a screen. An image is subsequently recorded using a CCD camera positioned to intercept the output beam.
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Figure 80. The output imaging arrangement for the fibre twister experiment. The output illumination from each ferrule is first observed with the screen before using the CCD camera.

The output beam profile of each fibre is measured before the motor is turned on. Approximately 10,000 cycles are required to simulate the operational lifetime of the instrument. The profiles are measured at various times throughout the 10,000 cycles.

An output beam profile, chosen at random, is shown in Figure 81. The collimated input beam is converted to a ring pattern due to almost perfect azimuthal scattering inherent in all multimode fibres. The scattering is less efficient in the radial direction. In simplistic terms, the thickness of the ring gives a direct indication of the amount of FRD present in the system and in general should be minimised as much as possible. Important for this test is the observed change, if any, in the ring thickness over the lifetime simulation of the furcation tube twisting. Over time the fibres could become entangled creating knots and localised stress so increasing the observed FRD.

The before and after output beam profiles for one of the fibres is shown in Figure 81. The results show little evidence of FRD change over the lifetime simulation. Further testing is currently underway, however, the results for all fibres measured have shown little evidence of FRD change due to (180o twisting simulation of the furcation tube. It is highly likely therefore the simple mounting arrangement whereby the furcation tubes are allowed to twist the full (180o can be implemented.
1.33 Metrology

Simulation in Zemax of the change in image size as a function of de-focus led to setting a tolerance on co-planarity of the fibre tips, when they are all at their central “home” positions, of ( 50 ((m. Two major contributors to the departure from a plane will be variation in length of the spines and departure of the centres of the spine seats from lying in a plane.  The relevant spine length is from the centre of its 6 mm diameter ball to the surface of the fibre core at the spine tip.  The relevant centres of the spine seats are the centres of 6 mm diameter steel balls when they are located on the three hemispheres cemented to the triangular magnets.  Spine length measures have been made for several of the final design spines and the co-linearity of several of the seats on a prototype module have been measured.
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Figure 81. The output beam profile for one of the 44 fibres under test before twist simulation (left-hand profile) and after (right-hand profile).
In summary the results are very good, indicating that, with comparable care in producing the working spines and modules, there should be no difficulty meeting the co-planarity goal. The techniques developed to perform the metrology of the spine lengths and spine seats are summarised below.
1.33.1.1 Spine measuring technique

The objective of spine length metrology is to ensure the distance between spine tip and centre of pivoting point is maintained to high degree of accuracy to a known reference length. Spine length variations are typical reference length (15 m. 

Spines length measurement is conducted on a custom jig shown in Figure 82 with the aid of a three coordinate measuring machine. A master spine of known length is placed on the jig and a beam-splitting microscope is used to observe a reflection from the fibre core cemented into the spine tip, via a 450 mirror. The microscope height is adjusted in “Z” to give a sharp reflection of the point source.  Repeatability of the measurement is ~ 2 µm rms. Following spines are positioned in the same place on the jig and measured in an identical fashion. The difference in “Z” between this reading and the master spine is taken to calculate the exact length of the measured spine. The Micro-Vu optical measuring machine has a resolution of 0.5µm along each axis. The accuracy achieved is attained in a simple and fast way with a low risk of errors.
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Figure 82. Spine length metrology technique developed during the final design.

1.33.2 Spine length consistency

In total 19 spine lengths were measured. The standard deviation for each measurement, estimated from making 10 independent measures on each spine, was better than 1 µm. The total range of lengths was 21µm. With the worst spine excluded, the range was 15 µm and the standard deviation in length ~ 3 µm.
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Figure 83. Spine length metrology of one of the final design spines.

1.33.3 Module metrology

The objective for the module metrology in the z-axis is to ensure the distance of the reference ball bearing placed on top of the three spheres, cemented to the triangular magnet and attached to the piezo and glued to the base steel module bar is within the specified tolerance. This will ensure all spine tips lie within the tolerance necessary for sharp focus. For the x-y plane metrology the same arrangement is used as for the z-axis, except the module is rotated by 90 degree. Each ball bearing is measured and its centre compared with the nominal position on the module.
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Figure 84. Performing z-axis metrology on the final design module.

A 6 mm ball bearing was positioned in each of 12 seats on the final design module. The co-linearity of the tops of the balls was measured on the optical coordinate measuring machine.  The departures from the best fitting straight line are shown in Figure 85. The results show some curvature of the reference plate used to align the seats while the 3-point mounts were cemented into the module. As a direct result a thicker reference plate has been incorporated into the future module assembly jig.
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Figure 85. Departure from straight line of spine seats along the z-axis in the final design module.
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Figure 86. Performing x-y metrology on the final design module.
The results of the x-y metrology demanded an increase in the thickness of the magnet mask used to locate the 3-point mounts in the x-y plane before cementing into the module. It is felt the new mask will achieve the required 0.1mm x-y radial tolerance.

 Assembly procedures

This section presents a high level description of assembly procedures perfected during the final design. Jig designs are presented where appropriate.

1.34 Spine assembly

The assembly of an Echidna spine consists the following sub-assemblies and procedures:

138. Pivot ball to carbon fibre tube (sub-assembly P-CF)

139. Ferrule to tapered tube(sub-assembly F-T)

140. Cementing of sub-assemblies P-CF and F-T

141. Counterweight to pivot ball

Each of the above numbered items is summarised in the following section.

1.34.1 Pivot ball to carbon fibre tube

The cementing of the carbon fibre tube to the pivot ball is a relatively simple process demanding no rigorous accuracy limits. A jig shown in Figure 87 is used to place a precision ball over the carbon fibre tube before adhesive is applied and left to cure.
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Figure 87. The cementing of the carbon fibre tube to the pivot ball.
1.34.2 Ferrule to tapered tube

The jig used to align the tapered tube to ferrule before cementing is shown in Figure 88. The jig accommodates up to 3 spine tapers for cementing in parallel. Prior to placing the ferrule and the tapered tube into the jig an adhesive is applied on the end of the ferrule. The ferrule is then inserted into the tapered tube. Both parts are placed in the v-grooves on the bottom block. The ferrule end rests up against a nylon washer surface, and the tapered tube end rests at the opposite side against another plastic washer. The full contact of both elements with the grooves is assured by placing a heavy stepped block on top of them. The washers determine the length of the ferrule-tapered tube assembly. The washer to which the tapered tube abuts has a slit in which a fibre is placed during the gluing process. 
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Figure 88. Ferrule to tapered tube assembly jig.

The jig is shown during the assembly of one spine section in Figure 89.
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Figure 89. Ferrule to tapered tube assembly jig, showing one section under assembly.

1.34.3 Spine body assembly

The objective of the assembly is to produce a spine (a product of the amalgamation of two sub assemblies described below) that is strong, durable and of high accuracy. For this task the spine assembly jig, shown in Figure 90, will be used. The jig is a slightly modified version of the spine assembly jig summarised in the preliminary design report.
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Figure 90. A spine under assembly in the spine assembly jig.

The jig aligns the front end of the spine (ferrule - tapered tube) to the rear end (carbon fibre tube ball bearing – counterweight assembly) during the final cementing process. Furthermore, this jig must achieve the required spine length accuracy. Shims are used to achieve the reference length of 160mm.

1.34.4 Counterweight to pivot ball

The Tungsten alloy counterweight, used to balance the spine about the pivot ball, is positioned and cemented to the pivot ball as part of the spine length assembly procedure. The spine length assembly jig, summarised in 13.1, incorporates an alignment facility for the counterweight such that it can be held in the correct position relative to the pivot ball. A step by step procedure is presented in Figure 91- Figure 93.
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Figure 91. Insertion of counterweight into the assembly jig.

[image: image99.jpg]



Figure 92. The counterweight is perfectly aligned to the spine length.
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Figure 93. Glue is applied after the components are positioned in place.

1.35 Module assembly

The following section summarises the jigs required to assemble the cemented parts of the Echidna module This includes the making of the 3-point mounts and their cementing into the module base. Detailed assembly instructions accompanying this section are presented in Appendix B. 

1.35.1 Hemisphere to magnet assembly jig
The purpose of the hemisphere to magnet jig, shown in Figure 94, is to locate the 3 hemispheres onto a triangular magnet during cementing. It is important the hemispheres are located precisely in the corners of the triangular magnet and located radially such that their centres lie on a defined diameter circle. Due to manufacturing errors in the magnet geometry a hemisphere is allowed to protrude ~30µm over the magnet edge.

The assembly procedure is as follows:

142. The magnet polarity is determined and noted.

143. The adhesive is deposited on the flat surface of the hemisphere. Using special tweezers the hemisphere is placed on the magnet surface. Once all 3 are in the correct position the magnet is placed onto the jig so the hemispheres are fully engaged with cavities in the jig base. While holding down the magnet assembly the centering screw is tightened by rotating a nut on the opposite side of the jig.

144. By applying a plastic holder (not shown in Figure 94) the magnet is rotated and pushed against the locating pin.
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Figure 94. Hemisphere to magnet assembly jig.

1.35.2 Piezo to magnet assembly jig

The jig, shown in Figure 95, is used to assemble and permanently join a piezoelectric tube with a triangular magnet newly cemented to 3 hemispheres. To ensure the piezoelectric tube is correctly aligned with soldering points on the module PCB one of the piezoelectric tube quadrants must be aligned with a specific point on the magnet.
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Figure 95. Magnet to piezoelectric tube assembly jig.

145. Firstly the magnet is positioned on the base so the hemispheres sit in the 3 cavities. The piezoelectric tube slides onto the aligning pin and is rotated to the required angular position in relation to the tapered pin. 

146. The position of the piezoelectric tube is controlled by visual inspection of the pin tip and the gap between quadrants on the piezoelectric tube. Possible error in angular positioning of up to a few degrees does not affect the piezoelectric tube to module PCB soldering operation. 

147. To combine the piezoelectric tube and magnet an all-purpose bonder (Loctite 326) is used. It offers the strength of epoxy and the speed of an instant adhesive that makes the process very fast and effective and provides a long lasting bond.

1.35.3  Cementing of 3-point mounts into module base

A technique for cementing the 3-point mounts into a module base to the required accuracy was developed during the final design. The procedure places high demands on any successful technique given the focus tolerance of each spine tip, set in part by the location of the corresponding 3-point mount in the module, is only (50m from the focal surface. In addition there is a radial tolerance placed on the centre of each spine pivot ball parallel to the module surface of no more then 100m from the nominal position.

The following section describes the module assembly jig used to precisely position all 42 of the 3-point mounts prior to cementing.

1.35.4 Module assembly jig 

The module assembly jig shown in Figure 96 plays a very important role in the process of construction of a complete module. The objective of the jig is to ensure that the distance between the pivoting ball centre (the vertex is used as a reference) and the bottom (mounting) surface of the module is maintained within several microns. This is accomplished by manufacturing two identical c-brackets and a flat top bar. The c-brackets are used to mount the module on the lower face while the top is for the bar. The surface flatness of the bar is of extremely high precision. This creates a reference plane for the pivoting balls of the science and guide fibres.
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Figure 96. Module assembly jig.

To ensure a full contact occurs between the pivoting balls and the top bar, miniature springs (not shown in Figure 96) placed inside the piezoelectric tube act upon magnets, pushing them and the ball resting on the hemispheres bearing, against the top bar. 

The local stress created by point contact between the large balls and the top bar will create some local elastic deformation of the latter. The mechanical properties of the material, however, guarantee that the surface of the top bar will return to its original state after the stress is removed and subsequently built module will use the same flat and smooth reference plane. 

One of the challenging tasks in the jig design was to ensure precise position of the pivoting balls in the XY plane and constrain the triangular magnets angularly. The best solution for both problems was a magnet keeper plate made of polycarbonate flat bar with laser cut triangular profiles. These holes are slightly larger than the triangular magnet to allow for errors with overhanging hemispheres and slight variations in magnet geometry. This is important during removal of the keeper plate as even a little force exerted upon a piezoelectric tube can damage it and make the module not fully functional. 

The 6 mm high precision balls (variation between balls is less than 0.2µm in diameter) are used to locate all the hemispheres bearings in the same plane. The functionality of the jig was confirmed during assembly of the second module prototype and it will play a pivotal role in assuring that each spine tip will be positioned accurately in the focal plane.

Appendix A: Fibre allocation software

1.36 Software specification

1.36.1 Overview

The fibre allocation software will be a GUI driven self-contained software package capable of running on a range of different Unix systems (e.g. Solaris, Linux, Mac OS X). The software reads input text files supplied by the astronomer in the format defined in section 14.1.4 . It performs the fibre allocation procedure and displays the results to the user in a graphical mimic display of the resulting focal plane. It then outputs a file describing the allocation in the format defined in section 14.1.5. This file is used as input to the FMOS-Echidna instrument control software.

1.36.2 Fibre allocation process

The fibre allocation process must produce “valid” configurations. That is, configurations, which are capable of being set up by the positioner. This means it must obey all physical constraints on how close together spines may be positioned, avoid crossed spines etc. Within these constraints the allocation of objects is based on the following criteria:

1.36.2.1 Minimise distance

This algorithm tries to minimise distance between a spine in its home position and its position when allocated to a target object. This aims to reduce the distance a spine must move to acquire its target object and thus speed up the overall field acquisition time.

1.36.2.2 Maximise telecentricity

This is an alternative to the “minimise distance” algorithm which tries to maximise the telecentricity of the spines and hence maximise the amount of light input to the fibre. In this approach the optimum spine positions tend to tilt outwards from their home position by an amount which increases towards the edge of the field.

1.36.2.3 Target priority

With either of these algorithms the astronomer can specify a target priority in the input file and the software will try to preferentially allocate the higher priority objects. This is a soft priority — it is possible that lower priority objects are allocated whilst higher priority objects remain unallocated. This is typically due to spines allocated to low-priority objects not physically being able to reach any higher-priority objects.

1.36.3 Other features

The software will support the following features.

1.36.3.1 Checking allocations

The software will be able to read in a previous allocation file and check that the allocation remains valid under changed conditions (e.g. a different observing date or hour angle).

1.36.3.2 Allocations valid for a range of conditions

The allocation software will usually be run some time in advance of observations and should produce an allocation that will remain valid at the time of observation even though the precise hour angle, and refraction parameters will not be known. The main means of achieving this is to adjust the tolerances used in the fibre allocation algorithm such that a small change in object positions is unlikely to result in an invalid configuration. However, the software should also provide the ability to test the validity of an allocation over a range of hour angles and dates. 

1.36.3.3 Manual allocation and deallocation

It will be possible to manually allocate objects to fibres, through interaction with the mimic display. It will also be possible to deallocate a fibre in a similar way. 

1.36.3.4 Magnitude filtering

The objects in the input file can be filtered to select only those in a specified magnitude range.

1.36.3.5 Sky positions

The astronomer can specify sky positions along with the objects in the input file, but it will also be possible for the software to allocate a grid of positions to be used as sky which are effectively added to the target list. The software, however, has no way of knowing that these positions are actually clear of objects.

1.36.3.6 Setting parameters

The software will allow the user to modify a number of parameters relevant to an observation including the observation date, hour angle of observation, observing wavelength, parameters determining the refraction (atmospheric temperature, pressure, humidity etc.).

1.36.3.7 Removing allocations 

The software will allow the current allocation top be removed (allowing a new allocation with changed algorithm or parameters). It will also allow specific deallocation of just the fibres allocated to sky positions, or of any broken fibres.

1.36.3.8 Mimic display features

The mimic display provides a display of the telescope focal plane indicating the home positions of the spines, the positions of the targets in the input file, and the positions of allocated fibres. The display supports the following features:

1.36.3.9 Zoom and scroll

The display can be zoomed to a range of different sizes and the zoomed display can be scrolled with scroll bars.

1.36.3.10 Object/fibre types

The display uses different colours, or optionally different grey levels, to distinguish between different types of fibres or objects. There will also be an option to highlight objects of a specific type.

1.36.3.11 Object/fibre information

Information on a specific object or fibre can be obtained by clicking on the object or fibre on the display.

1.36.3.12 Beam-switching observations

The software will fully support normal and cross-beam switching observations. For cross-beam switching observations, this will require modifications to the allocation algorithm.

1.36.4 Input file format

This section is adapted from that describing the file format used by 2dF/6dF and FLAMES (OzPoz). Essentially the same format will be used for FMOS apart from minor differences noted below.

The text file defined here is used the first time a set of targets is presented to the software.  Usually these are files with a .fld extension, although that is not necessary. These files are prepared by the astronomer – possibly using a purpose-built program to do so.

The file consists of lines of up to 256 characters. Comment lines can be indicated by an asterisk character  (‘*’) or a hash character (‘#’) in the first column. At the start of the file, there should be a series of lines that describe the field itself, as opposed to the individual targets it contains. Special characters, particularly quotes, should be avoided. Each of these lines must begin with one of the following keywords (which may appear in any order):

LABEL
A string giving the target field label.

UTDATE
The UT Date of observation.

CENTRE
Field Centre R.A. and Dec. (hh mm ss.ss -dd mm ss.s)

EQUINOX
Coordinate equinox – eg. J2000.0

Any non-comment line that does not start with one of these keywords will be assumed to signal the start of the target list. An additional ARGUS line is used with FLAMES but is meaningless for FMOS and 2dF/6dF. The equinox of all coordinates given in the file must be that specified in the EQUINOX line. The EQUINOX line is optional and if omitted defaults to J2000.0.

LABEL can be followed by any text. It does not have to be enclosed in quotes.

UTDATE must be followed by the date in the format yyyy mm dd[.dd]. The fractional date shown here as [.dd] indicates that a time of day can be included as a decimal fraction of a day.

CENTRE must be followed by an RA and Dec in the format hh mm ss.ss [-]dd mm ss.s. The [-] indicates an optional sign.

EQUINOX, if supplied, is the equinox of the coordinate system (e.g. J2000.0 or B1950.0). For FLAMES the use of J2000.0 is mandatory – other instruments allow other equinox values to be specified.

Subsequent lines describe target objects, one per line. Each line consists of a number of items separated by spaces. The first four items are mandatory as follows:

Name 
The name of the object (by convention F<n>  is used for reference stars) Note that this cannot contain spaces.

RA 
(hh mm ss.ss)

Dec 
(-dd mm ss.s)

Type
One or two characters indicating the type of object. The allowed types are listed below.

The program regards the following items as optional, and will not object if they are omitted. Any number may be used for the Program Id field. If you are not using priorities you should set all priorities to the same value, say 1. Any items not required must be filled in with an asterisk placeholder if any subsequent items are to be used.

Priority 
(1-9) with 9 being the highest priority

Magnitude 
(mm.mm)

Program Id
An integer which uniquely identifies a specific project. At present, this is ignored.

Comment 
Any remaining text up to the end of the line
1.36.4.1 Additional items embedded in comments

The software allows a number of optional additional items of information about target objects to be included in the input file. Only the proper motion items are actually used by the allocation software. The other items are simply passed to the output file. 

(Name)=value

or

(Name=value)

These can be delimited by commas, blanks, or semi-colons, and should be at the start of the comment string. The following names are accepted within the parentheses.

BAND
Band designation for the magnitude specified (B,V,R)

B-V
Object colour index, B-V

V-R
Object colour index V-R

PM-RA
Annual right ascension proper motion for the equinox J2000 in the FK5 system in arcsec per year.

PM-DEC
Annual declination proper motion for the equinox J2000 in the FK5 system in arcsec per year.

SNR
Signal to noise ratio requested by the observer.

CATEGORY
Object morphology: Stellar or Extended

DIAMETER
Source extension diameter for extended objects, in arcmin.

1.36.4.2 Possible object types:

The following letters are accepted in the ‘Type’ field for an object:

P
Program object. For FMOS, 2dF and 6dF, this indicates a target that should be assigned to a single fibre connected to one of the spectrographs.

S
Sky. This indicates a position that can be used for sky. Such a target may be assigned to any spectrograph fibre.

F
Fiducial (reference star). This indicates a target that should be assigned to a guide fibre.
The type field can include an additional letter (A or B) to indicate that the target is to be assigned to a specific spectrograph. For example PA indicates a program object to be assigned to spectrograph A, SB indicates a sky position for spectrograph B. This additional letter is irrelevant for targets of type F.

For FLAMES, a large number of other object types are supported. For details, see the FLAMES manual.

1.36.4.3 Example text input file

* This is a comment line

LABEL target field number 1 xyz cluster

UTDATE 1994 05 12

CENTRE 12 43 23.30 +10 34 10.0

* end of required header info

*

F1   12 40 20.55 +10 30 11.4    F   6  12.0  1  brightest star

F2   12 38 10.31 +09 59 58.9    f   6  13.5  1  fiducial star

*

NGC1002  12 41 30.55 +10 31 56.9  P 9  15.0  1  small fuzzy galaxy

ic3082   12 40 18.40 +10 32 21.5  P 9  *     1  candidate satellite

*

sky-1   12 40 10.00 +10 32 21.5   S 3  *     1  blank sky (checked)

1.36.5 Output file format

As an output file format we propose to use a text file similar to that used for input but with additional information added to it.

The initial header section of the file will have a number of additional parameters added to specify the actual parameters for which the allocation was performed. These will include refraction parameters, astrometric model parameters, exact time configured for etc. 

The table of objects will have three additional columns added between the declination column and the type column to provide the allocation information. These columns are as follows:

1. X — The first column after the declination is the X position calculated for the object in microns. 

2. Y — The next column is the Y position calculated for the object in microns. 

3. Fibre Number — The next column is the fibre number to which the target has been allocated, or 0 if the target has not been allocated.

This text file format differs from the SDS file used for 2dF/6dF and the PAF file used for FLAMES. Having, a format that is similar for both the input and output, however, simplifies the software by allowing the same code to be used to parse both input and output files. Using a text file also means that the data are easily viewable, and if necessary, editable, without requiring any special software.

1.37 Proposed software system description

1.37.1 User interface

The software system we propose to use consists of a number of components. A graphical user interface written in Java is the part of the system normally visible to the user. This provides a view of the field being configured and the fibre allocations being made. It also provides menus from which the user can select the various commands.

The Java program does its work by running a number of small C/C++ programs to carry out all the actual work. The programs are run using “exec” and the user interface may intercept the stdout and stderr streams of the C programs to receive information from them.

1.37.2 C/C++ programs

The current prototype system uses the following programs:

	Program
	Function

	instlist
	Read the instrument information (e.g. the Echidna spine positions)  from a file and list on standard output.

	objlist
	Read the object (and possibly allocation) information from text files (in the formats specified in the appendix) and list on standard output.

	allocxy
	Read an input (.fld) file and determine the x, y positions of the objects in the focal plane, outputting a new file including the xy data (.xy file).

	allocate
	Performs the allocation of fibres (spines) to objects using the data from a .xy file written by allocxy. It writes an output file including the allocation information.


Note that the Java user interface never reads the data files itself. Instead when it needs information from a file it runs an auxiliary C program (such as objlist or instlist) to read the file and list the required data on stdout. The Java program  intercepts the stdout stream and obtains the data it needs from there. Thus there is only one set of parsing code (in C/C++) for each possible file format. This means that file formats can easily be modified and extended without requiring major software changes.

A few examples will illustrate how this works. When the software starts up it runs the instlist program to get the spine positions and plots these on the display. When Open… is selected from the file menu, the allocxy program is run on the selected file, and objlist is then run on the result to give the object positions for the display. 

The allocate command in the commands menu uses the allocate program to perform the fibre allocations and then runs the objlist program again to get the allocation information which is used to update the display.

1.37.3 Prototype allocation software

A prototype of the allocation software system has been developed. It currently runs on Sun Solaris systems and Mac OS X systems and should be easily portable to other Unix versions.

The prototype provides the basic functionality needed to demonstrate the fibre allocation process. It supports the Open… file menu item to open an input (.fld) file, and the Allocate command to perform fibre allocation. It provides a display of the field showing the spines, objects and allocations, which can be zoomed and scrolled. It also supports the Print… file menu item allowing the display to be printed.

There are many features missing from the current prototype. It does not yet support different object and fibre types (target, sky and guide). It does not implement the many additional functions in the commands menu such as checking allocations, manually allocating and deallocating individual fibres etc. The additional work needed to bring the software up to specification is detailed in the next section.

1.37.4 Additional work required

1.37.5 User interface

The tasks in this section include the work required on the Java user interface program only. Many of these also require related changes to one of the C/C++ programs – this work is included in subsequent sections.

	Task
	Description

	Information Panel
	Add a new panel to the user interface giving summary information about the field and allocation, including the field centre, date and time of allocation, and the number of fibres of each type allocated.

	Object Selection
	Allow an object on the display to be selected by clicking on it. Double clicking on an object will bring up a window listing information on the object including name, ra, dec, x, y, whether or not it is allocated, and to which fibre.

	Fibre selection
	Allow a fibre (spine) on the display to be selected by clicking on it. Double clicking on a fibre will bring up a window listing information on the fibre including fibre number, park position, current position, and whether it is allocated.

	Grey level display
	Add a mode to the display in which the different fibre types are indicated by different grey levels rather than by colours.

	Display highlight option
	Add to the display an ability to highlight objects of specific types (e.g. allocated objects, guide stars, sky positions, objects).

	Magnitude Filter
	Add support for the Set Magnitude Filter item in the Options menu. This will involve providing a dialog box to enter the magnitude information and running an external program to do the filtering.

	Change Field Label
	Add support for the Change Field Label item in the Options menu. This will involve providing a dialog box to enter the new field label and running an external program to change the label.

	Change Observation Date
	Add support for the Change Observation Date item in the Options menu. This will involve providing a dialog box to enter the new field label and running an external program to change the date.

	Allocate
	Add full support for the Allocate… item in the Command menu, putting up a dialog box to allow the user to specify options and invoking the allocate program with the necessary options.

	Auto-reallocate
	Add support for the Auto-reallocate… item in the Commands menu. This will involve providing a dialog box to enter the parameters and then running the allocate program with appropriate options and updating the display.

	Check allocation
	Add support for the Check Allocate item in the Commands menu. Run the allocate program with appropriate options.

	Check over HA range
	Add support for the Check over HA range… item in the Commands menu. Put up a dialog box to enter the HA range, and then run the allocate program repeatedly to do the checks.

	Allocate sky grid
	Add support for the Allocate Sky Grid… item in the Commands menu. Put up a dialog box to specify the required sky grid. Then run a program to add the sky grid info to the configuration file.

	Uncross Fibres
	Add support for the Uncross Fibres… item in the Commands menu. Put up a dialog box to specify the operation, and then run the allocate program with appropriate options.

	Set Hour Angle
	Add support for the Set Hour Angle… item in the Commands menu. Put up a dialog box to enter the required hour angle. Run the allocxy program specifying the new hour angle. Update the display.

	Set Wavelength
	Add support for the Set Wavelength… item in the Commands menu. Put up a dialog box to enter the required wavelength. Run the allocxy program specifying the new wavelength. Update the display.

	Remove allocations
	Add support for the Remove Allocations… item in the Commands menu. Put up a dialog box asking what is to be removed. Run a program to remove the specified allocations. Update the display.

	Allocate Fibre
	Add support for the Allocate Fibre item in the Commands menu. Run a program to allocate the currently selected object to the currently selected fibre. Update the display.

	Deallocate Fibre
	Add support for the Deallocate Fibre item in the Commands menu. Run a program to deallocate the currently selected object. Update the display.

	Show Fibre Info
	Add support for the Show Fibre Info item in the Commands menu. Put up a dialog box allowing the fibre to be selected by number, and then bring up a window showing the fibre information (as would be produced by double clicking on the fibre).

	Set field centre
	Add support for the Set Field Centre… item in the Commands menu. Put up a dialog to enter the new field centre. Run a program to change the field centre in the configuration file. Rerun allocxy and update the display.

	Deallocate broken fibres
	Add support for the Deallocate Broken Fibres item in the Commands menu. Run a program to deallocate and broken fibres. Update the display.

	Deallocate sky fibres
	Add support for the Deallocate Sky Fibres item in the Commands menu. Run a program to deallocate any sky fibres. Update the display.


1.37.6 Objlist program

	Task
	Description

	Support for Information Panel
	Output additional information to stdout to support the Information Panel of the user interface.

	Support for object selection
	Output additional information to stdout to support the Object Selection capability in the user interface.


1.37.7 Instlist program

	Task
	Description

	Support for fibre selection
	Output additional information to stdout to support the Fibre Selection capability in the user interface.

	Guide fibres
	Report which fibres are guide fibres


1.37.8 Allocxy program

	Task
	Description

	Specify date and time 
	Add a command line option to specify the date and time for which the x,y will be calculated.

	Telescope model
	Incorporate the final software for telescope model and read the model from a file (specified by a command line option).

	Specify wavelength
	Add command line options to specify the object and guide wavelengths.

	Additional header information
	Add additional header information to the output file specifying the conditions for which the x,y have been calculated. For example date and time, refraction parameters (temp, press, humidity, wavelength), telescope model parameters. Everything should be included which would be needed to repeat the calculation. The format for these items has yet to be specified. 


1.37.9 Allocate and related programs

Some of the functions described here could be supported by adding additional command line options to the existing allocate program. Some of these features might be better provided by writing additional small programs.

	Task
	Description

	Check Allocation
	Provide an option (or a new program) to check an allocation file for validity and report any problems.

	Guide fibres
	Modify the allocation algorithm so it only allocates guide fibres to guide objects.

	Spectrographs
	Modify the allocation algorithm to support the ability to allocate each object to a specific spectrograph as requested in the configuration file.

	Magnitude filter
	Provide an option to remove all objects from a file outside the selected magnitude range (probably best done by a separate program).

	Field Label
	Provide a program to change the field label in a file.

	Observation Date
	Provide a program to change the observation date in a file.

	Auto-reallocate
	Provide an option to support the Auto-reallocate command.

	Uncross fibres
	Provide an option to uncross fibres.

	Remove allocations
	Provide a program to remove all or some allocations from a file.

	Allocate fibre
	Provide a program to modify an allocation by allocating a specified fibre to a specified object.

	Deallocate fibre
	Provide a program to deallocate a specified fibre.

	Field centre
	Provide a program to modify the field centre in a file.

	Deallocate broken fibres
	Provide a program to deallocate the broken fibres in a file.

	Deallocate sky fibres
	Provide a program to deallocate the sky fibres in a file.

	Beam-switching
	Modify the allocation algorithm to support observations in cross-beam switching mode.


1.37.10 Testing

	Task
	Description

	System Tests
	Test complete software system on a range of different configuration files, including some designed to trigger error conditions.

	Portability Tests
	Test the ability of the software to run on a range of different Unix systems and under different Java versions.

	User Tests
	Provide a pre-release version to astronomers for testing. Update software based on their feedback.


1.37.11 Preparation for release

	Task
	Description

	Prepare release
	Provide package of files suitable for release on all required systems. Include installation instructions.

	User Documentation
	Provide documentation for users.

	Maintenance Documentation
	Provide documentation needed for maintenance of the software system.


2  Appendix B: Module assembly procedure

The following spreadsheets detail the assembly procedures for the 3-point actuators and cementing of the mounts into an Echidna module.

	 
	 
	Assembly Procedure for 2nd Echidna Module Prototype 17/12/02

	Pre assembly
	1hr per PCB
	Solder connectors into PCB. Pre flux board to promote good solder flow.

	 
	 
	Clean PCB thoroughly with prozone, rinse and dry thouroughly.

	 
	 
	Test for continuity and breakdown.

	 
	 
	Conformal coat bottom of part of PCB which will be in contact with the metal base.

	 
	 
	Use Electrolube DCA200H. Spray onto 17cm flat strip of material.

	 
	 
	Place electrode area of PCB down onto wetted area of strip. This prevents coating of inside of holes.

	 
	 
	Remove and allow to cure.

	 
	 
	 

	 
	0.5hr per module
	Wipe down module base with cloth to remove any oily deposits

	 
	 
	Using a cotton bud with isopropanol degrease the piezo tube mounting holes in the base.

	 
	 
	Likewise degrease the top of the base with isopropanol wipe.

	 
	 
	Conformal coat the top surface of the base. This is to insulate the PCB.

	 
	 
	Spray conformal coating onto a flat strip of material and place the face of the base onto the wetted area. 

	 
	 
	Inspect on removal. The surface should be evenly coated. No coating should appear inside the piezo tube mounting holes.

	 
	 
	Remove and allow to cure.

	 
	 
	 

	 
	1hr per module
	Wash hemispheres with isopropanol and dry

	 
	 
	 

	 
	2 hrs per module
	Test and record magnet strength.

	 
	 
	Allocate and mark number on magnet.

	 
	 
	Store in numbered drawers.

	 
	 
	Magnet polarity. Place magnet so that it repels test magnet. Mark upper face for placement of hemispheres.

	 
	 
	Magnet should be tested for dimensional accuracy

	 
	 
	 

	 
	15 mins per module
	Wash spheres in isopropanol and dry.

	 
	 
	 

	 
	0.5 hr per module
	Load piezo tube retaining clips onto mask.

	 
	 
	 

	Precautions
	 
	Periodically inspect and wipe down jig parts with isopropanol as even small traces of contaminants can prevent components from sitting properly and sliding easily.

	 
	 
	Use lint free gloves for handling piezo tubes. The electrodes appear to form an oxidation layer, making them difficult to solder.

	 
	 
	Use lint free cloths and wipes for wiping assemblies.

	 
	 
	Use a soft working surface to minimise shocks to brittle magnets and piezo tubes.

	 
	 
	Working surfaces must be clean and free of magnetic particles.

	 
	 
	Avoid having magnetic tools near work area .

	 
	 
	Avoid contact with precision surfaces of module glueing jig.

	 
	 
	 

	 
	 
	 

	Step 1
	5 mins per assy
	Prepare adhesive by depositing a drop of 426 loctite onto a flat working surface.

	Magnet assy
	 
	Wipe magnet gluing face on clean paper

	 
	 
	Place near centre of steel base, marked side up.

	 
	 
	Apply glue with end of sharp tooth pick. Very small dots where hemispheres will be placed

	 
	 
	Pickup hemispheres with special plastic tweezers to place on magnet.

	 
	 
	Tap end of tweezers onto a piece of paper. This action pushes the hemispheres up the tweezer jaws a little for better grip.

	 
	 
	Placement is best done with a quick, firm action to minimise their tendency to flip upside down on approach to magnet

	 
	 
	If a hemisphere does flip and gets glue on curved surface put aside for washing and future re-use.

	 
	 
	Once hemispheres are on the magnet, working time is limited. If the loctite sets before finishing, remove from jig, pull apart and set aside for cleaning and reworking.

	 
	 
	Pick up steel base with magnet assy and lower down over mandrel on jig. Slide steel base off side ways to separate from magnet assy.

	 
	 
	Pre place assy by pushing down on magnet so hemispheres are fully engaged with dimples in jig.  May need the help of a non magnetic tool such as plastic tweezers or tooth pick to push the hemispheres toward their locating dimples.

	 
	 
	While holding down magnet assy lightly tighten centering screw on jig.

	 
	 
	With plastic tool provided push and rotate assy so edge of magnet is hard against metal stop and hemispheres are fully engaged with dimples in jig.

	 
	 
	Slide two O ring keepers down shaft with a clockwise twisting motion.

	 
	 
	Screw down brass retaining cap

	 
	10 mins per assy
	allow 10mins for adhesive to partially cure before removal.

	 
	 
	 

	 
	3 mins per assy
	Unscrew brass retaining cap

	 
	 
	Use tweezers to lift magnet assy partially up shaft of jig

	 
	 
	Place edge of magnet against steel base and allow attraction to finish the job of assy removal.

	 
	 
	Inspect under magnifier and and check for alignment, surface defects on sphere contact points. 

	 
	 
	Wipe off any contamination such as excess adhesive or metal chips.

	 
	 
	 

	Step 2
	 
	Prior to glueing, inspect piezo tube for defects such as cracks, chips, missing or patchy electrode surface. Put aside defective tubes.

	Tube assy
	3 mins per assy
	Rub cured magnet assy on clean paper to remove contaminents.

	 
	 
	Place magnet assy into jig. Check for alignment with pin and engagement with dimples

	 
	 
	Place mandrel into good piezo tube, opposite end from electrodes. There are 5 sizes ranging from 4.35 to 4.47mm ID. The fit should be close but free enough for the tube to rotate without being forced.

	 
	 
	Lightly twirl end of piezo tube in puddle of glue. The aim here is to just get enough glue on the end of the tube. If excess glue ends up on the inner or outer surface, wipe clean and start again. 

	 
	 
	Inspect for even coverage of glue on end face of tube.

	 
	 
	Slide tube and mandrel onto tube assy jig.

	 
	 
	Lightly rotate tube back and forth to spread the glue evenly.

	 
	 
	Place brass mass onto piezo assembly to apply even pressure for the curing of the glue.

	 
	 
	Rotate tube to align a gap between electrodes with pointer on jig

	 
	10 mins per assy
	Allow 10 mins to cure sufficiently for handling before removal

	 
	 
	 

	 
	 
	Use force gage to check attractive force force of assy to  test sphere.

	 
	 
	Forces to be expected should be in excess 60gm. Most tubes measured within 70 - 90 gm range.

	 
	 
	 

	Step 3
	5 mins per assy
	Use  #1000 grade carborundum paper to rub oxidation from electrodes. It is only necessary to do the bottom 3mm of the electrode.

	Pre tin electrodes
	 
	Hold paper with gentle pressure between thumb and forefinger of one hand and the tube in the other. 

	 
	 
	Twist back and forth for about 15 seconds or until dull/ matt appearance of electrodes disappears.

	 
	 
	If electrode starts rubbing away it is most likely to be too thin - put aside tube.

	 
	 
	Use the smallest mandrel mounted in a bench vice to hold the piezo assy's for tinning.

	 
	 
	Place piezo tube onto mandrel.

	 
	 
	Brush low residue flux onto bottom 3mm of electrodes.

	 
	 
	Use soldering iron with medium tip and set to 290 deg C.

	 
	 
	Tin iron tip and run evenly around bottom 3mm of electrode. Avoid excessive heat.

	 
	 
	Remove excess solder by wiping with solder wick. 

	 
	 
	Clean. After tube has cooled. Wipe off excess flux and dust with isopropanol.

	 
	 
	Inspect. The tinned area sould be thin and uniform. Any bumps or areas with thick deposits of solder will cause assembly problems.

	 
	 
	 

	Step 4
	5 mins per assy
	Use Isopropanol to wipe off excess adhesive from around magnet and hemispheres.

	Inspect tube assembly
	 
	Using a magnifier inspect for and remove any lint, dirt and metal particles from the tube assemblies

	 
	 
	Check the inside of the piezo assy's as well.

	 
	 
	Pay attention  to hemisphere surfaces. The parts in contact with the spines must be free of contamination.

	 
	 
	Do a final check of piezo tube. If defective set aside for disassembly and later re-use.

	 
	 
	Place coil spring inside piezo tube.

	 
	 
	 

	Step 5
	2hrs per module
	Wipe down parts of module base and jig which are critical for dimensional accuracy

	Assemble module for glueing
	 
	Place module base, then PCB onto jig guide pins. Note small chamfer in module base piezo glueing holes face up, PCB connectors face up.

	 
	 
	Put jig side brackets in place and finger tighten screws.

	 
	 
	Start screwing down module base to jig side brackets. Use specially machined cap screws. Allow more than 1mm gap for packers

	 
	 
	Put brass packers in between jig side bracket and module base, either side of module base hold down screws.

	 
	 
	The packers are 0.5mm.  Use 1 pair either side of module hold down screws to pack out to 1mm 

	 
	 
	Lightly screw down module base to keep packers in place.

	 
	 
	Lightly screw down top bar onto side brackets.

	 
	 
	If top bar does not screw down easily loosen jig side bracket to base screws and try again.

	 
	 
	Tighten screws from module base to side brackets.

	 
	 
	Remove jig top bar.  Tighten screws holding module base to the jig.

	 
	 
	Place tubular mask spacers, then mask onto the guide pins.

	 
	 
	Starting from one end load the piezo tubes onto the jig.

	 
	 
	Check orientation. The side of the tube which has the electrode gap centred must face outwards.

	 
	 
	The tube should be free to rotate within the confines of the mask and be free to move up and down.

	 
	 
	Engage retaining clip with piezo tube. The concave part of the clip must engage fully with the outside of the piezo tube.

	 
	 
	Repeat tube placement process until all piezo assy's are loaded in the jig.

	 
	 
	Do not allow mask to bow excessively. It produces a lot of bending stresses on the outer piezo assy's.

	 
	 
	Load clean spheres onto piezo assy's.

	 
	 
	Inspect spheres and reposition if they have been dislodged.

	 
	 
	Place top bar onto jig. Endeavour to lower top bar in a vertical motion to minimise disturbance to spheres.

	 
	 
	Put screws from top bar into side brackets - very lightly.

	 
	 
	Inspect every sphere. Carefully reposition every sphere which has been dislodged from its Piezo assy.

	 
	 
	Carefully finger tighten top bar screws. Do it in a manner such that the top bar stays reasonably parallel to the module base.

	 
	 
	If the screws tighten before the top bar is fully seated on the jig side brackets,  stop and inspect the piezo assys.

	 
	 
	Apply gentle vertical and rotating action to each piezo tube and starting from one end should manipulate the jig sufficiently to free the top bar.

	 
	 
	If the manipulation does not work then the cause of the problem needs to be investigated.

	 
	 
	As the top bar nears the top surface of the side brackets there will be some resistance from the agregate force of the springs in the piezo assy's.

	 
	 
	When the top bar is fully engaged with the side brackets of the jig remove all the piezo assy retaining clips.

	 
	 
	Inspect every piezo assy again. They should all be free to move vertically and rotationally - allowing for the constraints of the mask, spring and magnetic forces. 

	 
	 
	Lift the mask way from tubular spacer slightly and insert 1mm nylon spacers between.

	 
	 
	Inserting the spacer forces the piezo assys to rotate and align with reference to the outer edge of the hemispheres.

	 
	 
	Tighten the top bar screws.

	 
	 
	Inspect every piezo assy again. The spheres should be in contact with the hemispheres of the piezo assy's and the surface of the top bar.

	 
	 
	Phew! The module is ready for glueing.

	 
	 
	 

	Step 6
	?? hrs per module
	Use the Micro Vu machine to inspect the accuracy of piezo tube placement.

	Pre glue Inspection
	 
	 

	 
	 
	 

	Step 7
	1 hour per module
	Slide the PCB up the piezo tube shafts. Prop it up to prevent adhesive sticking to the PCB

	Glueing
	 
	Apply small drops of cyanoacrylate adhesive to the junction of the holes in the module base and the piezo assy's. 

	 
	 
	Avoid large pools of adhesive accumulating on the module base or up the sides of the piezo assy's

	 
	 
	Use a small soft tool such as a toothpick to work the adhesive around the base of the piezo assy's. 

	 
	 
	Wipe off excess adhesive using a wipe wet with isopropanol. Wipe quickly or the cloth will stick.

	 
	 
	Allow 1 hour for the adhesive to cure before handling.

	 
	 
	 

	Step 8
	1 hr per module
	Remove screws holding down top bar.

	Removal from jig
	 
	Slide top bar off sideways.

	 
	 
	Remove all spheres.

	 
	 
	Remove mask and spacers

	 
	 
	Remove the screws holding the module base to the jig. Remove brass packers.

	 
	 
	Remove the jig side brackets from the jig base.

	 
	 
	Gently walk the glued module up the guide pins and off the jig.

	 
	 
	Clamp the PCB to the module base using M4x20mm screws, nuts and washers. Failing to do this will cause strain on the outer piezo assy's.

	 
	 
	Remove the coil springs from the inside of the piezo assy's

	 
	 
	From this point on transport module in padded packing to minimise shocks

	 
	 
	 

	
	 
	 

	Step 9
	?? hrs per module
	Check that all piezo assy's are undamaged.

	Pre soldering Inspection
	 
	Check that all piezo assy's are correctly orientated with gap in electrodes facing outwards

	 
	 
	Use the Micro Vu machine to inspect the accuracy of piezo tube placement.

	 
	 
	 

	 
	 
	 

	Step 10
	2hrs per module
	Hold module base in a soft jaw swivel vice.

	Soldering
	 
	Apply low residue flux to the junction of the each of the holes in the PCB and the piezo assy's electrodes

	 
	 
	Use Weller MT1500 soldering station with MT603 curved tip set to 400 deg C.

	 
	 
	Tin PCB area near electrode first. 

	 
	 
	Heat adjacent electrode region on tube and apply solder to bridge the gap.

	 
	 
	Avoid applying excessive heat on piezo tube.

	 
	 
	Too much heat may cause the tube to depolarise or the adhesive bond between tube and base may soften and cause tube misalignment.

	 
	 
	Use a regime of soldering alternating tubes and electrodes to reduce heat buildup 

	 
	 
	Once the solder joint has been made remove the tip immediately.

	 
	 
	There is very little room to work between the piezo tubes. Take care not apply excessive stress to the tube with the iron tip.

	 
	 
	Once soldered the module can be cleaned with isopropanol and air dried.

	 
	 
	 

	Step 11
	 
	Inspect and check that piezo tubes are undamaged.

	Post soldering Inspection
	 
	Test the module for continuity to all electrodes.

	 
	 
	Inspect and check for contamination on hemisphere surfaces.

	 
	 
	Use the Micro Vu machine to inspect the alignment of piezo assy's


Appendix C: Spare Parts

Table 18 lists the spare parts recommended for the instrument. Some spares will be supplied by the AAO with the instrument (shown in column 7 of Table 18), while others will be the responsibility of NAOJ/Subaru Telescope (shown in the last column of Table 18).

	Supplier
	Part Number
	Description
	Sub-system
	Functional Area
	Quantity Used in Instrument
	Spares Provided by AAO
	Additional Spares Recommended

	Mechanical
	 
	
	 
	 
	 
	 
	 

	AAO
	E7201
	Module assembly
	Echidna assembly
	Module
	12
	2
	 

	AAO
	E7588
	Module guide pin
	Echidna assembly
	Module base
	24
	2
	 

	AAO
	E6990
	Spine protector pocket
	Echidna assembly
	Module
	12
	2
	 

	AAO
	E7589
	Loop bridge insert
	Echidna assembly
	Module
	42
	10
	 

	Motion Technologies P/L
	6SM37M-6000
	X - axis Servo Motor
	Focal Plane Imager
	X - axis drive assembly
	1
	1
	 

	Motion Technologies P/L
	6SM37S-6000
	Y - axis Servo Motor
	Focal Plane Imager
	Y - axis drive assembly
	1
	1
	 

	ACE Controls Inc.
	MC150-MHB
	X - axis shock absorber
	Focal Plane Imager
	X & Y - axis drive assembly
	4
	2
	2

	ACE Controls Inc.
	MC75M
	Y - axis shock absorber
	Focal Plane Imager
	X & Y - axis drive assembly
	4
	2
	2

	Ruland Manufacturing P/L 
	MBC33
	Drive bellows couplings
	Focal Plane Imager
	X & Y - axis drive assembly
	2
	2
	 

	Renishaw Inc.
	RGH22
	Encoder readhead
	Focal Plane Imager
	X & Y - axis drive assembly
	2
	 
	1

	Renishaw Inc.
	A-9517-0004 RGS-20S
	Encoder tape
	Focal Plane Imager
	X & Y - axis drive assembly
	0.7m
	 
	1m

	Threotham Trading P/L
	27i.07.063.0
	Chain Series 27i 18L/M
	Focal Plane Imager
	X - axis Cable Chain
	7
	 
	7

	Threotham Trading P/L
	2607.12.PZ
	Mounting bracket
	Focal Plane Imager
	X - axis Cable Chain
	1pair
	 
	1pair

	Threotham Trading P/L
	3075.ZB
	Tiewrap plate
	Focal Plane Imager
	X - axis Cable Chain
	2
	 
	2

	Threotham Trading P/L
	240.05.055
	Chain Series 240
	Focal Plane Imager
	Y - axis Cable Chain
	7
	 
	7

	Threotham Trading P/L
	2050.12PZ
	Mounting bracket
	Focal Plane Imager
	Y - axis Cable Chain
	1pair
	 
	1pair

	Threotham Trading P/L
	2050ZB
	Tiewrap plate
	Focal Plane Imager
	Y - axis Cable Chain
	2
	 
	2

	AAO
	Lock nut M14x1
	X - axis shock absorber
	Focal Plane Imager
	X - axis carriage
	24
	10
	 

	AAO
	Lock nut M12x1
	Y - axis shock absorber
	Focal Plane Imager
	Y- axis carriage
	24
	10
	 

	AAO
	E6819
	Bracket support ball screw
	Focal Plane Imager
	X & Y - axis drive assembly
	2
	1
	 

	AAO
	E7284
	X-axis shock abs. bracket
	Focal Plane Imager
	X - axis drive assembly
	4
	2
	 

	AAO
	E6822
	Y-axis shock abs. bracket
	Focal Plane Imager
	Y - axis drive assembly
	4
	2
	 

	Electronics
	 
	
	 
	 
	 
	 
	 

	AAO
	EL709
	Piezo Module Board
	Echidna assembly
	Echidna Unit
	12
	2
	 

	AAO
	EL710
	Echidna Control Board
	Echidna assembly
	Echidna Unit
	1
	1
	 

	AAO
	EL711
	Echidna Board A
	Echidna assembly
	Echidna Unit
	1
	1
	 

	AAO
	EL712
	Echidna Board B
	Echidna assembly
	Echidna Unit
	1
	1
	 

	AAO
	EL713
	Switch Board
	Echidna assembly
	Echidna Unit
	24
	3
	 

	AAO
	EL714
	Switch Extender
	Echidna assembly
	Echidna Unit - Test and Maintenance
	1
	0
	 

	AAO
	EL720
	FPI Limit Switch & Encoder Terminal Board
	Focal Plane Imager
	FPI Unit
	2
	1
	 

	AAO
	EL721
	FPI Amplifier Interface Board
	Focal Plane Imager
	Control Electronics Enclosure
	2
	1
	 

	AAO
	EL722
	Computer (DT302) Interface Board
	Focal Plane Imager
	Control Electronics Enclosure
	1
	1
	 

	AAO
	EL722
	Computer (DT302) Interface Board
	Back Illumination
	Control Electronics Enclosure
	1
	0
	 

	AAO
	EL723
	FPI Machine Interface Board
	Focal Plane Imager
	Control Electronics Enclosure
	2
	1
	 

	AAO
	EL724
	FPI Control Backplane
	Focal Plane Imager
	Control Electronics Enclosure
	1
	1
	 

	AAO
	EL725
	FPI Operator Control Interface Board
	Focal Plane Imager
	Control Electronics Enclosure
	1
	1
	 

	AAO
	EL728
	FPI Analog Interface Board
	Focal Plane Imager
	Control Electronics Enclosure
	1
	1
	 

	AAO
	EL730
	FMOS Back Illumination Serial Link (Echidna End) Board
	Back Illumination
	Control Electronics Enclosure
	1
	1
	 

	AAO
	EL731
	FMOS Back Illumination Serial Link (BIU End) Board
	Back Illumination
	FMOS Back Illumination Unit
	1
	1
	 

	AAO
	EL734
	Echidna Module Test Board
	Echidna assembly
	Echidna Unit - Test and Maintenance
	1
	0
	 

	AAO
	EL735
	Echidna Amplifier Board
	Echidna assembly
	Control Electronics Enclosure
	1
	1
	 

	AAO
	EL736
	Echidna Backplane
	Echidna assembly
	Control Electronics Enclosure
	1
	1
	 

	AAO
	EL737
	Echidna High Voltage Power Supply
	Echidna assembly
	Control Electronics Enclosure
	1
	1
	 

	AAO
	EL738
	Interface Board
	Echidna assembly
	Control Electronics Enclosure
	1
	1
	 

	AAO
	EL741
	LED Board
	Echidna assembly
	Echidna Unit - Test and Maintenance
	1
	1
	 

	AAO
	EL742
	Output Board
	Echidna assembly
	Control Electronics Enclosure
	1
	1
	 

	AAO
	EL743
	SCSI to BNC Adapter Board
	Echidna assembly
	Control Electronics Enclosure
	1
	1
	 

	AAO
	EL744
	FPI Limit Switch Interface Board
	Focal Plane Imager
	Control Electronics Enclosure
	1
	1
	 

	AAO
	EL745
	Mains Power Control Board
	Mains Control Unit
	Control Electronics Enclosure
	1
	1
	 

	AAO
	EL746
	Temperature Sensor Terminal Board
	Echidna assembly
	Echidna Unit
	1
	1
	 

	AAO
	EL746
	Temperature Sensor Terminal Board
	Focal Plane Imager
	FPI Assembly
	1
	0
	 

	AAO
	EL747
	Back Illumination LED Driver Board
	Back Illumination
	Echidna Unit
	1
	1
	 

	AAO
	EL748
	Back Illumination LED Board
	Back Illumination
	Control Electronics Enclosure
	1
	1
	 

	AAO
	EL749
	Electroluminescent Driver Power Supply Board
	Echidna assembly
	FPI Assembly - Test and Maintenance
	1
	0
	 

	Kollmorgen
	CR03260
	ServoStar Amplifier
	Focal Plane Imager
	FPI Assembly
	2
	1
	 

	Powerbox
	PBJE60-31
	5/15/15VDC Power Supply
	Echidna assembly
	Control Electronics Enclosure
	1
	1
	 

	Amtex
	MIW150-P1718
	24VDC 6A Power Supply
	Focal Plane Imager
	Control Electronics Enclosure
	2
	1
	 

	Data Translation
	DT302
	Multifunction Data Acquisition Board
	Control Computer
	Control Electronics Enclosure
	3
	1
	 

	Data Translation
	DT3155
	Monochrome Frame Grabber
	Control Computer
	Control Electronics Enclosure
	1
	1
	 

	National Instruments
	PCI-6711
	Analog Output Board
	Control Computer
	Control Electronics Enclosure
	1
	1
	 

	EDT
	PCI DVK
	Digital Video Capture Board
	Control Computer
	Control Electronics Enclosure
	1
	1
	 

	ICS
	Advent Aviant BX (SBC-SBX-VE)
	PICMG Single Board Computer (PIII850 MHz, 256 Mb)
	Control Computer
	Control Electronics Enclosure
	1
	1
	 

	Advantech
	PCA-6108P6-B
	PICMG Backplane (1ISA/6PCI/1CPU)
	Control Computer
	Control Electronics Enclosure
	1
	1
	 

	Advantech
	PS-310DC48
	300W Power Supply for Advantech IPC-6908 Chassis
	Control Computer
	Control Electronics Enclosure
	1
	1
	 

	Alloy Computer
	FE-C117SC
	100BaseFX - 100BaseT Media Converter
	Control Computer
	Control Electronics Enclosure
	1
	1
	 

	Baumer
	IFR.04.26.25/L
	4mm Normally Closed Inductive Proximity Sensor
	Focal Plane Imager
	FPI Assembly
	4
	1
	 

	Baumer
	IFR.04.26.15/L
	4mm Normally Open Inductive Proximity Sensor
	Focal Plane Imager
	FPI Assembly
	3
	1
	 

	Hamamatsu
	C4742-98
	Camera Control Unit
	Guide system
	Echidna Unit
	1
	 
	1

	Hamamatsu
	C4742-98L
	CCD Camera Head
	Guide system
	Echidna Unit
	1
	 
	1

	Watec
	WAT-902H
	1/2" Monochrome CCD Camera
	Sky Camera
	FPI Assembly
	1
	1
	 

	Pulnix
	TM-62EX
	2/3" Monochrome CCD Camera
	Spine Camera
	FPI Assembly
	1
	1
	 

	Traco
	ESP 18U-24S
	24VDC  Power Supply
	Mains Control Unit
	Control Electronics Enclosure
	1
	1
	 

	Sprecher+ schuh
	CA7-16C-10-24
	3-Pole Contactor (24VDC Coil)
	Mains Control Unit
	Control Electronics Enclosure
	1
	1
	 

	Belling Lee
	SF4240-16/01
	16A Mains Filter
	Mains Control Unit
	Control Electronics Enclosure
	1
	1
	 

	Phoenix Contact
	MT-2PE-120AC
	Surge Protector
	Mains Control Unit
	Control Electronics Enclosure
	1
	1
	 

	ABB
	272K10
	10A 2-Pole Circuit Breaker
	Mains Control Unit
	Control Electronics Enclosure
	1
	1
	 

	Apex
	PA15
	High Voltage Op Amps
	Echidna assembly
	Control Electronics Enclosure
	8
	4
	 

	Nais
	AQW210S
	Solid State Relays
	Echidna assembly
	Echidna Unit
	1701
	50
	 

	American Power Design
	H20-150/150/A
	High Voltage DC/DC Converter
	Echidna assembly
	Control Electronics Enclosure
	2
	1
	 

	Weller
	MT1500
	Microtouch Soldering Station
	Echidna assembly
	Echidna Unit
	 
	 
	1

	Weller
	MT202
	Soldering Tip
	Echidna assembly
	Echidna Unit
	 
	 
	3

	Weller
	MT603
	Soldering Tip
	Echidna assembly
	Echidna Unit
	 
	 
	2


Table 18. List of recommended spare parts.
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Sheet1

		Analysis of measures of tops of 6 mm balls on prototype module

		(bottom row, with orientation determined by print on pcb)																				17th March 2003

				Micro-Vu suffering a (hopefully temporary) defect, reading 4x as great as the movement in x and y.

										A		-0.0051		B		-0.00151				E		-0.0142123033		Y str = E + F*x

										D		3.83E-06								F		-0.0010436152								With third ball omitted

								Ycalc = A + B*x + D*x^2								rms:		3.8								rms:		6.7				rms:		1.8

		raw readings								after division by 4				Fit curve										Fit straight line						Fit curve

		x		y1		y2		mean y		X		Y		Ycalc		residual		res^2		y1-y2		diff^2		Y str		residual		res^2		Ycalc		residual		res^2

										mm		mm		mm		um				um				mm		um				mm		um

		0		0.000		-0.008		-0.004		0.0		-0.001		-0.005		4		17		2.0		4		-0.014		13		175		-0.005		4		17

		29		-0.062		-0.072		-0.067		7.3		-0.017		-0.016		-1		1		2.5		6		-0.022		5		26		-0.016		-1		1

		59		-0.152		-0.152		-0.152		14.6		-0.038		-0.026		-12		135		0.0		0		-0.029		-9		73		-0.026

		87		-0.132		-0.136		-0.134		21.8		-0.034		-0.036		3		7		1.0		1		-0.037		3		12		-0.036		3		7

		115		-0.174		-0.188		-0.181		28.8		-0.045		-0.045		0		0		3.5		12		-0.044		-1		1		-0.045		0		0

		144		-0.200		-0.220		-0.210		36.1		-0.053		-0.055		2		4		5.0		25		-0.052		-1		0		-0.055		2		4

		174		-0.244		-0.268		-0.256		43.4		-0.064		-0.063		-1		0		6.0		36		-0.060		-4		20		-0.063		-1		0

		203		-0.280		-0.294		-0.287		50.6		-0.072		-0.072		-0		0		3.5		12		-0.067		-5		22		-0.072		-0		0

		231		-0.320		-0.318		-0.319		57.7		-0.080		-0.079		-0		0		-0.5		0		-0.074		-5		29		-0.079		-0		0

		260		-0.348		-0.366		-0.357		65.0		-0.089		-0.087		-2		5		4.5		20		-0.082		-7		52		-0.087		-2		5

		375		-0.450		-0.456		-0.453		93.9		-0.113		-0.113		-0		0		1.5		2		-0.112		-1		1		-0.113		-0		0

		491		-0.524		-0.524		-0.524		122.65		-0.131		-0.133		2		2		0.0		0		-0.142		11		126		-0.133		2		2

														mean:		-0		0		0		0		mean:		-0		0

														max:		4				rms:		3.2		max:		13

														min:		-12				std error:		1.6		min:		-9

														range:		16								range:		22
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