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Executive Summary by the Head of Instrumentation

The FMOS-Echidna concept is part of the Fibre Multi-Object Spectroscopy (FMOS) system for the Subaru Observatory. 

The Anglo-Australian Observatory (AAO) design for FMOS - Echidna includes three identifiable modules: the fibre positioning system (Echidna), the focal plane imager (FPI) and the prime focus corrector, with the system that manages the overall operation of these three components. 

The Echidna fibre positioner will deploy up to 400 fibres in a 0.5( diameter field of view at the prime focus of the telescope. Each fibre is positioned in the focal plane using its own piezoelectric actuated spine.

The preliminary design continued the development of FMOS Echidna concept from the design presented in March 2001. A prototype of the instrument was built for design, performance testing and software development.

After much iteration, the prime focus corrector optical design is complete and an order for the optics is imminent. The corrector mechanical assembly is significantly advanced, however, some space constraint issues still remain and will be resolved early in the final design stage. 

The Echidna spine and piezo have been modified to a more robust and simpler design. The development has also greatly simplified the electronics design. Both the spine and the drive electronics have undergone extensive testing and provide a significant performance improvement over the design present in the concept design. 

The focal plane imager design has been substantially developed, to the point of building and testing a prototype of one axis of the two axes system.  This has been tested in conjunction with a prototype of the Echidna spine modules (design presented in March 2001) and shown to perform within specification. This has also facilitated significant development of the Echidna software.

Considerable development of the overall system has been undertaken and the design of the Echidna control is presented.

The Echidna design has matured substantially during the preliminary design and prototyping various subsystems has greatly reduced the risk of unexpected problems arising in the later stages of the project. The AAO is confident that the design presented will fully meet the needs of the FMOS Echidna system, providing the Subaru Telescope with the capability to perform cutting edge science.

The preliminary design study present advanced design and system details that demonstrate the Anglo-Australian Observatory can build a highly effective FMOS – Echidna system. Estimates of cost and duration are presented in the FMOS – ECHIDNA, PRELIMINARY DESIGN DOCUMENTATION (Volume 2) MANAGEMENT PLAN.
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1 Introduction

The Anglo-Australian Observatory is under contract with Subaru to design and build three components of the Faint Multi-Object Spectrograph (FMOS) instrument. These are the novel Echidna multi-fibre positioner, the Focal Plane Imager (FPI) used for positioner control and for field acquisition and, lastly, a 0.5( 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 conclusion of the Preliminary Design.

An overview of the Echidna positioner, FPI and corrector can be found in the technical volume of the Concept Design Review presented at a Subaru meeting in Mitaka, March 2001. The modular Echidna system was introduced in this review, wherein the field of view is populated by 12 identical rectangular modules, each containing 40 science fibres and 2 guide fibres. This modular arrangement provides a convenient method for spine replacement if required, in addition to ease of construction.

Given the novelty of the FMOS instrument, in particular the Echidna fibre positioner, substantial prototyping has been an essential part of the project. The preliminary design has culminated in the assembly of a prototype instrument, incorporating a 21 spine, single Echidna module and one axis of the Focal Plane Imager (FPI). The systems have stuck as close as possible to the final design of the instrument. In parallel to the prototyping during the preliminary design, the 12-module full instrument has been developed together with the wide-field, 3-element optical corrector. Their mechanical and systems designs are presented. 

The contents of this document are summarised by chapter below.

Chapter 2 

The flat field corrector design is presented with comprehensive image analysis results across the 0.5( field of view. A history of the corrector designs throughout the project is given in condensed form. Analysis results include rms spot size, encircled energy and telecentricity performance.  A section is dedicated to the image quality at the guide fibre spine locations. 

The design of the corrector housing is presented, including overall dimensions, weight estimates and a centre of mass calculation. 

Chapter 3

The new “fixed-piezo” spine design is presented. The spines are shown to have extremely good positioning performance over the field of view of each spine. Eight of the 21 prototype instrument spines were tested and are shown to have virtually identical performances. Step size versus frequency results are included. The performance of the fixed-piezo spine as a function of temperature is investigated and found to have negligible impact.

Chapter 4 

The design of the 12-module Echidna fibre positioner assembly is presented. The single module is analysed and developed into the full 12-module assembly. The method of supplying electrical connection to the module piezos by using a multi-layer PCB is described. The systems architecture for the assembly is summarised. 

Chapter 5

The Focal Plane Imager (FPI) design is presented. The optical components carried by the FPI are described, together with the sky acquisition and guide fibre re-imaging systems. A comprehensive component list for the FPI is included and the required systems for the FPI summarised.

Chapter 6

The prototype instrument is introduced and its aims specified. The step by step assembly procedure of the prototype is summarised: the spine assembly, the fibre polishing technique, spine body assembly and insertion of the tiny ferrule that houses the optical fibre, and the jig required to set the lengths of the spines. The assembly method of the 3-point mounts is discussed together with the procedure for gluing the mounts into the module base. The ancillary systems for the prototype module are summarised.

The prototype FPI is introduced and comparisons to the full design are presented, with the corresponding systems summarised in the electronics section.

Performance results for the prototype are presented.

Chapter 7

The mechanical and systems designs for the full Echidna instrument are presented. The mechanical section contains rendered drawings of the prime focus unit or “Waku”, with the 12-module Echidna and FPI in place. The electronics rack that surrounds the Echidna positioner is presented. The detailed developments of the electronics and software are presented.

2 Prime Focus Corrector 

2.1 Introduction

In Hilo (December 2001) a comparison between a flat and curve field corrector design was presented. The solution in which the back focal distance of the flat field design got extended from 163mm to 200mm, was the preferred solution. This has been successfully achieved without significant change in the imaging performance. Therefore, the AAO recommends that the flat field version be adopted as the final corrector design for FMOS, alleviating the need for an increase in the cost, complexity, or risks associated with the FMOS Echidna design. The requirement for 200mm back focal length was imposed by space constraints that developed in the FPI design.

This chapter compares the optical performance of the latest flat field design and the most recent of the curved field designs, and for the flat field design discusses; the ghost image analysis, guide fibre considerations and the mechanical assembly.

2.1.1 History

1. Sept 2000: 4 element flat field corrector design, with ADC. Poor image quality. Restriction to IR rather than Optical/IR made ADC unnecessary

2. March 2001: 3 Element IR flat field corrector (P3_S-BSM_flat). Improved image quality, some non-telecentricity was present, but image quality remained unsatisfactory.

3. Sept 2001: 3 Element curved field (3.4m) corrector design (P3_S-BSM_curv_1). Good image quality and close to telecentric, but had a significant ghost image problem.

4. Oct 2001: 3 Element curved field (5.7m) corrector design (P3C_170_a). Good image quality and close to telecentric with no significant ghosts. However, the curved field increases cost, complexity and risk for the Echidna module design.

5. Nov 2001: 3 Element flat field corrector design (P3_130_dj). Good image quality, reasonably telecentric, no significant ghost, but back focal distance (163mm) didn't allow sufficient space for the FMOS FPI and wavefront sensor.

6. Dec 2001: 3 Element flat field corrector design (P3_131) Original glass specified (P3_130_dj) was difficult to obtain so the design was modified to use more readily available Ohara glass. Back focal distance 163mm. No significant change in the optical performance.

7. January 2002: 3 Element flat field corrector design (P3_132_pg). Reasonable image quality, reasonably telecentric, no significant ghost images and back focal distance 200mm. 

January 2002: 3 Element flat field corrector design (P3_133). Reasonable image quality, reasonably telecentric, no significant ghost images and back focal distance 200mm. First lens modified in order to change the lens edge thickness for support purposes. It is a lower cost, less complex and therefore lower risk solution.

2.2 Image Analysis

The relative image performance of two corrector designs – the 200mm back focus flat focal plane design (P3_133) and the curved focal plane (5.7m radius, P3C_170_a) design are compared. The image performance of the correctors are presented in terms of both:

a) Echidna performance only (encircled energy and telecentricity) and 

b) wide-field imaging applications that would use the FMOS corrector (RMS spot size). 

The results of the Echidna performance are summarised in Sections 2.2.1 & 2.2.3 , with the wide field imaging performance in Section 2.2.2 and ghost images in Section 2.2.4.

2.2.1 Encircled energy performance across the 0.5( FOV

The image diameters corresponding to  80% encircled energy are listed in Table 1  both  corrector designs. A total of 8 field positions are investigated, a reasonable sampling from the centre to the edge of the field of view. In producing the results presented in Table 1 and Figure 1, the following conditions were applied:

1. The 80% encircled energy was determined from the sum of the image point spread functions at the following wavelengths: 0.9(m, 1.27(m and 1.8(m. 

2. A focal distance was chosen such that it produced the best on axis image for the design. Note: the design was optimised to give good telecentric performance and the best possible imaging performance over the full field of view. 

It is important to note that neither the errors due to the image centroid positioning with respect to the fibre centre, nor the possible errors associated with the Subaru telescope top end sag, are included in this analysis. 

Note: The FMOS fibre core size is assumed to be 100(m in diameter.

Field Angle (Degrees)
Flat Field - P3_133
Curved Field - P3C_170

0
13
12

0.036
15
12

0.07
19
15

0.107
25
21

0.143
31
28

0.179
37
33

0.214
44
32

0.25
62
33

Table 1: Polychromatic (0.9-1.8(m)  80% encircled energy diameters of the flat and curved field corrector designs as a function of field angle. 

There is little significant difference in the performance of the curved and flat field designs out to a 0.18( diameter field of view. The difference becomes more noticeable beyond this, with the curved field design performing better. However, the 80% energy diameter remains well within the fibre core size (100(m) for both the designs. 


[image: image1.wmf]Corrector performance 80% EE (Optimised for EE on Axis)

0

5

10

15

20

25

30

35

40

45

50

55

60

65

0

0.05

0.1

0.15

0.2

0.25

Field Angle (Degrees)

80% EE diameter (Microns)

Curved P3_170

Flat P3_133


Figure 1: Polychromatic (0.9-1.8(m) 80% encircled energy diameters of the flat (P3_133) and curved field (P3C_170) corrector designs as a function of field position. 

2.2.2 RMS Spot Radii

The imaging performance of the corrector designs can be assessed by comparing the RMS spot radii across the field in Table 2 and the spot diagrams in Figure 2 and Figure 3.

Field Angle (Degrees)
Flat Field - P3_133
Curved Field - P3C_170

0
5.7
7.2

0.036
6.5
6.9

0.07
8.5
6.7

0.107
11.4
7.7

0.143
14.2
9.7

0.179
16.3
11.1

0.214
18.0
10.6

0.25
22.5
12.7

Table 2: Polychromatic (0.9-1.8(m) RMS spot radii in (m.

[image: image2.emf]
Figure 2: Spot diagrams for the flat field (P3_133) design: blue is 0.9(m, green is 1.27(m and red is 1.8(m.

[image: image3.emf]
Figure 3: Spot diagrams for curved field design (P3C_170): blue is 0.9(m, green is 1.27(m and red is 1.8(m.
Beyond ~0.05( the performance of the curved field design is superior to the flat design. Out to ~0.23(( both designs conform to the current FMOS corrector design specification (20(m RMS spot size), the flat field design fails to meet the specification at the very edge of the field. 

2.2.3 Telecentricity 

When estimating the relative throughput of the Echidna system for both corrector designs, it is important to consider losses that arise from beam insertion angles greater than the numerical aperture of the fibre. 

Note: Although FMOS fibre acceptance f/number is expected to be around f/1.9, the current fibre connector design accepts an f/2.0 beam and converts it to f/5.0 for injection into the spectrograph. This limits the effective acceptance f/number for the efficiency calculations to f/2.0.

The coupling efficiencies of the beam from the corrector under examination into an f/2.0 FMOS fibre as a function of spine tilt and field angle (zero spine tilt) are presented in Table 3 and Table 4 respectively. The efficiency assumes 100% coupling for beams with F/numbers slower than f/2.0.

Spine Tilt Radius (mm)
Spine Tilt Angle (Degrees)
Coupling efficiency

0.0
0.00
100%

1.0
0.36
98%

2.0
0.72
97%

3.0
1.07
95%

4.0
1.43
93%

5.0
1.79
92%

6.0
2.15
90%

7.0
2.51
89%

7.5
2.69
88%

Table 3: Fibre coupling efficiency as a function of spine tilt. Spine length = 160mm..

Field Angle (Degrees)
Flat Field - P3_133
Curved Field - P3C_170


Non-telecentric Ray Angle


Coupling
Non-telecentric Ray Angle
Coupling

0
0.00
100%
0.00
100%

0.05
0.35
98%
0.11
99%

0.10
0.66
97%
0.18
99%

0.15
0.94
96%
0.21
99%

0.20
1.16
95%
0.19
99%

0.25
1.62
93%
0.10
99%

Table 4: Fibre coupling efficiency with field position – effect of corrector non-telecentricity (assumes zero spine tilt).
It can be seen that there is some improvement in the fibre coupling efficiency with the curved field design over those of the flat field design for the zero tilt position. However, when observing astronomical fields most of the spines will be tilted with respect to this zero position and, as can be seen in Table 3 and Table 4, the spine tilt is by far the dominant effect. Furthermore, if the target object density exceeds the number of fibres (a likely observing scenario), the spines can be allocated to minimise non-telecentric angle. For the curved field this would mean minimising the tilt from the “zero” angle and for the flat field design minimising the tilt from the “telecentric” angle. The most efficient fibre coupling for the flat field design would have spines progressively point outward as you move towards the field edge. This minimising of the “non-telecentric” angle can be readily implemented in software. Care should be taken to ensure that such a technique does not introduce systematic bias into astronomy surveys.

2.2.4 Ghost images

An analysis of the flat field (P3_133) design for ghost image of stars indicates that the smallest such image (due to reflection from the last and third surfaces of the corrector) has an rms radius of about 34mm. With antireflection coatings on the surfaces, the energy gathered into a fibre core within the ghost would be equivalent to a star about 22 magnitudes fainter than the parent of the ghost. The check also indicates there are no images of the telescope pupil near the image surface.

2.3 Guide fibre performance of flat field design (P3_133)

The imaging and telecentric performance of one set (line) of guide fibres (see Figure 4) is presented below. The guide fibres are situated symmetrically either side of the field centre, so similar performance is expected for both sets. The assumptions are that the guiding will be performed in the optical (500-900nm) and each guide bundle will be a close packed group of 7 fibres with a core size of 50(m. The spot sizes at 1.27(m and 1.8(m are included to demonstrate the infrared corrector performance at these field positions. In addition, differential atmospheric refraction between the optical and infrared images at high zenith angle may require that the guide fibre contain more than 7 fibres (which is discussed in greater detail later in Section 5.2.3). The nominal plate scale is 83(m/arcsec corresponds to a fibre core size of 0.6 arcsec on the sky ( the plate scale varies across the field as a consequence of field distortion). If a fibre core/cladding ratio of 1:1.4 is assumed, this gives a cladding thickness of 10(m, which fulfils the guideline of 10 times the longest wavelength at which the fibre will operate. The active area of each guide fibre bundle will be a hexagon approximately 190(m (3(50 + 40) or 2.3 arcsec across.
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Figure 4: Layout of FMOS- Echidna science, fiducial and guide fibres. The guide fibres that will be “useable” are highlighted in light blue (cyan). The inner circle (purple) represents the 0.5( diameter and the outer circle contains those fibres that could access the 0.5( field. This did not take into account any field distortion introduced by the corrector (see Figure 7). The red rectangles represent the field of view of the FPI camera and the scanning pattern that will be adopted during fibre spine positioning. 

2.3.1 RMS spot size

[image: image5.emf]
Figure 5: Spot diagrams for one bank of guide fibre positions assuming zero spine tilt. The centre of the corrector field is included for comparison. The numbers under each spot diagram are the coordinates of the guide fibre in millimetres, with the centre of the field being zero. Blue corresponds to a wavelength of 500nm, green 900nm, red 1.27(m and brown 1.8(m. The nominal focus of the corrector has been set to optimise the performance at 1.27(m, as would be required by the “science” fibres. In this diagram the guide fibres are assumed to be the same length as the science fibres.

Figure 5 shows that there is a significant elongation of the images and the centroid positions are wavelength dependent. This could impact on the guiding, but it should be possible to calibrate each fibre offset as the elongation and wavelength dependent centroid shift remain reasonable constant over the tilt range of each guide fibre.

2.3.2 Encircled Energy 

In the worst case over 95% of the encircled energy would fall within a 190(m diameter guide fibre bundle and get ~99% within a 200 (m diameter, so would not significant impact the throughput or centroiding. Th worst case corresponds to a nominally field position of  -76.193 , 41.794mm, the most remote of the “useable” guide fibres (see Figure 4).

2.3.3 Telecentric Performance

The telecentric performance of the guide fibre should not be a concern as small amounts of light loss will have little impact on the instrument operation. However, for completeness, the marginal ray angle for the various field positions are presented in Table 5. The marginal ray is the most extreme ray of the nominal f/2.0 beam delivered by the corrector.

X-Coordinate
Y-Coordinate
Marginal Ray Angle

0.0
0.0
14.2

-76.2
-35.4
13.1

-76.2
-22.5
13.5

-76.2
-9.7
13.9

-76.2
3.2
14.3

-76.2
16.1
14.6

-76.2
29.0
14.9

-76.2
41.8
15.1

Table 5: Marginal ray angle for one bank of guide fibre positions. Centre of field is included for reference. Assumes zero spine tilt.

2.3.4  Effect of extending the guide fibre spines

Shown in Figure 6 is the improved imaging performance at the edge of the field of view, due to a 200m refocus.  Therefore there is merit in considering the possibility of assembling the guide fibre spines to have a 200m difference in length to the science fibre spines. This will be decided during the final design.

[image: image6.emf]
Figure 6: Spot diagrams for one bank of guide fibre positions assuming zero spine tilt. The numbers under each spot diagram are the coordinates of the guide fibre in millimetres relative to the centre of the field of view. Blue corresponds to a wavelength of 500nm, green 900nm, red 1.27(m and brown 1.8(m. The nominal focus of the corrector has been set 200(m greater than in Figure 5 and reflects the optimal guide position image size. Therefore the guide fibre spines would require to be 200(m longer than the science spines. 

2.4 Field Curvature and Distortion (P3_133)

2.4.1 Corrector distortions

[image: image7.emf]
Figure 7: Field distortion grid for the flat field corrector design ((=1.27(m). The distortion is scaled ( 10.

The field distortion (Figure 7) is essentially achromatic, normally well defined across the field of view and the effect on the positioning of the fibre spine would be calibrated out relatively simply. However, the Subaru top end flexure could have a significant impact in calibrating the sky to fibre spine mapping. This is described in greater detail  in section 2.4.2. 

[image: image8.emf]
Figure 8: Curvature (sagittal and tangential) and distortion plot for FMOS corrector for ( = 0.6, 0.9, 1.27 and 1.8(m.

Figure 8 shows a small change in optimal focus position across the corrector field of view, and a small shift in the optimal focus position with wavelength between 0.9(m and 1.8(m. A more significant focal shift occurs between 0.5(m and 0.9(m in the visible region where it is proposed that guiding be carried out. This is reflected in Figure 5 with the large spot radii at the shorter wavelength.

2.4.2 Top end flexure compensation

The technique put forward by Subaru for correcting the top end flexure has a implication for the Echidna system. When telescope tube flexure is compensated by translating the corrector (but not Echidna), the centre of the Echidna field no longer coincides with the centre of the corrector’s optical axis.  Therefore the corrector distortion map is de-centred with respect to the centre of Echidna's field, re-pointing the telescope cannot bring fibre spines back into full alignment with the images of the target objects, including the guide stars.

For a guide bundle 0.3( from the centre of Echidna (the most extreme) there is a shift of an on axis image about 47um if the corrector is translated by 1mm since the plate scale differs by nearly 5% between the middle of the field and 0.3( off-axis. It has been suggested that required corrector translations may be greater than 2mm.  Thus, correct positioning of spines must include allowance for this shift in distortion map associated with the translation of the corrector for telescope top end flexure compensation.  Fore-knowledge of the time of observation (i.e. telescope orientation) is therefore required before calculating the fibre spine coordinates for a given field.

The change in the distortion during an exposure of about an hour should not be more than about 1/4 of the maximum.  The implications need to be considered very carefully in the software design.

2.4.3 Atmospheric Dispersion

The FMOS corrector has no atmospheric dispersion corrector (ADC) as it was not deemed necessary for near infrared observations. This significantly simplified the corrector design. The impact on the images at the nominal guiding positions is demonstrated in Figure 5 and Figure 9, which show the spot diagrams for zenith angles of 0( and 65( respectively. 

However, having no ADC complicates the Echidna optical guiding system. This will not only have to compensate for the shift in the images over the field as the telescope moves to a different zenith angle, but also correct for the differential shift in position between the IR science target positions and the visible guiding star positions (Figure 10). This can be up to ~2 arcseconds at large zenith angles. To accommodate this relative shift it may be necessary to enlarge the guide fibre bundles by adding an extra ring of fibres around the current proposed bundle of 7. An alternative is to guide in the near IR, which would alleviate the differential position problem, but would currently significantly complicate and increase the cost of the Echidna guiding system.

[image: image9.emf]
Figure 9: Spot diagram: FMOS object field (P3_133) at a zenith distance of 65(, showing the effects of atmospheric dispersion. Blue is a wavelength of 0.9(m, green is 1.27(m and red is 1.8(m.

[image: image10.emf]
Figure 10: Spot diagram: FMOS guide fibres positions (P3-133)  at a zenith distance of 65(.  Blue (-0.5(m, green (-0.9(m, red (-1.27(m and brown (-1.8(m.

2.5 Mechanical Design

The corrector described in this section conforms to optical design P3_1.33.

With the recognition that an ADC was not required for the FMOS, a simpler corrector design became possible.  This design comprised three singlet lenses, of the same glass, with all spherical surfaces.  As the mechanical design of this corrector does not incorporate an ADC, bearings, gears, motors and encoders (resolvers) are not  required.  Also, as the design does not contain doublets, there is no need for index matching oil, seals, or the lens detailing to retain the seals.  Another noteworthy feature of the design is the large lens spacing, which allows very straightforward mounting of the lenses.

The general arrangement of the corrector is shown in Figure 11.  In the figure the shell and lens mounting hardware are cut away so all the lenses (blue) are visible.  The large green ring is the mount ring interfacing the corrector to the translator mechanism from which it is suspended.  

[image: image11.jpg]



Figure 11: Cutaway view of corrector (P3_133), together with its mount ring and lens hood.

2.5.1 Mounting optical elements

2.5.1.1 Singlets 

The typical mounting of the singlet lenses may be illustrated by Figure 12, which shows an exploded view of the cell for lens 2.  The steel adaptor ring (sand colour) supports the glass lens (blue) directly to provide the axial positional reference.  The lens is clamped by a steel retaining ring (salmon colour) chamfered to match the slope of the edge of the clamped surface of the lens.  A compliant neoprene ring (red) between retainer and lens limits the pressure on the glass.  The twelve bolts which clamp the lens cell assembly together are not shown.

[image: image12.jpg]



Figure 12: Exploded view of lens cell 2.

2.5.1.2 Centering lenses

For good optical performance it is essential that the lenses are well centred.  It is proposed to centre the lenses during assembly using radially inserted plastic screws in their cell, then injecting RTV (room temperature vulcanising) elastomer which will cure, holding the lenses in place.  After cure the screws will be removed.  Only small local ‘pads’ of RTV will be required to maintain centring at the various orientations of the telescope.  The RTV will be injected through a series of radial holes in the lens mounting rings.
2.5.1.3 Compliant clamping

The use of compliant retaining pads in the lens cells limits the pressures applied to the glass by the metal retaining rings.  In particular, they ensure that the differential thermal contraction of glass and steel does not produce high contact stresses. However, the design of the compliant clamps is such that any deflection or flexure is negligible.

2.5.2 Shell Construction

2.5.2.1 Shell

The general construction is modular, as can be seen from Figure 11.  The corrector is assembled from two welded shell sub-assemblies, three lens cell assemblies, and the mounting ring. This modular design means that functional testing can be carried out progressively as the corrector is assembled.

A cutaway, exploded view of the shell welded components is shown below in Figure 13.  The ring also shown (in green) is the interface between the corrector and the corrector translator mechanism (on the Subaru Prime Focus Unit).

2.5.2.2 Lenshood

We propose the use of a lens hood, primarily to prevent damage to the very deep meniscus lens number 1. Figure 15 shows that this lens protrudes well forward of the general shell structure and is thus vulnerable to damage.  A suitable lenshood would make it possible to stand the corrector vertically without lens number 1 contacting “the floor”.  The hood also has some benefit controlling stray light.

There are however some conflicts with the space envelope (see Section 2.5.5.2.2).

2.5.2.3 Materials and construction techniques

2.5.2.3.1 Steel and welding

The shell of the corrector is fabricated from welded mild steel.  As the stress levels in the casing are very low, low carbon (‘mild’) steel is adequate and reduces the risk of low temperature cracking.  The weldments will be stress relieved before final machining of accurate features.  All welding may be carried out by simple manual processes.
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Figure 13: Exploded view of corrector welded components (shells and lenshood), with mount ring.

2.5.2.3.2 Machined components

The lens cell mounts and retainers may be manufactured by conventional milling and turning processes.

The welded structure requires relatively straightforward drilling, milling and turning, primarily on surface to which the lens cells are attached. The design allows ready access to internal surfaces that require machining.

2.5.3 Assembly and finishing

2.5.3.1.1 Order of assembly

To take advantage of the modularity, the order of assembly may be outlined as:

· Assemble lenses into their mounts, fit compliant gaskets and retaining rings,

· Assemble small shell on large shell,

· Install mounted lens 2 cell in shell,

· Install mounted lens1 cell to shell,

· Install lens hood and protective cover,

· Invert corrector assembly,

· Install lens 3 cell and protective cover.
2.5.3.1.2 Assembly methods

The majority of assembly is accomplished by bolting components or assemblies together.  Apart from handling the heavy assemblies, all assembly is accomplished with hand tools.

2.5.3.1.3 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.  

2.5.4 Weight and centre of mass

The mass of the corrector has been estimated at 205 kg, and the mass of the larger components are listed in Table 6. (The mass of the mounting ring is not included in this estimate.)   The centre of mass is located 630mm ahead of the Echidna focal plane.

Item
Mass (Kg)

Shell, lens mounts, lens retainers
103

Lens hood
21

Lens no. 1
35

Lens no. 2
16.7

Lens no. 3
4.1

Miscellaneous (includes fasteners)
25

TOTAL
205

Table 6: Mass estimates for FMOS corrector components.

2.5.5 Compatibility with PFU

2.5.5.1 Location of point ‘A’

The point ‘A’ (strictly, a plane, rather than a point) has been agreed between Subaru and AAO as a physical point of reference on the PFU.  Point ‘A’ is an interface plane between two major structural shells of the PFU structure located 15165mm from the vertex of the primary mirror.

2.5.5.2 Space envelope

The space envelope, supplied by Subaru,  within which the corrector is required to fit is shown in Figure 14. The dotted lines are the space envelope and the centre line is the nominal optical axis of the corrector.  Point A is defined in Section 2.5.5.1 上の.  

2.5.5.2.1 Allowance for corrector translation

Note, we have assumed that this space envelope refers to the corrector package aligned with the telescope mechanical axis, and that Subaru has made due allowance for the space required for the translation of the corrector (to correct for PFU deflection).  
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Figure 14: Allowable space envelope within the PFU

2.5.5.2.2 Fit within space envelope

Figure 15 shows a cross section of the corrector, its relationship to point ‘A’ and the locations of the Echidna focal plane and the centre of mass. The space envelope is also shown (red lines) in the lower portion of the figure. The figure shows that a conflict currently exists between the lens hood and the space envelope. This must investigated  more thoroughly as the lens hood closely conforms to the extreme rays entering the corrector optics.  The current space envelope appears to vignette the beam.  If necessary the lenshood can be removed from the design (but see 2.5.2.2).
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Figure 15: Cross section of corrector (P3_133).  Red lines toward bottom of figure are the limits of the space envelope.

2.5.5.2.3 Area around mount for lens number 1

The mount for lens number 1 has been made to an absolute minimum outside diameter (600mm) in order to comply with the requirements of the space envelope.  Ideally it would be 620mm overall diameter, which would allow a more robust lens retainer and lower stresses on the front face of the lens.

2.5.5.2.4 Location of focal plane

The focal plane is nominally located 100.85mm ahead of point ‘A’ (15064.15mm from the central point of the primary mirror).  This dimension is critical for location of FPI, Shack–Hartmann unit and Echidna itself within the PFU structure.

2.5.5.2.5 Mounting of corrector

The corrector has been designed to mount onto a translation mechanism supplied by other parties.  Subaru has given a location and their preferred design for an adaptor, or mounting, ring,  shown hatched in green in Figure 15. While the corrector  is capable of being mounted in this way, the cantilevered load on the mount, and consequently on the translating mechanism, is substantial (767 Nm).  A mount nearer the centre of mass would significantly reduce the moment load on the mount and translator mechanism.

2.5.6 Summary

 The optical design of the flat field corrector (P3_133) has been demonstrated to be suitable to feed the Echidna fibres. The image quality, telecentric and ghost image performance is well within requirements. The most significant issue is the impact of the top end flexure compensation on the positions of the Echidna spines with respect to the astronomical objects.  

The corrector mechanical design presented is a robust, design, manufactured from readily available materials using common manufacturing techniques. The three optical elements are located in the specified geometric relationship to one another and retained with compliant clamping designed to reduce mounting stresses.

The design has been demonstrated to be mostly compatible with the Subaru PFU design, except for some details of the lens hood, which may be deleted altogether if the conflict with the allowable space envelope cannot otherwise be resolved.  The interface with the proposed corrector translation mechanism has been identified and provision made to mount the corrector to it.  The location of the corrector with respect to a physical reference point on the Subaru PFU has been specified.

Echidna Fibre Positioner

The following section describes the design and performance of a single Echidna fibre positioner. Early in the preliminary design it was found that a single modification to the original concept design positioner, named the “Mitaka-type spine”, not only substantially improved the positioning accuracy of the positioner, but more importantly solved one of the outstanding issues of the concept design. The transition between the two designs, along with the corresponding advantages are summarised. Detailed performance results for several of the newly assembled prototype module spines are presented. The specific details of the new spine design, including dimensions, tolerances and assembling, can be found in the chapter 6.

2.6 The Design change

2.6.1 The “Mitaka-type” spine design

The design of a single Echidna fibre positioner at the end of the concept design stage is shown in Figure 16. In summary, the positioner or “spine” consists of a quadrant tube piezoelectric actuator (QTP) as the driving element cemented into a high grade ball bearing. Cemented into the other end of the ball bearing is a length of carbon fibre tube, chosen for its high stiffness to weight ratio, followed by a section of polyimide tubing. The optical fibre travels the length of the spine and terminates at the last section of tubing. The spine is balanced such that the centre of mass lies approximately at the centre of the ball bearing.
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Figure 16: A single “Mitake-type” spine from the concept design

In this design the central ball bearing slides on a 3-point support consisting of three stainless steel hemispheres cemented to a rare earth ring magnet. The magnet provides the restraining support for the spine, such that the spine is always attracted to the 3-point support, in addition providing the necessary friction between the surfaces in order for the device to operate successfully. A full description of the dynamics of this spine can be found in the technical version of the concept design review (March 2001). 

While the positioning accuracy of the spine was proved to be within the specification, the following issues remained outstanding at the commencement of the preliminary design:

8. The QTPs carried on the spines require an electrical connection to the external electrodes to facilitate spine movement and it was found that anything but very small diameter wires, less than 50m in diameter, would disturb the otherwise relatively uniform movement of the spine. Given that the proposed Echidna assembly consists of 480 tightly packed spines arranged in a hexagonal array, producing a workable method of wiring the QTPs as well as supplying current to the wires themselves, was in practice extremely difficult. In addition, these wires were potentially vulnerable to damage. 

9. The Mitaka-type spine exhibited rather small step sizes, even with the maximum differential voltage of 640V supplied across any pair of electrodes. As a consequence the necessary driving frequency was in the kHz region to produce a reasonable reconfiguration time. Driving single spines at this frequency provided  highly repeatable step sizes , however this was not true when the step size of one spine was compared to the next. At such a high driving frequency, far in excess of the natural resonant frequency of the spine, very slight differences in the spine resonant frequencies result in very different step sizes. The spines could each be driven with independently adjusted voltages , however, to greatly simplify the electronics all spines should be driven simultaneously with the same signal.   Further, the spines should preferably be driven at a much lower frequency  resulting in similar spine tip velocities. Given the magnitude of the Mitaka-type step sizes this was not possible whilst maintaining acceptable reconfiguration times for an Echidna field.

10. During operation of a Mitaka-type spine it was noted that the spine rotated gradually in its mount. Though the rotation was small it was prudent to try and prevent the rotation altogether. At the commencement of the preliminary design no viable solution existed.

2.6.2 The “fixed-piezo” spine design

All of the above issues were solved with the introduction of the “fixed-piezo” design shown in Figure 17. In this design the QTP has been removed from the spine body and is cemented directly into the module itself. In place of the QTP there is a length of Tungsten alloy tubing acting as the counterweight. Carbon fibre tube is again employed in the construction of the spine however the polyimide tube is replaced with a stainless steel taper cemented to a 500m diameter stainless steel ferrule. The optical fibre is previously cemented into the ferrule and polished. The overall length of the spine is 160mm.

In this design the spine passes through the length of the QTP and magnet assembly. As the spines must tilt a finite angle (a maximum of ~2.7() the length of the QTP is restricted. 

With the QTP located directly in the module a method of supplying power to the electrodes is greatly simplified. As soldered joints can be employed, so there is no longer a requirement for the delicate wires that existed in the previous design (note that these joints are not shown in Figure 17). 

[image: image17.jpg]



Figure 17: The “Fixed_Piezo” spine under test

As described in the following sections, the new fixed-piezo spine design not only performs within the specifications for positioning accuracy and durability, but also shows a marked improvement when compared to the Mitaka-type spine design. In addition, the resulting maximum step size is such that a much lower driving frequency can be chosen. 

Lastly, with the QTP cemented directly into the module the direction of motion of the spine are  fixed and well defined and not subject to rotation as observed with the Mitaka-type spine.

2.6.3 The 3-point mount

Each spine is supported by 3-hemispheres cemented to the surface of a rare earth ring magnet, shown schematically in Figure 18. The hemispheres are made from grinding down 2mm diameter high-grade stainless steel ball bearings and coated with a thin layer of Titanium Nitride. To produce the greatest amount of magnetic attraction between the spine and mount, the hemispheres are cemented to the magnet such that no glue is allowed in between the contact surfaces.

The hemispheres are positioned symmetrically round the ring magnet using the small alignment jig shown in Figure 57.  The jig also sets the radial distance of the hemisphere from the centre of the ring magnet such that the contact angle between all ball bearings is approximately 45o. 
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Figure 18: A rendered sketch of the 3-hemisphere mount cemented to the QTP.

Several of the assembled 3-point mounts required for the prototype module are shown before cementing into the module in Figure 19.
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Figure 19: The 3-point mounts left out to dry before cementing into the prototype module.

2.7 Dynamics of a spine

The dynamics of the fixed-piezo spine are in general much simpler than that of the Mitaka-type design. The driving element is still a quadrant tube piezoelectric actuator (QTP), but this design has a much larger diameter to cater for the spine tilt. A sawtooth voltage is applied across a pair of electrodes deposited on the outside of the QTP. The QTP bends by an amount proportional to the applied voltage. 
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Figure 20: A step by step schematic of the fixed-piezo drive concept.

Referring to Figure 20 the dynamics can be summarised in three steps:

11. There is no applied voltage across the electrode pair. The spine is parallel to the longest length of the QTP. 

12. The QTP starts to bend as the applied sawtooth voltage slowly ramps to the maximum value. Friction between the ball bearings of the mount and spine prevent the spine from sliding.

13. The QTP experiences a rapid change of direction as the sawtooth voltage decreases to the original value. The mount accelerates enough to overcome the friction and the spine stays in at same tilt angle in space as shown in 2. A net rotation of the spine has occurred between 1 and 3 (neutral piezo positions).

2.8 Performance Results

The following section describes the performance of 8 fixed-piezo spines assembled for the prototype module, tested using the prototype software discussed in the technical concept design document (March 2001). It is important to note that during the following testing the driving signals were not segmented as is required for the driving and switching of multiple spines. The spine performance under such conditions is presented in  chapter 6  . 

2.8.1 Apparatus

The experimental set-up is identical to that used for testing the Mitaka-type spines during the concept design. Each of the spines under test is placed on a 3-hemisphere mount identical to that described in section 3.1.3. The fibre exiting the top of the spine is fed through a small brass  guide and is then terminated at an LED. The 100m diameter back-lit fibre is imaged at the spine tip by a 0.25( microscope objective in combination with a Pulnix ½ inch format CCD video camera. 

The prototype software was written using National Instruments Labview graphical interface package. The software is able to directly control the driving electronics used to power the QTP such that the system is completely automated. Several testing routines exist with the more important being: a step size versus voltage test, a step size versus trigger frequency test and what is called a “random_move” test. The latter initially calibrates the spine in the four cardinal directions of motion, then attempts to position the spine tip to within 10m of a randomly generated position within the limit of movement of the spine, known as the spine field of view. The process continues for up to several thousand allocations. Results of all three tests, the latter performed in both the horizontal and vertical orientations, are presented below.

2.8.2 Step size versus voltage

2.8.2.1 Results for spine P001

The step size performance of spine P001 (the first of the prototype spines to be assembled) is shown in Figure 21. The test procedure is as follows. After placement on the test mount the spine is moved in one direction using a fixed sawtooth driving frequency of 70Hz. The fibre image centroid both before and after are measured, then the magnitude of the movement is calculated. The spine is then moved in the opposite direction by applying the sawtooth signal in the opposite sense across the same pair of electrodes. This cycle is performed three times at each voltage interval. The voltage range spans 4V to a maximum of 160V across the electrode pair. Only one pair of electrodes is tested per spine. It had been demonstrated previously (CoD, March 2001) there is little difference in the linearity between one spine direction and another so to significantly reduce testing time only one pair of electrodes, hence one direction, was tested.
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Figure 21: Step size versus applied sawtooth voltage of prototype spine P001, the first to be tested.

By referring to Figure 21 the following should be noted. Firstly, for spine P001 the threshold voltage, or the minimum voltage required to produce a net tilt of the spine, is approximately 20V. Below this level the motion of the QTP is unable to overcome the frictional force existing between the spine and 3-point mount. Secondly, the repeatability of the results at any single voltage step is extremely good, so good in fact that it is difficult to distinguish one point from another(for each of the voltages under test, there are a total of six points displayed – 3 for the forward direction and 3 for the reverse). Lastly, the relationship between step size and voltage is not completely linear, particularly at low driving voltages (below 80V). This is more a point of interest rather than of concern as the final instrument only a select few voltages to drive  the spines.

The maximum step size achieved, at an amplitude of 160V, is approximately 55m. Combining with a trigger frequency of 70Hz this results in a maximum spine tip velocity of 3.85mm/s, sufficient to achieve the reconfiguration time specification.

2.8.2.2 Results for all spines combined
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Figure 22: Prototype spines P001 – P010 (excluding P006 and P009) results for step size versus amplitude of applied sawtooth voltage.

The step size performances of all 8 spines under test are shown in Figure 22. Note that, as for the single spine performance shown in Figure 21, each spine is moved three times in both directions, per voltage interval. Below a sawtooth amplitude of ~100V the step size profiles are similar, and consistent enough to allow multiple spines to be positioned simultaneously. At 78V amplitude the average step size for all spines in the forward direction was 21.75m with a standard deviation of 2.1m or approximately 9.7%. For the return direction the average step size for all spines is 20.9m with a standard deviation of 1.8m or 8.6%. It should be remembered that these figures do not reflect the repeatability of the step size for any individual spine, which are significantly less variable . As an example, for the spine P005 the standard deviation of the three forward movements is 0.04m or 0.2%. The remaining spines have similar standard deviations at all voltage intervals.

As the applied voltage increases past ~100V the spine to spine step size variations start to become significant. At a maximum applied voltage of 160V, the average step size in the forward direction is 59.6m with a standard deviation of 4.9m and in the reverse direction the corresponding values are 57.0m, 5.9m. The percentage variation remains reasonable constant throughout the voltage range, with the variation at 160V being 8.2% and 10.4% respectively. Once again the step size repeatability for a single spine is extremely consistent: the standard deviation for spine P005 in the forward direction is only 0.2%. The remaining spines show similar or better repeatability. The differences in spine to spine step sizes, is not a great concern as the software can calibrate them out.  

2.8.3 Spine direction versus voltage

An important result of the fixed-piezo spine is the stability in the direction of movement. It is important for the positioning software that the directions of movement of each spine are both constant and, for the two electrode pairs, approximately orthogonal to one another.  The direction and magnitude of movement should correspond to the vector sum of the movements of the orthogonal electrode pairs of the QTP, assuming no fibre interference or asymmetric in the 3-point mount effects.

2.8.3.1 Repeatability

Shown in Figure 23 are the calculated forward and return directions of movement for spine P001, as a function of voltage, obtained during the step size versus voltage tests discussed above. It should be noted that only one electrode pair is tested.
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Figure 23: Spine P001 direction versus voltage results for a single electrode pair.

When studying Figure 23 it should be noted that for each voltage interval there are 6 recorded data points. The points correspond to the calculated angles of movement, with respect to the video camera axes, in the forward and reverse direction performed 3 times consecutively. The following is noted from Figure 23:

14. Below a voltage of 20V the spine does not step and therefore the calculated angles displayed are entirely meaningless.

15. The calculated directions for both forward and reverse motion as a function of voltage are very stable. The average of the forward direction is at an angle of -94.6o with a standard deviation of 2.4o. For the reverse direction the average is 85.6o with a standard deviation of 2.1o. The two angles should be 180o apart as they correspond to the same electrode pair driving the spine in the forward and reverse direction, which they are to well within the standard deviation

16. At each voltage interval the direction repeatability is highly stable. For example, at a driving voltage of 78V the standard deviation, of the 3 forward results, is only 0.1o. A similar scatter is found at other voltage intervals and in the reverse direction.

For the remaining spines the results are similar. The average directions for the different spines under test lie in a 10o range, as shown in Table 7. Though not ideal, this spine to spine variation can be readily calibrated out by the software.

Spine Number
Average Forward
Standard deviation Forward
Average Return
Standard deviation Return

P001
-94.6
2.4
85.6
2.1

P002
-95.8
2.0
87.4
1.2

P003
-89.7
2.6
88.8
2.0

P004
-88.6
2.5
89.2
1.5

P005
-89.2
1.9
83.6
3.6

P007
-91.7
1.6
88.2
3.2

P008
-95.3
1.7
85.0
3.4

P010
-95.5
1.8
85.1
1.4

Table 7: Direction results for all spines under test (one axis only).

2.8.3.2 Orthogonality

The angular separation of the two directions of motion for a single spine should be 90o, representing the angular separation of the two pairs of electrodes of the QTP. An offset, approximately 10-20o, is allowed by software though ideally one would like the value to be close to 90o for optimum spine travel. Shown in Figure 24 are the average step size of several hundred moves performed by spine P001 during a random_move test (see Section 3.3.1), split into their separate x and y components. In summary, during such a test the random_move software attempts to position the spine within 10m of a randomly generated coordinate in the field of view of the spine. After each spine move, the magnitude of the x and y components of the move are stored. Each spine movement can represent any number of steps up to the maximum ”allowed” by the software. The maximum number of steps depends on the total distance from the starting position to the target position.. The driving voltage (120V) and trigger frequency (70Hz) remained constant throughout the test.
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Figure 24: The calculated step size  (in microns) of several hundred spine movements for spine P001, displayed relative to the video camera axes.

The orientation of the spine directions of motion can clearly be seen in Figure 24. The slight rotation of the axes, corresponding to the directions of motion of the spine with respect to the video camera axes can easily be explained by the physical offset of the electrodes with respect to the video camera axes. (This angular offset was previously noted “by eye” before commencement of the tests.)

Though not exactly 90o the angular offset between the x and y axes of motion for this spine is extremely close and certainly acceptable. The remaining spines have similar profiles when driven by the same QTP and 3-point mount, as shown for spine P010 in Figure 25. 
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Figure 25: The calculated step size averages (in microns) of several hundred spine movements for spine P010, displayed relative to the video camera axes. 

2.8.4 Step size versus frequency

The  step size dependence on the driving frequency of the sawtooth signal was initially flagged during the concept design (completed in March 2001). In summary, for the Mitaka –type spines driven at quite large frequencies (~1kHz), it was noted that  quite considerably changes the step size could be introduced by changing the frequency. More importantly, the change in frequency needed not to be very great – a few Hertz could change the step size by more than 10% in some cases. Research into the effect confirmed that its origin lay in the interaction of the QTP bending movement with the natural resonance of the spine itself. In short, after every “snap” of the QTP that drives the spine tilt, the carbon fibre tube begins to oscillate at the natural resonant frequency corresponding to the fundamental mode. With a QTP bending at a high frequency the spine has not finished resonating when the next snap of the QTP occurs, the resulting spine tilt and subsequent step size is altered from the low frequency performance value.

With the advent of the fixed-piezo spine and the much larger step size, in combination with the multi-spine drive electronics, the driving frequency can be reduced to less than 100Hz. It is of interest to note that even at such a low frequency there remains structure to the step size versus frequency profile. As will be shown the magnitudes of such fluctuations for any single spine are acceptable and, in addition, are reproducible between spines. 
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Figure 26: Step size versus frequency of sawtooth signal for spines P001-P010 (excluding P006 and P009).

Shown in Figure 26 are the step size versus frequency responses for the prototype spines under test. For spines P001-P004 the test bandwidth is 134Hz with a sample point every 1.34Hz. For spines P005-P010, excluding P006 and P009, the bandwidth is 100Hz with a sample point every 1Hz. The amplitude of the sawtooth signal is 45.2V with both the forward and reverse step size averages of 10 steps shown for each spine under test. The spines were tested for one axis of travel only – the orthogonal axis of motion was not tested. For display purposes a multiple of 10m is added to the step size averages of subsequent spines to P001.

From Figure 26 the following should be noted.

17. As previously demonstrated the direction of travel along the axis of motion does not effect the step size versus frequency response for a single spine.

18. The step size profiles for all spines under test are extremely similar. 

19. Careful scrutiny of the profiles shows that certain features occur at slightly different frequencies. For example, the feature marked “A” in Figure 26 occurs at approximately 50Hz for spine P003, just under 50Hz for spine P002 and just over 50Hz for spine P001. The difference is caused by minor differences the spines that effects their natural resonant frequency.

20. The magnitudes of the “oscillations” in the data are quite acceptable over the whole 100Hz bandwidth, as discussed below.

21. Certain drive frequency regions exist where the step size variability of all the spines is significantly different.  Two contrasting regions are labelled “B” and “C” in Figure 26 and are discussed below.

2.8.4.1 Step size average for 1-100Hz 

The forward direction step size averages for the 1-100Hz bandwidth are presented in Table 8 for all spines under test. The average step size ranges from 11.3m to 12.0m with standard deviations of roughly 1m or 8%. It is not entirely clear why, but spine P002 is noticeably worse than the other spines ( see Figure 26. Given that the average step sizes shown in Table 8 correspond to the entire bandwidth under test, when in practice only 1 or 2 frequencies will be selected, it is encouraging to see such small standard deviations.

Spine Number
Average step size (m)
Standard Dev. (m/%)

P001
12.2
0.9/7.3%

P002
13.0.
1.8/13.9%

P003
12.1
0.7/6.1%

P004
11.3
0.9/8.0%

P005
11.6
0.9/7.9%

P007
11.5
1.1/9.8%

P008
12.1
1.1/8.9%

P010
11.3
0.7/6.3%

Table 8: Step size average and standard deviation for 1-100Hz bandwidth.

2.8.4.2 Regions B and C

The following data highlights the benefit of selecting the optimal frequency to drive the spines. Presented in Table 9 are the data corresponding to the 40-60Hz frequency bandwidth, the format identical to that presented in the Table 8. This bandwidth, marked region “B” in Figure 26, for all spines shows a marked feature in the step size profile (marked “A” in Figure 26) causing the resultant standard deviations to increase by 4-5% in some cases. Choosing a driving frequency in this region would therefore be unwise.

Spine Number
Average step size (m)
Standard Dev. (m/%)

P001
11.7
1.4/11.6%

P002
12.9
1.9/14.5%

P003
11.8
1.2/9.8%

P004
11.2
1.4/12.2%

P005
11.1
1.1/9.6%

P007
11.2
1.5/13.7%

P008
11.6
1.2/10.5%

P010
10.9
0.8/7.4%

Table 9: Step size average and standard deviation for 40-60Hz bandwidth (Region B in Figure 26).

Spine Number
Average step size

 (m)
Standard Dev. (m/%)

P001
12.2
0.3/2.8%

P002
14.0
0.7/5.2%

P003
12.3
0.4/3.1%

P004
11.1
0.5/4.2%

P005
11.6
0.4/3.1%

P007
11.3
0.6/4.9%

P008
11.5
0.5/4.7%

P010
10.9
0.3/2.9%

Table 10: Step size average and standard deviation for 60-70Hz bandwidth (Region C in Figure 26).

In contrast the 60-70Hz region, marked “C” in Figure 26, shows extremely steady step size performance as a function of frequency. Referring to Table 10 the largest standard deviation of any spine under test is 5.2% (spine P002), and four of the spines have a standard deviation close to 3%. This is extremely encouraging and any residual differences in step size from spine to spine can be calibrated out by the software.

2.8.5 Spine positioning results with Random_move

A selection of the prototype module spines were tested using the random_move software described in Section 3.3.1. The software is capable of comprehensively testing the positioning performance of a single spine across a user specified field of view. 12mm diameter was used for the following tests, that is slightly smaller than the full movement range of 14mm diameter for the final instrument. For a typical observing set up the software would minimise the spine tilt to maximise the fibre coupling efficiency (see section 2.2.3. Very few if any spines would utilise the full 14mm field of view, particularly if the number of objects per science field is greater than the allocatable spines (~400). 

For the results presented in this section the following should be noted:

22. Each spine is tested on the same 3-point mount described above. 

23. The experimental set-up is the same as that used in the testing of the Mitaka-type spines, described in the technical concept design document (March 2001). 

24. A successful allocation is deemed to have occurred when the image of the spine tip is centred within 10(m of the target position.

25. The driving sawtooth signal is non-segmented, which is not representative of the full system design in which many spines are driven at the same time, but is appropriate for these tests. The following results present a performance comparison with all variables, other than the spines themselves, removed.

26. Each spine is tested in the horizontal and vertical orientation.

27. A total of 100 object allocations are performed for each spine unless stated otherwise. A single calibration is performed at the beginning of the test run. 

28. Two iteration sawtooth waveform settings are : “iteration 1”, where relatively large moves are required, the  waveform amplitude of 120V and a driving frequency of 70Hz are used, whereas fine movement (<100(m) “iteration 2” is required, a 48V amplitude waveform and 10Hz driving frequency is used.

29. The random_move software is able to ascertain the step size and direction of each and every spine step. It achieves this by taking a single frame of data from the video camera after every step. This is relatively easy to implement using random_move, however, for very good timing reasons, the same is not true for the prototype module software, where numerous spines are driven simultaneously. Note that to reduce the total 400 spine reconfiguration time of the full system, the frame of video data is captured after the spine has made the full moved (many steps) in both directions of travel. The repeatability of step sizes is sufficiently reliable that only recording the position at the start and finish of the move is more than adequate for satisfactory operation.
Spine Number
% of objects allocated in 1, 2, 3, 4, 5, 6, 7, 8 iterations

P001
2, 20, 69, 89, 100, 100, 100, 100, 100

P002
1, 24, 94, 100, 100, 100, 100, 100

P003
1, 36, 87, 98, 99, 100, 100, 100

P004
1, 21, 95, 100, 100, 100, 100, 100

P005
2, 28, 98, 100, 100, 100, 100, 100

P007 (99 objects)
0, 20.2, 94.9, 98.9, 98.9, 98.9, 100, 100

P008 (99 objects)
0, 18, 87.7, 96.8, 98.8, 98.8, 98.8, 100

P010
1, 13, 87, 100, 100, 100, 100, 100

Table 11: The random_move positioning results for a selection of the prototype module spines (horizontal orientation).

Table 11 and Table 12 summarise the performance of all spines under test when positioned in the horizontal and vertical directions respectively. As can be seen the vast majority of spines are positioned on the object target with only 4 iterations  and on average 89% of targets are acquired within 3 iterations. This is well within the specification.

Spine Number
% of objects allocated in 1,2,3,4,5,6,7,8 iterations

P001
0, 24, 91, 100, 100, 100, 100, 100

P002 (123 objects)
1, 24, 94, 100, 100, 100, 100, 100

P003 (98 objects)
0, 32.7, 91.9, 97, 99,99, 100, 100

P004
1, 14, 62, 97, 99, 100, 100, 100

P005
1, 27, 97, 100, 100, 100, 100, 100

P007
1, 17, 89, 98, 100, 100, 100, 100

P008
1, 40, 92, 96, 97, 99, 99, 100

P010
0, 32, 99, 100, 100, 100, 100, 100

Table 12: The random_move positioning results for a selection of the prototype module spines (vertical orientation).

Even more impressive is the first interation accuracy of the spines. This value represents the stability of the step sizes and corresponding directions over the entire field of view – something that is not tested during the step size versus voltage tests presented earlier. For each object allocation the first iteration step sizes are calculated from the initial 50-step calibration of the spine (performed in all 4 directions). In the full system this would typically be performed at the start of the night as part of the initialisation and setup procedure. No matter where the target destination resides in the field of view of the spine, the number of steps and step size are calculated using the  initial calibration data. The first step size performance of the prototype spines under the random_move test (horizontal orientation) are shown in Table 13. The results in column 2 show the average distance to the target after the spine has performed a single iteration, expressed as a percentage of the initial distance. For example, if the initial distance to the target is 6000m, a 10% position error after the first iteration step would be a spine to target distance of 600m. 

Spine Number
Average distance to target (m)
Average distance to target after 1 iteration (shown as % of initial distance)
Standard Deviation (%)

P001
5548
5.0%
2.5%

P002
5413
6.0%
3.4%

P003
5472
3.0%
1.8%

P004
5479
2.6%
1.3%

P005
5608
3.4%
2.4%

P007
5101
3.8%
2.6%

P008
5679
4.3%
2.9%

P010
5548
5.1%
2.9%

Table 13: First iteration performance during the random_move test (horizontal orientation).

As can be seen in Table 13, the first iteration performance of all 8 spines under test is substantially better than the specified value of 10%. This is an extremely encouraging result to take forward into the development of the prototype assembly. 

Figure 27 shows the iteration performance of a spine taken at random, in this case P001, after a 100 object allocation test under random_move. The left-hand diagram displays the distance, on a logarithmic scale, to target for the last three object allocations the spine performed. The right-hand diagram shows the number of iterations required for each of the 100 objects, the colour of the square representing the number of iterations required to reach the target. The colour coding is as follows: target acquisition in 1 iteration-dark blue: 2 iterations-dark to mid blue: 3 iterations-mid blue: 4 iterations-light grey: 5 iterations-white: 6 and above iterations – red. The diagram shows the excellent performance of this spine over the entire field of view, well within that required to achieve the reconfiguration time specification. The results for the remaining 7 spines, at both orientations, are very similar.
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Figure 27: Iteration performance over the 12mm diameter field of view for spine P001 (horizontal orientation).

2.8.6 Longevity testing

Tests replicating an estimated 10-year of operation for the FMOS instrument have been performed throughout the development of the Echidna spine. Note that several of the Mitaka-type spines were operated for much longer with up to 10,000 object allocations (equivalent to 17 years of operation) testing various properties such as the QTP durability and the positioning performance of the spine with time. With the design change to the fixed-piezo spine and a thinner walled QTP from a different supplier, the tests where repeated on the new spine design.
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Figure 28: The prototype fixed-piezo Spine G during longevity testing.

Spine G, an early prototype fixed piezo spine (Figure 28) was tested for 7000 object allocations, corresponding to approximately 12 years of simulated operation (this assumes 10 fields per night and 60 nights per year on the Subaru telescope). No performance degradation was witnessed during the test. For example, the first iteration performance of Spine G, in the horizontal orientation, remained around 7.1% throughout the several days of continuous testing.

The prototype module spines were later tested for longevity of performance once assembled into the prototype module. Results are given in Section 6.4.2.2. It should be noted that the project now has a fully working prototype module, so longevity testing of the spines and associated actuators is much more time efficient task.

2.8.7 Interference testing

Three of the fixed_piezo spines were assembled at the module design spacing (roughly 7mm) on separate 3-point mounts. With all spines driven simultaneously using the same driving waveform, one of the spines was back-lit and tested using the random_move software. It was found that the performance did not suffer due to magnetic, electrical or physical interference between the spines. 

The subject of potential interference in the prototype module is discussed in Section 6.4.2.3.

2.8.8 Temperature testing

2.8.8.1 General procedure

It is well known that the performance of QTP actuators changes with temperature.  Since the Echidna fibre-positioning system will have to function effectively at temperatures between –5C and +10C, it was necessary to test a spine at a variety of temperatures.  To test, we mounted a spine in an environmental chamber. It should be noted that the spine under test was a fixed piezo type spine but  not one of the prototype module spines discussed in previously.  However, it was the QTP that was under test, which has remained fundamentally unchanged. The spine design may effect the absolute performance of the system, but should not affect the important relative performance of the QTP in these tests.

Step size versus temperature

Our primary concern was that the step performance of the spine would vary significantly with small changes in temperature. Even though we can calibrate the spine step size at each temperature, it would be  an inconvenience if the spine step size changed greatly between “room temperature” (~23(C) and the range of operating temperatures expected at the telescope.

Figure 29 is a plot of step size vs. voltage at three temperatures.  From the graph it can be seen there is a change in step size with temperature, but the difference is not that great over the test range. In fact, contrary to expectations, the step size appears to increases and linearity improves at lower temperatures.

[image: image29.emf]Step Size vs. Voltage

0

10

20

30

40

50

60

0 50 100 150 200

Applied Voltage (Vpk)

Step Size (µm)

0C

10C

23C


Figure 29: Step size vs. voltage at various temperatures.

Another initial concern was that changes in temperature would affect the number of iteration need to complete a full spine move. A random_move test was performed 100 times at each of 23o, 10 o, and 0 o C. The number of iterations required to complete to move to within 10(m of the target position was recorded. The results are shown in Figure 30.  The results at the three temperatures are very similar.  The performance at 10 o C is not quite as good as at 0 o C or 23 o C, though the difference is not a cause for any concern. Note: Overall the performance of the early prototype spine and 3-point mount under test was slightly worse than the later prototype module spines, as improvements were made to the design during the course of the preliminary design study.
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Figure 30:  Random move performance vs. temperature.

Related to the above was a concern that small fluctuation in temperature, which could be difficult to calibrate out, would significantly affect the spine performance. The spine was calibrated once at the beginning of the night and then left to run as the temperature drifted from –1oC to –6 o C and back to 0oC.  The number of iterations needed to reach to within 10(m of the target position was recorded each time, and plotted against the move number. The results are shown in Figure 31.  and show that the spine performance is very consistent,  showing no apparent dependence on temperature over this 6(C temperature swing.
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Figure 31:  Random move test without recalibration.

2.9 Summary

The performance of the new fixed-piezo spine has surpassed all expectation. It has been shown that such a spine is capable of quickly positioning an optical fibre within 10m of a target object position, located in within 12mm diameter spine field of view. The spine has a relatively large step size and low step size variability as a function of driving frequency. It was shown that all 8 spines under test have virtually identical performance when tested on the same 3-point mount. The location of the QTP in the module, a feature made possible by the fixed-piezo design, facilitated a simple and robust method of electrical connection to the electrodes of the QTPs. Preliminary temperature testing of the spine performance suggests that the step size does not change significantly with changing temperature, and more comprehensive environmental testing will be performed later on the prototype module.

The Echidna Fibre Positioner Assembly

The 12-module Echidna assembly, proposed in the concept design review, has been significantly developed and a single module working prototype has been built and tested during the preliminary design. The following chapter describes the mechanical and systems design of the 12-module assembly for the final instrument. 

2.10 Mechanical design

Echidna spines will be mounted in 12 modules, each accommodating 42 spines, including 2 guide fibre spines, and 2 fixed fiducial spines as shown in Figure 32. The main structural component of each module is a steel bar approximately 12 mm wide, 8 mm thick and 220 mm long. To minimise sagging of the module the material of choice will be non-magnetic stainless steel. Each module contains 42, 3-point mounts as shown in Figure 34. These consist of a piezoelectric actuator, a rare earth ring magnet and 3 hemispheres all glued together in the fixture. Once assembled they are glued into the module using a jig that ensures each spine ball bearing is located by the hemispheres, at the same spacing from the neighbouring balls and at a fixed distance from the mounting surface of the module. A photograph of the prototype module is shown in Figure 33.

Science and guide fibres are placed directly onto the 3-point mount bearing (created by the 3 hemispheres) and are kept in position by magnetic force. Fiducial fibres are fixed to both ends of the module and are constructed to minimise deflection when operating at all specified orientations of the telescope. 

The module supports an overhead middle bridge (see Figure 32). This bridge has grooves machined to accept miniature ferrules through each of which a fibre is fed and then glued. All of the ferrules are fitted to the middle bridge by simple clamps. On the top bridge fibres are grouped into 4 ferrules; one each for guide and fiducial fibres, another pair is reserved for each set of 20 science fibres. The science fibres are placed in a single conduit which transfers the fibres through the twister mounted in the PFU and then directed to the fibre connector located on the top end ring. The guide and fiducial fibres are transferred to the location of the cooled camera and local back-illumination system, away from the FPI. The space between the middle and top bridge is enclosed by two transparent screens which constrains the fibres and allow easy inspection. 

Handles are mounted on the top bridge to facilitate module removal.

Above each module there is a structure connected to the support base by four columns(Figure 36). The main function of this structure is to separate and rigidly hold all modules on the top side. In addition it has a lifting lug for removal of the whole Echidna assembly. It will be used as a base for a holder that will keep all the conduits leading from each module to the cable twister mounted above Echidna. 

Each module will be precisely located on the module support base by two dowel pins and fixed by two bolts. After mounting the module to the base the module PCB must be fixed to the Main Board support bracket. Both module PCB and Main Board are connected electronically by the Switch Board.

Before placing a module in the assembly, a special cover (sliding on the fiducial mounts) should be attached to the module to prevent accidental damage of fibres. The cover is shown in Figure 37. The complete Echidna assembly, shown in Figure 36, is positioned accurately by means of dowel pins and fixed to the Main Structural Plate. The “Z” position along the telescope axis is determined during commissioning by inserting relevant shims between the main structural plate and the Waku-3 surface. Providing the Waku-3 and the main structural plate surfaces are perfectly matched, the spine tips will be positioned accurately on the focal plane.
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Figure 32 A single Echidna module shown with all spines and fiducials in place. The optical fibres are not shown in this diagram
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Figure 33: The prototype Echidna module half filled with spines. Both fiducials can be seen mounted at either end of the module.
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Figure 34 An Echidna base showing the location of the piezo actuators with 3-point mounts attached. The multi-layer PCB is shown coloured green in the diagram.

[image: image35.wmf]Hemispheres

Magnet

Piezo

-electric

actuator


Figure 35: A rendered drawing of the 3-point mount used to support and drive a single spine.
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Figure 36: The 12- module Echidna fibre positioner assembly, shown with all modules in place.
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Figure 37 An exploded view of the Echidna fibre positioner assembly. Three of the12 modules are shown.

2.11 Echidna Electronic Design

2.11.1 General design and changes from CoDR

The electrical design for the Echidna fibre positioning system was submitted for the concept design review in March of 2001.  The design was made with a number of assumptions which were true at the time.  Since then there have been some very fundamental changes in spine design and architecture which have resulted in very substantial changes in the electrical design.  It is believed that this new design is more compact, simple to operate, reliable, and results in quicker spine reconfiguration with less power consumption.  

At the most basic level, the Echidna electrical design is the same.  A computer generated drive signal is amplified, and the amplified signal is switched to the appropriate spine(s).  At the next level of detail it can be seen that there have been three fundamental changes in the implementation of this design.

The first fundamental change in the new electrical design is that the piezo actuators are now fixed directly to each module circuit board.  This was not previously possible since the piezo actuators were originally part of the pivoting spine, and electrical connection had to be made through fine, fragile wires.  The new design, with piezo actuators soldered directly into a printed circuit board, is inherently more reliable and robust.  A second advantage is that the spine directionality is fixed since the piezo cannot rotate.

The second fundamental change is that the switching electronics have been moved adjacent to the spine modules.  A switch board will be located at each end of a spine module, which will make all connections between the module and the main Echidna boards. The main advantage of this design change is that it eliminates virtually all of the cabling and connectors that would have been needed to run from the drive electronics enclosure to the spines.  The former design had approximately 35 large, high density electrical cables connecting to the spine platform.  The new design has only one.

The third fundamental change is that the spines will now be driven in parallel.  The original design had 24 computer-generated drive signals feeding 24 amplifiers driving 24 spines at once.  The new design has one drive signal which is amplified by four amplifiers. These amplifiers are capable of driving 200 spines simultaneously.  The new design only requires that the computer system be capable of switching each spine ‘off’ at the appropriate time.  The same signal can be sent to a whole group of spines to drive them all in parallel, and each spine is switched off in pseudo real time as it reaches its target.

2.11.2 Spine Drive Electronics

2.11.2.1   General description

The electronics which directly support the Echidna spines can be classified into two groups—the spine drive electronics and the switching electronics.  The spine drive electronics will be located in a cooled enclosure in the top end PFU, while the switching electronics are located adjacent to the Echidna spine modules.  For this reason the spine drive electronics are sometimes called the Echidna electronics.  The function of these two groups is quite simple—the spine drive electronics generate signals which drive the spines, and the switching electronics determine which spines are connected to those drive signals.

Figure 38 is a block diagram of the Echidna spine drive electronics.  Seven blocks make up the spine drive electronics, and these blocks are responsible for the generation of the control signals and drive signals necessary to move the spines.  Also in these blocks are telemetry and isolation circuitry. These items will be explained in more detail shortly.  The spine drive electronics will be housed in a Eurocard format chassis.

All of the detailed schematics for the spine drive and switching circuitry are saved as PDF documents and are supplied as part of the Preliminary design review.
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Figure 38:  Echidna Spine Drive Electronics.

2.11.2.2   Power

Referring to Figure 38, AC line power enters the electronic chassis where it is filtered and sent through over-voltage protection circuitry.  The AC power then directly powers the main power supply.  The main power supply is a triple-output supply which is needed for all of the logic and control functions of the spine drive and switching electronics.  It is this power supply which supplies the voltage needed to run the high voltage DC-DC converter.  The DC-DC converter generates +/-150V needed to supply the high voltage amplifiers.

2.11.2.3   Interface/Control/Telemetry

The interface board, also in Figure 38, is a focal point of the spine drive electronic chassis.  As its name implies, the first function of the interface card is to interface between the Echidna control computer and the spine drive electronics.  The computer-generated drive signal originates from the PCI6711 analog output card in the Echidna computer, and enters the spine drive electronics through the interface card.  Similarly, the digital input and analog output lines to the DT302 multifunction I/O card enter the spine drive electronics through the interface card.

The second function of the interface card is remote enablement.  Various parts of the electronics can be remotely enabled or disabled through these functions.  The enable functions which pass through the interface card are listed in Figure 39.
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Figure 39:  Remote enable functions of spine drive electronics

The third function of the interface card is telemetry.  All of the telemetry read-outs come to the interface card where they can be selected, buffered, and/or isolated.  These signals are then sent out to the DT302 I/O card, where they are converted to digital signals which can be read by the remote computer.  The telemetry functions which are handled by the interface card are listed in Figure 40.


[image: image40.wmf]Telemetry Functions

•

+5V Power Supply Voltage

•

+5V Power Supply Current

•

+15V Power Supply Voltage

•

+15V Power Supply Current

•

–15V Power Supply Voltage

•

–15V Power Supply Current

•

+/-150V DC-DC Converter Voltage

•

+150V DC-DC Converter Current

•

–150V DC-DC Converter Current

•

Ambient Temperature of Echidna Enclosure

•

Temperature of 150V DC-DC Converter

•

Readback

 on Input Driving Signal

•

Output Voltage of Amplifiers 1-8

•

Temperature at Spine Modules


Figure 40: Telemetry functions of spine drive electronics.

The final function of the interface card is to pass the address lines needed to control each spine. Each spine has a unique address according to its side, module, group, etc, and each spine can be connected to the appropriate drive signal by addressing it and setting the Data, Direction, and Send bits. The address/control lines are listed in Figure 41.
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Figure 41:  Address/Control lines which pass through spine drive electronics.

2.11.2.4   Amplification

The analog drive signal generated by the PCI6711 card in the Echidna computer has a peak amplitude of 10V maximum. Piezo actuators require high voltages on the order of 100V peak to be effective.  The amplifier board, as shown in Figure 38, has four amplifiers based around the PA15 high voltage operational amplifier. These amplifiers convert the low voltage drive signal to a high voltage signal.

The amplifiers work in pairs, with one pair connected to the ‘A’ side of the modules and the other pair connected to the ‘B’ side (these sides will be defined and explained in the section on Switching Electronics).  Of each amplifier pair, one is an inverting amplifier and the other is a non-inverting amplifier. These two complimentary signals are sent to the switching network.  If a particular spine is to move left (the direction is arbitrary and is only for illustrative purposes) then it would be connected to the non-inverting amplifier. If that same spine is to move right, then it would be connected to the inverting amplifier.

Each amplifier is powerful enough to drive 50 spines in parallel without significant performance degradation.  It follows logically that each pair of amplifiers can drive one quadrant of 100 spines.  With two pairs of amplifiers, half of the field of view (200 spines) can be configured simultaneously.

2.11.2.5   Output

The final stage of the spine drive electronics is the output board.  It is on this board that the address/control lines are converted to differential pairs to boost noise immunity.  The high voltage drive signals pass through the output board to the output connector.  Power (+5V, +/-15V) also pass through the output board.  The +5V supply is switched with a relay to allow the switching electronics to be remotely shut down or enabled.  Finally, the output card receives the temperature signal from the switching electronics, and this signal is passed through the output card and eventually to the DT302 I/O card.

The output connector is a single DB50 connector.  This one connector is sufficient to transfer the power, drive, control, and telemetry signals between the spine drive electronics and the switching electronics.

2.11.3 Switching Electronics

2.11.3.1   General description

The switching electronics are comprised of 24 switch boards, 12 module boards, a control board, and two Echidna boards, all of which are located at or near the spines.  The purpose of the switching electronics is to decode the address/control lines first, and then to use the address/control data to connect each spine to the appropriate drive signal.

Figure 42 is a three dimensional rendering of one of the spine modules and the associated switching electronics.  A single electrical cable connects the spine drive electronics to Echidna Board A through the connector labelled ‘Interface Connector’ in Figure 42.  This cable carries the spine drive signals, power, and control signals to the switching electronics.  Also shown in this figure are the Echidna Control Board, Echidna boards A and B, a single module board with piezos, a single switch board, and the cable which connects Echidna Boards A and B.  Figure 43 is the equivalent block schematic.
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Figure 42:  3D drawing of Echidna structure showing electrical boards.
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Figure 43:  Block Schematic of switching electronics.

2.11.3.2   Echidna boards

The Echidna boards serve as the backplane for the other electronics which are located on the spine platform.  The electrical cable from the spine drive electronic chassis plugs into one of the Echidna boards, Board A.  All of the switch boards on side A plug into Echidna board A.  In the same way, Echidna board B connects to all of the switch boards on side B.

Echidna board A also has a temperature sensor which will be located as close as possible to one of the modules.

2.11.3.3   Echidna control board

As seen in Figure 43, the Echidna control board is a daughter board of Echidna Board A.  The control board has two primary functions.  The first is to convert the differential address/control lines back to single-ended signals.  It then demultiplexes the Side and Card (switch board) address lines to generate the ‘Card Enable’ lines which connect to each switch card.  The other address/control lines are passed back to the Echidna board.

2.11.3.4   Switch boards

As stated earlier, a switch board is located at each end of each module board.  Each switch board has a network of solid state relays which is capable of connecting any combination of spines to either drive signal.  (Recall that an inverted and non-inverted drive signal will be sent to each switch board to drive spines in either direction).  These boards were designed for minimal power dissipation.  Each board is expected to dissipate approximately 650mW of power under full load conditions.  Once the spines are in position each switch board will dissipate 5mW.

2.12 Echidna software design 

2.12.1 Software overview

The FMOS/Echidna control software is broken up into several units.  The low-level spine control software is described below.  The low-level FPI X/Y Gantry control software and Camera control software is described in Section 5.5. The major software component is the System control software that is responsible for configuring all the spines to their correct position and provides communications with the FMOS OBCP.  The system control software is described in Section 7.3.

2.12.2 Echidna ball-spine control software

This software unit is responsible for moving spines.  Applying a number of cycles of a particular waveform to its piezo elements moves each Echidna ball-spine.  The amount of movement in the spine is proportional to the number of cycles applied.  A waveform may be sent to an arbitrary set of spines, up to the full 400 spines if required, though a maximum of 200 is likely to be set.  Which spines will receive the waveform is determined by an electronic switching system.

As it takes a fixed amount of time to switch off a single spine (approximately 1ms), it is possible in the case of multiple spine switching to exceed the lull time in the waveform. To eliminate this real-time constraint the waveform is segmented such that all waveform generation ceases between segments until completion of the spine switching. This can cause the output waveform to become what we now term “non-periodic” when a large number of spines are switched off at different times. Experiments have shown that this non-periodicity has a tolerable impact on spine performance, such that the spine step size repeatability decreases from approximately 90% to 85%. It is predicted that this will have negligible effect on the full Echidna system, at worst an extra iteration per spine will be required overall in order to achieve the 10m positional accuracy.

The following pseudo-code shows how this is achieved:

FOR I = 1 to Maximum number of steps


IF (there are spines to turn off after I steps) THEN



add new segment(I – last(I)) to allSegments


END IF

END IF

FOR_EACH segment in allSegments


send N waveforms in segment


turn off spines in segment

END

An additional overhead associated with this arrangement is the time required to initialise the waveform generator multiple times, one time per segment. This has been empirically determined to have little impact on spine performance.

2.12.3 Driving signals

There are 2 different driving signals sent to spines during field configuration. The first is a high voltage, high frequency signal used to move the spines large distances, and typically correspond to the 1st and 2nd iterations. When the spine is within a certain distance to the target, approximately 100m, the driving signal is changed to a lower amplitude signal capable of moving the spine to the target position. 

The optimum driving frequencies have not yet been determined, and will likely arise out of further experimentation with the prototype instrument.

2.12.4 Spine calibration

When sent an identical waveform, the step sizes and directions of different spines are not always identical. This is due to small inherent physical differences between spines and associated 3-point mount, causing unique individual characteristics.

Rather than assuming that all spines are characteristically identical (ie. move in same direction by the same magnitude for any given waveform) each spine is individually calibrated. The information acquired during calibration of a spine allows the software to more accurately estimate the driving signals required to position that spine. This indirectly improves the performance of the spines and, consequently, the total field configuration time.

The calibration of each spine will likely need to be performed each time the instrument is installed in the PFU of the telescope. In addition, it may be implemented at the start of every evening as part of the set-up and calibration procedure. Any time-dependant variation in spine performance whilst Echidna is installed on the telescope will be compensated for by the Echidna control software – it is intelligent enough to detect these variations and update the appropriate calibration information.

2.12.5 Back-illumination

Each spine in the FOV is associated with a 3-bit number representing a back-illumination encoding pattern used to distinguish it from neighbouring spines. The need to distinguish a spine from its neighbours arises because neighbouring spines have overlapping areas in which they can be positioned. Only 6 distinct encoding patterns are used which translate directly into a sequence of 3 LED flashes which are imaged (in 3 separate frames) by the spine camera.

Figure 44 shows the associated back-illumination encoding pattern used for some of the spines. An orange spine in this diagram might represent LED on in the first frame, LED off in the second & LED on in the third.
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Figure 44: The “jellybean” model for distinguishing neighbouring spines.

In order to locate the position of spine tips, the spine camera on the FPI gantry is positioned above the expected position of a spine (or subset of spines). Spines that can potentially be located in the FOV are then back-illuminated 3 times according to their encoding pattern and imaged (3 times) by the spine camera. With this information, the control software is able to process the 3 frames and determine the position of all spines in the spine camera FOV.

2.12.5.1 Guide bundles

Guide spines each contain 7 optical fibres (a central fibre, surrounded by a ring of 6 fibres). The solution we have chosen to centroid such fibres is to back-illuminate only the central fibre, thus allowing guide spines to appear as a single fibre to the spine camera and centroiding software.

Focal Plane Imager

The focal plane imager (FPI) is a dual purpose XY positioner located between the corrector and the Echidna fibre positioner assembly and carrying optics to image both the sky and back-lit fibres. The following chapter describes the mechanical and systems design of the FPI as of the end of the preliminary design. A prototype single axis version of the proposed FPI was assembled during the latter stages of the preliminary design. The results of this prototype are presented in Chapter 6, with a selection of photographs included.

2.13 Introduction

The Focal Plane Imager XY positioner functions include; 

· calibrate the Echidna system on the telescope, 

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

· autoguide the telescope during FMOS operation

· assist in commissioning of the FMOS system

To calibrate the FPI-Echidna system an uncooled CCD spine camera and a cooled sky camera, fed by a coherent bundle, are used. The FPI can “look” up (via the spine camera) and down  (via the sky camera) along the same axis, so as to determine precisely a spine’s XY position with respect to the telescope’s coordinate system.

Spines being positioned in the focal plane are imaged by the spine camera which views the back-illuminated fibres of the spines and provides the positional feedback to the control software. After a few iterations the spine tips are located to the required accuracy. By comparing two images (one from the sky camera and the second from the spine camera), alignment of fibres with particular targets may be confirmed.

Autoguiding of the telescope during an observation will be made possible by viewing allocated guide fibre spines using the cooled CCD camera. 

2.14 Optical

2.14.1 Spine acquisition

A 0.33( magnification telecentric lens from Sill Optics combined with a 2/3 inch format CCD video camera from Pulnix America is used to re-image the back-lit fibres. Shown in Figure 45, the unit has already been procured and successfully tested as part of the prototype instrument. The distortion across the 25.6mm by 19.7mm field of view is specified by the manufacturer as 1.1% and can be readily calibrated.
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Figure 45: The spine acquisition unit – a 0.33( magnification telecentric lens in combination with a 2/3 inch format CCD video camera. 

2.14.2 Sky acquisition

The initially sky acquisition system consisted of a cooled CCD camera mounted on the FPI carriage. The camera could directly re-image the telescope focal plane using a 45o mirror, also mounted on the FPI carriage. During the preliminary design it became evident that this apparently simple task of mounting a cooled CCD camera on the FPI carriage was in practice very difficult due to a space limitation in the Waku. In addition, heat generation was also flagged as a possible problem. A different solution was therefore required.

The current system of acquiring sky fields consists of a coherent bundle mounted on the FPI carriage, again fed by a 45o mirror. The coherent bundle, consisting of several hundred 10m diameter fibres, transfers a 15 arcsec diameter field to a cooled CCD camera that will be mounted off the FPI. The cooled camera is a model from Roper Scientific.

A significant issue with using a coherent bundle is the light loss due to dead space at the input end of the bundle. A theoretical throughput of 16% was confirmed by throughput measurements of a Sumita Optical Corporation coherent bundle during the preliminary design, shown back-illuminated in Figure 46. Whether or not the coherent bundle is acceptable for the sky acquisition system will be determined during the final design stage.

[image: image46.jpg]



Figure 46: The back-illuminated Sumita coherent fibre bundle. 

2.14.3 Guide fibre re-imaging

Each Echidna module contains 2 guide fibre spines, one at each outermost position. As all modules are identical this gives 24 guide fibre spines in total. However, image quality at the edge of the field of view limits the total useable number to 14, as discussed in Section 2.3. The guide fibre spine is identical to the science spine except for the type and number of fibres contained within. For adequate image sampling the guide fibre core diameter is 50m compared to the 100m fibre core diameter of the science fibre. The current guide fibre spine is composed of 7 such fibres, arranged in a close-packed configuration, as shown in Figure 47. The guide fibres in Figure 47 are shown with buffer attached, though if required the buffer can be removed.
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Figure 47: The guide fibre bundle, containing 7 close packed fibres. The core/cladding/buffer dimensions of each fibre are 50/70/85 microns.
The 14 guide fibre bundles run from the Echidna unit to the cooled CCD camera used for detection of the coherent bundle output image. The camera will be used as a dual-purpose device, functioning as part of the re-imaging system for the sky acquisition and guiding. Note that the image quality at the edge of the field of view may warrant the use of an extra ring of fibres in each guide bundle, increasing the total number to 19. This will be finalised during the final design stage.

2.15 Mechanical

2.15.1  General specifications;

· spine positions to be known within 5µm 

· FPI position to be known within 1-2m

· the FPI must be positioned within 200m of the commanded position

· position stability – FPI remains firmly in place after repositioning 

· maximum positioning speed of optical components – 25mm/s

· eliminate the possibilities of interference with the Shack-Hartmann unit.

2.15.2 Operational description

The Focal Plane Imager (Figure 48) consists of X and Y axis carriages. The X-axis carriage carries the Y-axis drive, Y-axis linear positioning system and Y-axis carriage. The optical components are mounted on the Y-axis carriage. X and Y drive systems have brushless servomotors with incorporated resolvers. The rotation of the motor shaft is transmitted to the carriage through bellows couplings, ball screw and ball screw nut linked to the carriage. The resolver provides incremental position and velocity information to the servo motion controller for positioning and motor commutation. The exact position of the FPI optics is provided by the X and Y linear encoder systems (0.5 µm resolution). It is likely that the X and Y members will differ in temperature therefore it will be essential to monitor the temperature of the components to which the encoder tapes are bonded and compensate for this difference. 

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

When positioning of science fibres is completed, the FPI moves both carriages to the parked position (home). At this FPI location none of the mechanical or electronic components can vignette the incoming light beam from the corrector. While in this parked position the brakes are activated in both motors (power is switched off).

Each axis mechanism contains two over-travel electrical limit switches, and a further 2 failsafe mechanical limiters mounted on each side of the carriage. The mechanical limiters are capable of dissipating energy from moving elements without causing physical damage to the optical components by excessive shock loading. If the carriages ever reach these buffers, the additional current draw of the motor will generate a fault condition, disable the amplifier and switch the power off.

All moving electrical cables and the coherent fibre bundles will be placed in a cable chain and secured with strain relief at both ends. Additionally, locking brackets will be mounted on both cable chains to prevent them from moving into the space occupied by Shack Hartmann unit.

2.15.3 Changes since the concept design study

2.15.3.1 One X-axis drive motor instead of two

This decision was made due to a very limited space being available for the FPI-Echidna assembly. The new motor was chosen with sufficient torque and very good motor inertia to load ratio.

2.15.3.2 Ball screw instead of ACME lead screws

Lead screw nuts (ACME screws) cannot rotate quickly enough to meet the FPI specifications due to the frictional heat build-up. Ball screws are of much higher precision. The life of the ball screw is longer, wear is easier to assess and correct than with a lead screw. 

2.15.3.3 Rail system for Y-axis

The Y-axis carriage will have the same bearing system as the X-axis carriage. In previous designs the space in the Z direction didn’t allow for this. The system is highly robust and ensures extremely low flexure, very high stability and very high linear accuracy.

2.15.3.4 Cable chains

During the design process it became apparent that the size of electrical cables would require a much bigger cable chain. The close proximity of the Shack-Hartmann unit restricted the size of the cables in the Z direction. This change affects the cable minimum bending radius (ie for 12 mm OD cable placed in the X-axis tray a very flexible (5x) cable will be required to fit in 63 mm minimum bending radius of the cable chain).
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Figure 48: Details of the FPI  mechanisms (the assembly is shown inverted).

2.15.4 FPI mechanical components

30. DC Brushless servomotors with CR03620 drive amplifier; X-axis; 6SM037M-6000-G, Y-axis; 6SM037S-6000-G. The specified motors give high power to size ratio and high acceleration/deceleration capabilities. For both axes the motor to load inertia ratio allows for high dynamic stability of the system. The torque requirements are met for all telescope orientations. Note that the high altitude conditions (4200 metres above sea level) require the motors to be de-rated by 35% as explained in Section 5.3.5.1. Both motors are equipped with holding brakes designed as standstill brakes and not suited for repeated operational braking. Note that if the brake is released the rotor can move if no torque is applied to the motor. The motor should operate free from backlash.

31. Ball screw with end support bearings; X-axis; JPF1605-4 RRG0 433L C7 T, Y-axis JPF1605-4 RRG0 xxxL C7 T. Both screws and nuts are preloaded appropriately for expected load and sealed.

32. 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.

33. 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 Instrument for ESO and the 6dF instrument for the UK Schmidt.

34. Bellows couplings MBC33 from Ruland Manufacturing P/L  Very high torsional stiffness, dynamic torque up to 3 Nm

35. 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). Neither chain will be backed to remove pretension (as suggested in the concept design study, March 2001). Removing pretension would increase the risk of collision with the Shack-Hartmann elements.

36. Shock absorbers MC75M from ACE P/L. Small size allows for high energy absorption in confined spaces, while the self-compensating design accommodates a variety of load conditions.

Table 14: FPI components masses (moving in XY directions.
Component name
QTY
Mass

 (kg)
Total Mass

 (kg)

Y-axis components




Optics
1
4
4

Y-carriage plate
1
8
8

Ball screw Nut
1
0.5
0.5

Rail block short
2
0.6
1.2

Rail block long
1
0.9
0.9

Cable chain Y
1
1
1

Cable
1
2
2

Fittings
1
2
2

Encoder
1
0.2
0.2

Nut - carriage bracket
1
0.5
0.5

Misc brackets
1
4
4

Total mass for Y-axis


24.3

X-axis components




Rail
2
1.4
2.8

Rail block short
4
0.6
2.4

Optics support plate
1
1.5
1.5

Y-axis motor 6SM37S-6000-G
1
2.3
2.3

Ball screw nut
1
0.5
0.5

Ball screw
1
0.5
0.5

Motor bracket
1
0.5
0.5

Bearing support bracket
1
0.5
0.5

X-carriage plate
1
12
12

Encoder
2
0.2
0.4

Cable chain
1
1.5
1.5

Cables
1
2
2

Encoder Y bracket
1
0.5
0.5

Nut - carriage bracket
1
0.5
0.5

Shock absorbers
4
0.05
0.2

Total mass of X-axis components 


28.1

Total mass carried by X-motor 


52.4

Because of the large frictional force between the runner blocks and the rail guides the total static force to be overcome by the motor is;

Y-axis motor 6SM37S-6000-G 
 24.3 x 9.81 + 80 N = 318 N

X-axis motor 6SM37M-6000-G 
 52.4 x 9.81 +80 N = 594 N

After de-rating motors for high altitude conditions the motors still have sufficient torque to drive the loads efficiently.
2.15.5 Addressing risks

2.15.5.1  Holding torque of the motors not sufficient

Because of the high altitude of the Subaru Telescope the amplifiers and motor must be de-rated (amplifiers 5% per every 300 meters above 1000 meters above sea level, and motors nominal power is reduced to 65%)

The X-axis motor inertia to load ratio is higher than the Y-axis motor. Therefore it is preferable to scan across the field with the X-axis motor where the number of stops between FPI frames is greater.

2.15.5.2  Possible interference between FPI and PFU components

Recent redesign of the Waku-3 helped solve some interference problems with the FPI. A very careful approach and additional time is needed to exclude all possible problems that may occur in this area.

2.16 Electronics 

2.16.1 Overview

The information in this section describes the preliminary design of the electronics control system for the FMOS/Echidna Focal Plane Imager.

As far as possible, the design of the Echidna Focal Plane Imager electronics will comply with any requirements defined in the relevant Subaru Telescope specifications and standards relating to Subaru Telescope instrumentation.

The Focal Plane Imager consists of a monochrome TV frame rate CCD Camera (the Spine Camera) which views the ends of the Echidna spines and a coherent fibre bundle with associated optics which re-images light from the sky through the telescope to the Slow Scan Cooled CCD Detector (the Sky Camera). The Sky Camera is also used for Acquisition and Guiding. The Spine Camera together with imaging optics and a fibre optic coherent bundle for the Sky Camera are mounted on an XY positioning system which can be moved under computer control. The Spine Camera is used to provide feedback on the spine positions during field configuration. The Sky Camera is used for calibrating the spines against object positions and for autoguiding the telescope using the Echidna guide fibres. Both the Sky Camera and the Spine camera are interfaced to the Echidna control computer system.

2.16.2 XY positioner

The Focal Plane Imager XY positioner consists of a two axis servo system controlled by the Echidna control computer. The X axis carries the Y axis, and the Y axis carries the Spine camera and imaging optics and coherent bundle for the Sky camera. Each axis has a brushless servo motor, a resolver (incorporated in the servo motor) and a linear incremental encoder. The resolver provides incremental position and velocity information to the servo motion controller for positioning and motor commutation, the incremental encoder provides accurate positioning information. Each axis has a positive and negative end of travel limit switch and a home position switch. Each axis also has an independent interlock switch input which will disable the axis if the switch is triggered. The motors have built in brakes which are released only when the corresponding amplifier is enabled. A block diagram of the FPI XY Positioner Control Electronics is shown in Figure 49.

2.16.3 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.

2.16.3.1 Motion control and drive

The motion controller/servo driver for each axis is a Kollmorgen ServoStar CD (CR03) digital amplifier, which 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 servo motors and provides built-in electronics for sinewave commutation.

The ServoStar has a number of operating modes - the mode used for the Echidna FPI XY positioner will be as a serial position controller. Positioning commands will be sent to the ServoStar from the 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.

2.16.3.2 Servo motors

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 servo motors with integrated resolvers for control feedback to the amplifier. The motors also have a brake which needs to be energised for release.

2.16.3.3 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 gearing 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 potential encoding resolution of 0.073μm. However taking other components of the system into account, the absolute position accuracy is quoted by the manufacturer as  (19 arcmin in motor rotation, which is equivalent to ~(4.4μm linear accuracy. Therefore, each axis will also have a linear incremental encoder with 0.5µm resolution whose output signals are connected to the Auxiliary encoder input on the associated ServoStar. The encoders are Renishaw model RGH22Z30F00A. Encoder +5V power is generated from the Instrument 24V supply via a DC-DC converter in the positioner electronics.
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Figure 49: FPI XY Positioner Control Electronics.

2.16.3.4 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 will be 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 limit 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 which will disable the amplifier and generate a fault condition.

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

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

2.16.3.5 Home switch

Each axis has a normally open home position switch which is activated when the axis is in its home position. The home position switch on each axis will be 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 control computer, via an opto-isolated digital input.

2.16.3.6 Interlock input

Each axis has an interlock input which is used to disable the amplifier for the axis if an associated interlock condition is present. This is used to prevent physical damage to mechanisms which could otherwise occur. This interlock condition will most likely be a switch activated when the PFU Shack Hartmann wavefront sensor is in a position which allows safe operation of the Echidna FPI XY positioner. The interlock inputs for each axis may be connected to a common proximity switch which is activated by the Shack Hartmann.

2.16.3.7 Switch and encoder termination 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.

2.16.4 FPI control electronics

The FPI XY positioner 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 Echidna control computer.

The control electronics for the FPI XY positioner 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:

2.16.4.1 Computer interface board

This board interfaces the DT302 multifunction I/O board in the Echidna control computer to the control and monitoring functions of the XY positioner electronics. This board also has power status monitoring circuits which allow the 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)

· X and Y interlock switch 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 (2 differential input channels)

· Enclosure temperature (1 differential input channel)

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

2.16.4.2 Mechanism interface board

This board provides input connections for the mechanism (axis) sensors. These include the linear incremental encoder, the end of travel limit switches, the home position switch and the interlock switch. The board has a DC-DC converter to supply +5V power to the encoder head (from the Servo 24V supply). The encoder and switch inputs are sent to the corresponding amplifier interface board. The switch inputs are optically isolated and passed to the Computer Interface board for monitoring by the Control Computer.

Switch status is visually displayed by front panel LEDs on the board.

There is one mechanism interface board for each axis.

2.16.4.3 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 mechanism interface board to the amplifier. This board implements the interlock function and provides feedback of the amplifier fault status to the computer interface board. It also has a relay controlled by an amplifier output control to provide power to the motor brake.

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

There is one amplifier interface board for each axis.

2.16.4.4 Control interface board

This board has an interface to the operator control switches for the Echidna FPI. Operator control switches allow the FPI XY positioner to be disabled for maintenance and test purposes removing any possibility of the control computer system remotely moving the positioner. Accidental remote operation of the positioner presents a safety hazard to maintenance personnel and to the equipment itself. For test purposes the Interface Board has local switches on its front panel to allow the board to be operated without being connected to the main operator switches.

2.16.4.5 Analog interface board

This board has electronics monitoring the status of temperature sensors and power supply voltages which are input to the Analog to Digital converter on the DT302 board in the 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. A typical temperature sensor would be the National Semiconductor LM50, with an operational range of -40 to +125 °Celcius.

2.16.4.6 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.

2.16.4.7 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.

2.16.5 Cameras

2.16.5.1 Spine camera

The Spine Camera is a Pulnix TM 300 monochrome TV frame rate CCD camera mounted on the FPI XY positioner. This camera produces continuous interlaced video (CCIR format) at a frame rate of 50Hz. Video output from the camera is fed in to the DT3155 frame grabber located in the control computer. The camera is used to acquire images of the back illuminated fibres of a group of spines. The images are processed by software on the control computer system to determine the position of each spine. The camera is powered from the Control Computer power supply.

2.16.5.2 Sky camera

The Sky Camera System is used for calibrating the Echidna spines with object positions, and for autoguiding the telescope. The camera needs to be a slow scan, cooled, integrating CCD camera system to achieve the low noise and sensitivity for imaging faint night sky objects.

It is likely that the Sky Camera System will consist of three parts; the camera head, a camera electronics unit and a computer interface. The camera head will be mounted in a fixed position off the FPI XY positioner. The camera head will be fed by a fibre optic coherent bundle from imaging optics mounted on the FPI XY positioner, as well as the guide fibres. The camera head is likely to be cooled using a thermo-electric device, with heat exchange implemented using re-circulating cooled liquid.

At this time, the exact make and model of Sky Camera system has not been finalised. The most likely contender is a Princeton Instrument/Roper Scientific MicroMAX camera head with an ST133 controller.

The ST133 controller will be located in the electronics enclosure. The ST133 connects to a PCI bus interface in the Echidna control computer with a special high speed serial link.

2.17 Software 

2.17.1 FPI gantry software

There are three components of interest on the FPI Gantry.  First, an X/Y gantry provides motion over the focal plane.  This gantry contains the spine camera and the input end of a coherent fibre bundle.  The FPI spine camera is a simple frame rate CCD looking at the focal plane and used to view back-illuminated fibres.  By combining the image observed in this camera and the current position of the FPI Gantry, the position of a spine fibre within the focal plane can be accurately determined.  The normal mode of operation (controlled by the system control software) is to move the spines and then use the FPI spine camera to check the position of those fibres.  A further adjustment to the spine positions will be made, if necessary.  This sequence must be repeated until the spines are in position within tolerance.

A cooled CCD camera will be used for autoguiding and acquisition.  This will not be mounted on the FPI gantry, but is associated with it.  For acquisition, this camera views the output end of the coherent fibre bundle carried by the FPI gantry.  The input end of the coherent bundle will look at the sky opposite the FPI spine camera.  The coherent bundle scheme will facilitate field acquisition and calibration operations.

2.17.2 X/Y gantry

The X/Y gantry is to be controlled by a servo motor/encoder system, using two Kollmorgen ServoStars – which combine Amplifier and Monitor Control.  The AAO has used this system previously in the 6dF instrument.  Home positions and limit switches will be provided.   The gantry must know the position of the cameras to 1-2m, which is achieved using a Renishaw tape encoder  (with a resolution of 0.5m).  The encodong system is explained in detail in Section 5.4.3.3.

Software control of the servo system will be via a serial line (RS232).  The servo system will be tuned sufficiently that the software need normally simply request a given position.  

The ServoStar software provides an accurate indication of motion command completion, avoiding unnecessary polling or waits.  However it does not provide accurate indication of completion with error (say a motor has run into the limits) and these conditions must be handled using timeouts.  This will not impact normal operations.

There will be a well-defined “park” position for the X/Y gantry – where it will not vignette the focal plane field of view.  The FPI must be returned to this position before the Shack-Hartmann autoguider is used.  Additionally the FPI cannot be moved away from this position if the Shack-Hartmann is not in its park position.  Hardware interlocks enforce this, but normal operations must ensure the FPI is parked before the Shack-Hartmann autoguider is used and vice versa.

2.17.3 Spine camera

This camera is will be a simple frame rate CCD system feeding to a frame grabber interface card (DT3155), similar to an existing device currently used in the AAO’s 6dF instrument.  The AAO has an existing Linux driver for this arrangement that has been used during prototyping.

The Echidna prototyping has already resolved the issues of distinguishing fibres using this camera.

2.17.3.1 Centroiding

Echidna's goal has always been to achieve centroiding accuracy of ±1m. Combined with all other uncertainties in the Echidna system this should allow spines to be positioned accurately within the 10m specification.

There are 2 steps involved in centroiding within the Echidna system. The first involves analysing an image and determining how many fibres there are and their approximate location. The second involves centroiding a small area around the approximate position to determine the precise position of the spine.

As centroiding is a bottleneck in the field configuration process, it needs to be as time-efficient as possible. The developed centroiding software has been rigorously tested to ensure its robustness, accuracy and performance. Several different centroiding algorithms were empirically compared before finally deciding upon a Barycentric algorithm.

The Barycentric algorithm uses a centre-of-mass calculation. It is non-iterative (does not do any 'fitting') and consequently executes in constant time (ie O(1) or the time taken to centroid an image is invariant to the number of data points). The lack of fitting makes the algorithm more robust at handling oddly-shaped fibre images, which can occur in many varied circumstances including broken or chipped fibres.

In short, the Barycentric centroiding software has been proven to be extremely robust, executes within an acceptable time limit (less than 10ms) and gives accurate results (standard deviation is ±0.54m).

2.17.4 Autoguiding and acquisition camera.

This camera will view the output of the guide fibre bundles and provide the images needed for autoguiding.  The camera will be purchased from Roper Scientific.  A linux driver and associated library are provided – the “Photometrics/Princeton Instruments Virtual Camera Access Method Library”.  It appears this library will quickly allow us to access images from the camera.  In addition to the guide bundles, a large coherent bundle will be used to feed sky images from the FPI to this camera.  This will support acquisition and calibration operations. 

The Prototype Instrument

2.18 Background to the Echidna prototype instrument

Given the novelty of the FMOS-Echidna instrument, significant prototyping during each of the design stages has always been imperative. During the preliminary design the extent of the prototyping has been extensive. The aims were as follows:

37. Manufacture a single Echidna module. Half fill with 20 science spines, 1 guide fibre spine and 2 fiducial markers, all manufactured to the latest design.

38. Design and test a method for setting the length of the spines.

39. Assemble 21, 3-point mounts and develop a method for gluing the mounts successfully into the module base.

40. Manufacture and assemble the Y axis of the Focal Plane Imager, incorporating the specified driving and encoding systems. 

41. Design and manufacture a rotatable stage for the prototype instrument so that is can be tested at a range of elevation angles. 

The following chapter presents a summary of the development, assembly and initial testing of the prototype instrument. 

2.19 Design and assembly of the Echidna module

2.19.1 Mechanical

2.19.1.1 The science spine

Given the relatively small number of required spines, each fibre ferrule was assembled and polished by hand. For the science spine ferrules, a Polymicro fibre of dimensions 100/120/140 was used as the closest in physical size to the high numerical aperture fibre required for the final instrument. Each 2m fibre length was inserted into a section of polyimide tube, glued, then inserted and glued into a stainless steel ferrule. The fibre tip ferrule was polished, pictures of the back-lit fibre were taken to check that the fibre image was circular and hence straightforward to centroid.  Such an image is shown for prototype spine P001 in Figure 50. Note that the surface finish of the fibres for the prototype need not be as critical as the science fibres for the full Echidna system, as they are only used for centroiding purposes.
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Figure 50: The back-lit fibre of the spine corresponding to spine P001. The fibre core diameter is 100m, inserted into a 500m diameter ferrule.

2.19.1.2 The guide fibre spine

The guide fibre spine differs from the science spine only in the number and size of the fibres. The ferrule for prototype guide fibre spine PG01 contains 7, 50/70/90 Polymicro fibres, arranged in a close-packed formation. The fibre was polished in the same manor as those of the science fibres.

2.19.1.3 Spine assembly

All 21 spines are made from the following components, shown schematically in Figure 51:

42. 19mm long, 5mm OD, 2.5ID length of Tungsten alloy tube, as counterweight.

43. 6mm OD, grade 5 stainless steel ball bearing with 2.3mm diameter hole through centre (EDM technique is used to machine the hole).

44. 118mm long, nominally 2.2mm OD carbon fibre tube, dipped in acetone to remove the inner foam. The OD was found to vary, resulting in some sections of up to 2.5mm OD. However this is no significant impact on the design.

45. Tapered stainless steel tube.

46. 500m OD stainless steel ferrule, with fibre polished flush at tip.

A small length of stainless steel tube used as a trimming counterweight after all previous components are glued together. A length of approximately 7mm is used for the prototype spines. 

47. A 2-part glutinous Araldite glue is used for the larger sections, such as the gluing of the carbon fibre tube into the 6mm OD ball bearing. A 5 minute, 2-part Araldite glue is used for the gluing of the ferrule into the taper.

A summary of the assembly procedure, with accompanying suggestions for improvement, is detailed in Appendix A. The final step of spine assembly is setting the overall distance from the fibre tip to pivoting ball. This is achieved using a special jig detailed in Section 6.2.1.4. Nineteen of the 21 prototype spines can be seen before insertion into the module in Figure 52.
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Figure 51: A schematic of the prototype module spine.
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Figure 52: The completed prototype spines after assembly. The red plastic covers are used to protect the fibre tips during insertion of the spines in the modules.
2.19.1.4 Spine length jig

2.19.1.4.1 Technique

Every science fibre must have the same length to (3m from pivoting ball to fibre tip. 

The jig shown in Figure 53 is composed of two parallel brass columns that bolt into a top and bottom plate, forming a rectangular assembly. A 3-point mount is located on the top plate. Glue is applied to the spine under assembly at the taper to carbon fibre joint (glue spot). With the glue wet the spine is carefully threaded through the hole in the top plate. The fibre tip is inserted through precisely manufactured guiding holes in the jig to ensure accurate axial alignment of the spine assembly. The spine pivoting ball seats on the 3-point mount once in position. After the spine is inserted into the jig the fibre tip is positioned to butt against the bottom plate and the taper to carbon fibre joint is left to cure. This process should ensure spine length repeatability to the required accuracy. The overall spine length can be easily adjusted during prototyping (to a few microns) by applying shims between the columns and the bottom plate. An additional sleeve is attached to the top plate in order to set the alignment of the Tungsten alloy counterweight prior to gluing.

A photograph of the spine assembly jig is shown in Figure 54.
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Figure 53 The science and guide fibre assembly jig

After replacing the counterweight sleeve with an alternate one in which a centre pin is mounted, the science fibre assembly jig (Figure 55) is adapted to assemble and glue fiducial fibres. The centre pin is aligned with the centrally positioned hole in the top plate. A fiducial alignment pin is concentrically screwed into the centre pin and rests on the bottom surface. The distance between pin surface and the bottom plate sets the length of the fiducial fibre assembly. A photograph of the fiducial assembly jig can be found in Figure 56.
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Figure 54: A photograph of the spine jig, with prototype spine in place.
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Figure 55: The fiducial assembly jig.
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Figure 56: A photograph of the fiducial jig, adapted from the spine jig.

2.19.1.4.2 Result

The spine lengths will be measured to the necessary 1-2m accuracy at the beginning of the final design stage (there was no intention of measuring the lengths during the preliminary design as the task of achieving the required assembly tolerances was allocated to the final design). However, during the quality assurance check of the prototype module spines each was placed on a 3-point mount and the back-lit fibre was imaged onto a CCD video camera. It was found that no re-focussing was required during the quality check of the prototype spines indicating good consistency in length between all 21 spines.

2.19.1.5 The 3-point mount assembly

2.19.1.5.1 Technique

The 2mm diameter, high grade chrome steel ball bearings were glued into a plate with 1mm diameter recesses, then ground flat using carborundum paper. The hemispheres were ground in batches of 10. After cleaning the hemispheres were taken to CSIRO Linfield, where they were coated with a thin layer of Titanium Nitride using a vacuum deposition technique. 

A 6mm OD, 2.5mm ID rare earth ring magnet of 3mm thickness was glued using a 2-part Araldite onto the top of a 5.5mm OD quadrant tube piezoelectric actuator using a brass concentricity tool. A specially made hemisphere locator jig, shown in Figure 57, was placed in the magnet and three hemispheres were positioned one in each recess of the jig, making sure that the contacting surfaces of the hemisphere and magnet were free of dirt. The overhanging hemisphere was glued to the magnet using the same 2-part Araldite. 
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Figure 57: The brass hemisphere locator jig, mounted on one of the ring magnets.

2.19.1.5.2 Result

During the piezo gluing stage, the holding force of the 2-part Araldite onto the shiny magnet surface was discovered to be inadequate. This feature created substantial problems during the assembly of the prototype module and unfortunately solutions could not be implemented in time for the preliminary design conclusion. Solutions currently being investigated include the use of a more appropriate glue suggested by the Australian Magnet Technology Centre, roughing the surface of the magnet before gluing and developing a 3-pronged “cap” that fits over and is glued to the magnet. The latter method would result in the “proper use” of glue, ie for the bonding of two flat surfaces resulting in a much stronger fixture, rather than acting as a “fill”.

An added bonus to the discussions with the Australian Magnet Technology Centre was the suggestion of coating the magnets with an epoxy paint to protect the material from corrosion. It is likely that this paint will be applied after the 3-point mount assembly, but before the module gluing process. 
For 3-point mounts that survived the module gluing process, without having to have hemispheres re-glued at a later stage, their performance was satisfactory.

2.19.1.6 Piezo gluing into the base

2.19.1.6.1 Technique

The requirement for the QTP jig, shown in Figure 58, is to locate the piezo assemblies (magnets and hemispheres assembled on the piezo tubes) during curing phase of gluing to the module base plate.  The piezo assemblies must be positioned so that the 6mm balls (to which the spines are attached) when seated on the hemispheres are in their specified locations relative to the base plate, and to adjacent QTPs.  The fibre defocus tolerance places a particularly stringent requirement on the axial location of the spine balls.
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Figure 58: A rendered drawing of the jig used to glue the QTPs into the module base.
Figure 58 shows part of the gluing jig together with the module base plate (dark green), some 6mm balls (blue), and three piezo assemblies (pink piezo tubes, red magnets, purple hemispheres).  The jig components in the figure are: the spacer block (bright green), the reference plate (pale green), the ball spacer (gold) and an alignment dowel (pale blue).  The 6mm balls are from the same source as the pivot balls on the spines. 

The reference plate is flat ground steel and the balls are referenced to this to ensure that their centres fall in the same plane.  The ball spacer positions the balls across the plane. As the tolerance on the lateral position is less stringent than the axial position tolerance, a clearance can exist between the holes in this spacer and the balls.  The ball spacer is located by two dowels, one at each end, which also engage with, and align, the reference plate and the module base plate.  The spacer blocks at each end establish the distance between the plane of ball centres and the mounting surfaces of the module base plate.

Magnetic attraction maintains contact between the balls and the hemispheres during the glue cure.  The jig is thus a mimic of the operational configuration of the Echidna spine balls and the module base plate.

2.19.1.6.2 Results

The development of a successful piezo gluing procedure took several days, and was continually hounded by the inadequacy of the hemisphere to magnet contact strength, and to a lesser extent, the magnet to piezo contact strength. The technique, discussed at length in Appendix B, uses a teflon disk and spring inserted into each module base hole, to push the piezo mount towards the flat plate. It was found that a considerable force was required to overcome the magnetic repulsion and to keep all piezo mounts firmly in contact with the reference plate during gluing. The spring insertion is shown in Figure 59. 

The final result is not satisfactory for the final instrument, but was adequate for the prototype instrument (as intended at this stage). Prototyping and testing the suggested improvements for the module gluing process, in particular the required rigid connection of the hemispheres onto each ring magnet, will be performed early in the final design. 
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Figure 59: Insertion of the springs during piezo gluing into the module base. The teflon disks can be seen in the background.

2.19.1.7 Quality assurance

The Anglo-Australian Observatory has recently acquired a high quality video metrology machine, ideal for quality checking of the module components in FMOS-Echidna. The machine was used during the preliminary design to check the surface of the prototype module hemispheres for the presence of glue before the spines were inserted into the module base. 

More importantly, the machine will be used for the measurement of the 3-point mounts, once glued into the module base, for the final design. The accompanying metrology software is capable of measuring the position of the 6mm ball bearings, when resting on the 3-point mounts, to the accuracy of 1-2m.

2.19.1.8 The remaining module assembly

The prototype module “skeleton” is shown assembled in Figure 60, before the gluing of the piezos. As intended, the PCB was not glued to the module base. Once the prototype spines were assembled and tested, they were placed one by one into the prototype module. It was found that the module frame had to be separated into 2 sections to successfully slide the long spines into the corresponding piezo mounts. Two of the 21 spine fibres were broken during assembly due to the sharp edges of the ferrules – for the remaining spines polyimide tube was pre-inserted into the ferrule and no further fibres were broken. 

The fully assembled prototype module can be seen in Figure 61.
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Figure 60: The prototype module “skeleton”.
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Figure 61: The fully assembled prototype module.

2.19.2 Electronics

The electronics for driving the prototype module were designed to be as close as possible to the final design.  There are only a few notable changes from the design which has already been presented in Section 5.4.  First, the prototype electronic rack has no telemetry or remote shutdown capabilities.  Second, the power supplies are external to the electronics chassis.  Third, there is no differential/single-ended conversion of address or data lines.  Fourth, the address/data lines originate from the computer’s parallel port instead of from the DT302 I/O card.  The rest of the circuitry, including the amplifier circuitry, addressing logic, switch card circuitry, and module board layout is the same as in the final instrument.

2.19.3 Software 

The majority of the software developed for the prototype instrument will likely be used as-is or enhanced for the Echidna instrument. There are, however, a few notable exceptions:

· The mechanism for back-illumination is significantly different in the prototype instrument. A temporary back-illumination board with 23 LEDs is controlled via the parallel port of the prototype. For Echidna, this will be completely replaced with a back-illumination system currently being developed in the UK. The UK back-illumination system will have a significantly different interface and will require new controlling software.

· The switching mechanism (to turn spines on/off and route driving signals) for the prototype is necessarily different from that proposed for Echidna. Although not complex, it will require new controlling software as well.

· The OS kernel and support libraries/utilities will inevitably be upgraded for the Echidna instrument. Versions of these software components will be finalised well in advance of system deployment. This should minimise any complications arising due to incompatibility issues and ensure the stability and robustness of these components.

2.20 Prototype Focal Plane Imager 

2.20.1 Overview

A prototype of the FPI, complete with X-axis drive and incorporating the relevant optical system was built. Shown rendered in Figure 62, the assembly consists of the 6SM037M-6000-G motor, ball screw with bellows couplings and bearings and X-axis carriage on which the telecentric lens and CCD spine camera are mounted. A precision longitudinal movement of the X-carriage is achieved using precise rail guides mounted on the base plate which is fixed to a Newport flat optical steel table. The linear movement of the carriage is restricted electronically by the limit switches and if they fail mechanical limiters – shock absorbers. The parking position for the carriage is determined by the home switch position (placed near the motor). To imitate the full load which is expected to be carried by the X-axis motor steel masses were manufactured and fixed to the carriage. The whole structure is mounted on the special frame which will allow rotation of the prototype system up to 90° from Zenith position for various tests. A photograph of the fully assembled prototype FPI with module in place, is shown in Figure 63.

The telecentric lens is adjusted to focus on the spines by a micrometer stage. 

Above the carriage a rigid structure is built that supports a half filled spine module.

2.20.1.1 FPI prototype objectives

The prototype FPI was built to answer the following questions;

48. Can we operate the motor with the expected load?

49. Can we determine the spine tip position to the required accuracy?

50. Can we drive the X-carriage from one frame to another at the required speed (this will determine the total time for re-positioning all the spines)?

51. Are there any vibrations problems in the system (the system must not move while imaging the spine tips)?

52. Is the holding torque of the motor sufficient to keep the load still in all telescope orientations?

During the assembly stage of the prototype it was found that the “off the shelf” rail guides are not as straight as expected and another means must be used ensure alignment to within a few microns. Also, the frictional force between runner blocks and rail guide is much larger than expected. For the X-axis it is close to 80N, which is about 15% of the total load carried by the X-axis motor.
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Figure 62: FPI & Echidna prototype assembly.
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Figure 63: The fully assembled prototype, single axis FPI with module in place.

2.20.2 Electronics

2.20.2.1 Introduction

This section provides a detailed description of the Prototype FPI positioner axis and its electronics. The prototype FPI positioner axis is mechanically and electronically based on the X axis of the FPI XY positioner. A full description of the FPI XY positioner electronics may be found in Section 5.4.

2.20.2.2 Prototype axis

The prototype FPI positioner axis consists of a single motor driven ball screw moving a platform. This corresponds to the X axis of the XY positioner. The motor drive for the ball screw is implemented with a Kollmorgen 6SM-37M brushless servo motor with a built-in resolver and brake. The motor is driven with a Kollmorgen CD ServoStar Amplifier (CR03). Primary feedback for commutation and positioning is achieved using the resolver. The axis also has a linear incremental encoder, which is connected to the Auxiliary encoder port of the amplifier. This encoder is intended to provide accurate positioning feedback and has a resolution of 0.5μm. The need for the linear encoders are described in Section 5.4.3.3.

The axis also has positive and negative end of travel limit switches, a home position switch, and an interlock input. The interlock input is provided but not used in the prototype.

The Y axis interfaces and amplifier are not installed in the prototype, nor is the analog input interface.

A block diagram of the prototype axis electronics is shown in Figure 64.

2.20.2.2.1 Control electronics

The prototype FPI Control Electronics rack consists of the following circuit boards:

· Computer Interface Board – this board interfaces the Control electronics to the DT302 multifunction I/O board in the computer. This board is mounted in the control electronics chassis in the electronics rack.

· Amplifier Interface Board – this board interfaces the control electronics to the ServoStar amplifier. This board is mounted in the control electronics chassis in the electronics rack.

· Machine Interface Board – this board interfaces the limit, home and interlock switches, and the linear encoder to the control electronics. This board is mounted in the control electronics chassis in the electronics rack.

· Control Interface board – this board interfaces the control switches to the control electronics. It is provides a set of control switches for local debugging. This board is mounted in the control electronics chassis in the electronics rack.

· Switch and Encoder Termination Board – this is a small circuit board mounted close to the mechanism to which the limit and home switches and the encoder are connected. This board combines all the signals into a single multi-core cable which runs back to the FPI Control Electronics (machine interface board). The termination board provides test points for monitoring the state of the switches and encoder.
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Figure 64: Prototype Axis Electronics Block Diagram.

2.20.2.2.1.1 Circuit Board LEDs, Switches and Connectors

2.20.2.2.1.1.1 Amplifier Interface Board

The prototype amplifier interface board has the following front panel LEDs (note G=green or operational, R=red or fault):
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This board has two D-type connectors. A 9-pin pin connector (J2) goes to the C8 Auxiliary encoder of the ServoStar. A 9-pin socket connector (J3) goes to the ServoStar C3 User I/O Connector.

There are two terminal blocks on the front of this board. TB2 is connected to the motor brake. TB1 has SERVO +24V power and is not used.

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

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 6‑1: Prototype Axis Amplifier Interface Board Jumpers

2.20.2.2.1.1.2 Machine interface board

The prototype machine interface board has the following front panel LEDs:
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This board has two D-type connectors. A 15-pin connector (J2) brings the linear encoder signals from the switch and encoder termination board. A 9-pin socket connector (J3) brings in the switch signals from the switch and encoder termination board.

2.20.2.2.1.1.3 Control interface board

The prototype control interface board has the following LEDs:
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The interface board has three front panel switches. The top switch is a momentary action switch which disables the amplifier. The middle switch is a momentary action switch which enables the amplifier if the enable switch is on. The bottom switch is the enable switch. These switches operate in parallel with the Start, Enable and Emergency Stop switches on the electronics panel.

There is a DB9 socket connector (J2) on this board to which the electronics panel switches are connected.

2.20.2.2.1.1.4 Computer interface board

The prototype 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 control computer.

2.20.2.2.1.2 Power supplies

The power supplies for the prototype axis consist of the following:

· 24V DC power supply for Instrument power (DIN rail supply)

· 24V DC power supply for Servo power (DIN rail supply)

· 5V DC power supply for digital logic power (adjustable laboratory supply)

2.20.2.2.1.3 Control panel

The control panel on the electronics rack contains a number of circuit breakers and control switches. The functions of these are described below:

2.20.2.2.1.3.1 Circuit breakers

Two circuit breakers are installed in the prototype electronics and are located in the electronics control panel. One is a main circuit breaker which controls power to the 24V DC supplies and the ServoStar amplifier, the second controls power to the ServoStar. If the ServoStar breaker is off when the Main breaker is on, the ServoStar will indicate a Bus Voltage fault.

2.20.2.2.1.3.2 Control switches

The positioner must be manually enabled before remote computer control can commence. This is to ensure the safety of personnel maintaining the system. A number of switches are provided for user control of the manual enables. These include the following:

53. Enable switch. If this switch is in the ON position when the Start switch is activated, the computer can remotely control the axis. If this switch is in the OFF position when the Start switch is activated, the axis is not enabled.

54. Start pushbutton switch. This switch must be pushed with the Enable switch in the ON position to allow the positioner to be remotely controlled.

55. Emergency Stop Switch. This switch may be activated at any time to disable the amplifier and activate the motor brake. This is a twist to release switch. After this switch is released, the positioner must be manually started to resume remote control.

These switches are located on the electronics panel.

To enable the amplifier, the manual enable and the computer enable must both be on.

When the amplifier is enabled or disabled, an audible click will be heard from the motor. This is the motor brake releasing and engaging.

2.20.2.2.2 Prototype axis control computer programming Interface

2.20.2.2.2.1 DT302 digital I/O bit functions

The control computer is interfaced to the prototype axis 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 6‑2. Note that only the X axis bits are connected, although there is provision to add a Y axis.

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
(Note 1)

B
5
I
Y Positive Limit Status
(Note 1)

B
6
I
Y Home Switch Status
(Note 1)

B
7
I
Y Fault Status
(Note 1)

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

C
1
I
Y Interlock Switch Status
(Note 1)

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 6‑2: Prototype Axis Digital I/O Bit Functions

Notes:

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

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

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

59. Interlock switch is closed.

60. 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 6‑3: FPI Status Decoding

2.20.2.2.2.2 DT302 programming

At startup the DT302 digital I/O ports are configured as inputs and are pulled high by their input pull-up resistors.  Before enabling port A as an output port, all one’s should be written to the output latch to avoid inadvertent enabling of the amplifiers.

61. Digital outputs (port A):

· A 0 written to the output latch will enable the amplifier(s).

· A 1 written to the output latch will disable the amplifier(s).

62. Digital inputs (ports B and C):

· A 0, read from the input latch, signifies a logical 1.

· A 1, read from the input latch, signifies a logical 0.

2.20.2.2.3 ServoStar amplifier information

2.20.2.2.3.1 Serial port

The SevoStar serial port is setup for 8 data bits, 1 stop bit and no parity. The baud rate is 19200bps. The ServoStar is connected to /dev/ttys0 (COM1:) of the computer.

2.20.2.2.3.2 Configuration variables

The ServoStar has many configuration variables. Some of the variables specific to this application are as follows:

Variable
Function
Value

IN1
Clockwise CW (Positive) Limit Switch Input
(Read-only)

IN1MODE
IN1 Mode (CW limit switch input)
1

IN2
Counter Clockwise CCW (Negative) Limit Switch Input
(Read-only)

IN2MODE
IN2 Mode (CCW limit switch input)
2

IN3
Home Switch Input
(Read-only)

IN3MODE
IN3 Mode (Home switch input)
10

O1
Brake control output
Automatically controlled 0 = brake on, 1 = brake off

O1MODE
O1 Mode (Brake control) 
5

RELAYMODE
Fault Relay control – Relay is closed when no faults exist)
0

OPMODE
ServoStar operation mode – Serial position mode
8

Table 6‑4: ServoStar Configuration Variables

These variables are already programmed and should not be altered.

2.20.2.2.3.3 Status displays

The ServoStar amplifier has a seven segment (including decimal point) LED display which provides useful operational and diagnostic information. The status display is fully documented in the Kollmorgen ServoStar manuals, however, it is partially reproduced here for quick reference.

Amplifier State
Display Appearance

Power-up
Momentarily illuminates all display segments (forming an 8) and the decimal point.

Steady State

(No Fault)
Displays the operational mode of the amplifier (normally 3).

Flashing State
Used to indicate an abnormal operating state:

During Hold mode (Position loop operating), the operational mode flashes at a 1Hz rate.

If a fault was detected, a flashing code will be displayed to identify the fault. Some codes consist of a sequence of two or more digits. In general, these faults will cause a latched disable of the amplifier. To clear a fault, the remote enable must be toggled.

If the Encoder initialisation function is active, the operational mode number will flash at a 3 Hz rate.

Momentary Fault
Displays a character momentarily for 500ms before returning to the steady state.

C = communications error

F = Amplifier is in Foldback mode

Table 6‑5:ServoStar Amplifier Display

Decimal Point State
Amplifier Status

Steady Off
No power to the motor

Steady On
Amplifier Enabled, power to the motor

Flashing
Amplifier Enabled, power to the motor, but a motor safety feature has been disabled

Table 6‑6: ServoStar Amplifier Status Display Decimal Point

Status Display
Operation Mode

0
Serial Velocity

1
Analog Velocity

2
Serial Torque

3
Analog Torque

4
Pulse Following/Analog Position

5
SERCOS

8
Serial Position (FPI XY Positioner Operating Mode)

Table 6‑7: ServoStar Amplifier No Fault Status Display

Status Display
Fault Message
Possible Cause

L1
CW limit switch open
Positive limit switch activated or disconnected

L2
CCW limit switch open
Negative limit switch activated or disconnected

L3
CW & CCW limit switches open
Positive and negative limit switches disconnected

L4
Software CW limit is tripped
Software defined positive limit reached

L5
Software CCW limit is tripped
Software defined negative limit reached

t
Power Stage Over Temp
Overload, fan malfunction, power stage failure

o
Over Voltage
Excessive deceleration rate1

P
Over Current
Power Stage Surge Current1

r0
External feedback fault
Feedback signal through C8 not correctly detected

r1
Resolver Line break
Break in resolver feedback detected

r2
RDC error
Fault in resolver to digital converter detected

u
Under voltage
Bus voltage is too low

H
Motor over temperature
Motor overload caused overheating

A1
Positive analog supply fail
Failure in +12V supply

A2
Negative analog supply fail
Failure in –12V supply

A3
Positive and negative analog supply fail
Failure in both +12V and –12V supplies

J
Overspeed
Velocity >= VOSPD

J1
Overspeed
Velocity >- 1.8 x VLIM

F
Foldback
System in Foldback mode

d5
Positive over travel fault
PFB exceeded PMAX with PLIM=1

d6
Negative over travel fault
PFB exceeded PMIN with PLIM=1

d1
Numeric position deviation
Internal fault

d2
Excessive position deviation
PE>PMAX

d5
Positive overtravel fault


d6
Negative overtravel fault


c
Communication interface
A communication fault has occurred

Table 6‑8: ServoStar Amplifier Status Display Codes. (1 – These faults can only be cleared by cycling power).

2.20.2.2.4 Linear encoder feedback

The ServoStar motion and positioning commands use the encoder counts derived by the ServoStar from the resolver built in to the motor. While the resolver should have sufficient resolution, its absolute accuracy may not be sufficient for the application. As previously noted, the axis includes a linear encoder for accurate positioning. The linear encoder is connected to the ServoStar Auxiliary encoder input. There are a number of ServoStar variables which relate to the Auxiliary encoder input. These can be used to calibrate the resolver against the more accurate linear encoder. The following ServoStar variables relate to the Auxiliary encoder:

Variable
Function
Value

DUALFB
Enables/disables the reading of an external feedback signal through the auxiliary encoder connector
= 0 (dual loop disabled)

= 2 (dual loop with checking for external feedback fault)

XENCDIR
Sets Rotation direction for external encoder
To be determined (should be set such that positive motion causes external encoder counts to increase)

XENCRES
Sets Resolution of external encoder input channel
10000 (=5mm/0.5μm)

PEXTOFF
An offset added to the internal accumulated position feedback from the external encoder to give PEXT
To be determined

PEXT
Accumulated position feedback from external encoder
(Read only)

VEXT
Instantaneous velocity feedback calculated from external encoder
(Read only)

Table 6‑9: ServoStar Auxiliary Encoder Variables

Setting DUALFB=2 enables the Auxiliary Encoder input. This encoder replaces the resolver for positioning commands. 

2.20.2.2.5 Amplifier/Motor Direction Phasing

A positive incremental count causes the motor to rotate in a clockwise direction when viewing the front (shaft end) of the motor. This causes linear motion away from the motor. Operation of the positive limit switch (furthest from the motor) stops the motor.

A negative incremental count causes the motor to rotate in a counter-clockwise direction when viewing the front (shaft end) of the motor. This results in linear motion toward the motor. Operation of the negative limit switch (closest to the motor) stops the motor.

2.20.2.2.6 Releasing the motor brake for maintenance

It may be necessary to release the motor brake to allow the motor/ball screw shaft to be turned by hand for maintenance. The motor brake is released if the amplifier is enabled, however, as the servo loop will be closed, it will not be possible to rotate the motor/ball screw shaft. There are a number of ways to release the brake with the amplifier disabled.

· Disconnect the motor brake controls from the amplifier interface board and apply 24VDC to the correct wires. This method is probably the simplest, and the amplifier and computer do not need to be powered up.

· If the amplifier and computer are powered up, disable the amplifier (using either the manual controls, the computer interface control bit or the MotionLink Enable/Disable control. Start a terminal window in MotionLink (by double clicking a terminal icon). Use the command O1=1 to release the brake. The command O1=0 causes the brake to re-engage.

2.21 Prototype instrument performance

The following section summarises the initial performance of the prototype instrument. After comprehensive testing of the prototype instrument throughout the final design stage, a report summarising the findings will be available. 

2.21.1 The prototype FPI

2.21.1.1 Motor performance

Testing of the x-axis motor in the prototype instrument has demonstrated that it can perform adequately with the expected load and at the expected orientations. However, it has not been possible to simulate the high-altitude (low atmospheric pressure) conditions that are present at Subaru Telescope.

The FPI is loaded with 10 solid steel block of varying mass (total additional mass is 32.4kg) to simulate the expected load for the final instrument. It has been tested at orientations of 0, 30, 60 and 90 degrees without any noticeable degradation in the positioning time, performance or stability of the motor.

2.21.1.2 Structural vibration

During initial testing of the prototype instrument significant vibration of the 4-legged structure, that supports the module and is shown in Figure 62, was witnessed as the FPI moved from frame to frame. The acceleration and deceleration settings were considered acceptable in terms of the time it took the FPI to move between adjacent frames. The problem was quickly identified as an inadequacy in the stiffness of the 4-legged frame together with substantial vibration of the optical bench when the heavy FPI structure accelerated and decelerated. 

To alleviate the problem a heavy mass was rested against the optical bench to substantially dampen the vibration. This proved to be a successful solution to the immediate problem with the prototype. 

For the final instrument the FPI and Echidna will be mounted directly to the large mass of the FMOS top end unit, of several hundred kilograms mass in total. The resulting vibration of the FPI is likely to be negligible.

2.21.2 The prototype module

2.21.2.1 Spine positioning performance

2.21.2.1.1 The module

The piezo alignments in the prototype module are far from perfect due to both the mounting of the piezos and the assembly of the 3-point mounts, summarised in Section 6.2.1.5 and Section 6.2.1.6. In short, the requirement that the 3-point mounts be identical to that used in the single spine testing discussed in Chapter 3, is not fulfilled for several of the prototype module mounts. 

Solutions to the two issues have already been presented in Appendix A and Appendix B but unfortunately could not be implemented during the testing of the prototype instrument during the preliminary design. The consequence is that many of the prototype module spines did not position successfully. 

2.21.2.1.2 Results

The results of the calibration procedure give insight into the positioning performance of a spine. The procedure was performed on all of the prototype module spines and the results were analysed to distinguish the good and bad spine performers. A good calibration result is shown in Figure 65. 

For the calibration procedure each spine is stepped a finite number of steps in each of the 4 possible directions and the step size and direction for each movement is stored. A series of finite steps is tested, starting at 100 steps and gradually decreasing to only 1 step. The data points collected are displayed on a XY graph representing the CCD chip of the spine camera. A perfect calibration performance would result in identical step sizes in all of the 4 directions of movement. In addition the axes representing the directions of movement would be orthogonal to one another and, given the orientation of the QTP electrodes to the CCD axes, there would be a 45o rotation between the two.

The calibration results shown in Figure 65 show very good orthogonality between the 4 directions of movement and reasonably similar step size values for 3 of the directions. The direction corresponding to the X- movement has slightly larger step size values, though this discrepancy can be dealt with in software. The spine corresponding to this calibration performance would give very good positioning results.
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Figure 65: Good spine performance: Note that the axes are aligned almost exactly at 45 degrees and are very orthogonal. The -x steps size is slightly larger than the other axes.

In contrast are the calibration results shown in Figure 66 corresponding to a poor spine performance. It is unlikely that this spine would position to the required accuracy even with an initial calibration. The 3-point mount this particular spine rests on needs to be improved or even replaced.

Approximately half of the prototype module spines suffered similarly poor calibration performances. The good performers were used for longevity and spine deflection testing presented below.
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Figure 66: Poor spine performance: Note the differing steps sizes in all directions and the non-orthogonality of the axes.

2.21.2.2 Longevity testing

To test the integrity/longevity of the piezo mounts and the stability of the control software, the prototype instrument was instructed to configure many random (and some contrived) fields many hundreds of times. Longevity testing of spines has already been performed with the single piezo mount and discussed in Section 3.3.6, but a more representative longevity test was required for the piezos.

After configuring 3000 fields, all piezos with driveable spines are still positioning acceptably. This suggests that there are no inherent structural weaknesses in the piezos, and that there are unlikely to be significant numbers of piezo failures in the final instrument. Note that a 3000 field configuration corresponds to a simulated operation of 5 years, assuming there are 10 field configurations per night and that FMOS is allocated 60 nights per year on the Subaru telescope.

The control software has evolved to a state stable enough to function un-interrupted for several hours. Typically, it is only interrupted upon detection of an electronic failure/anomaly (discussed in Section 6.4.3.2).

Longevity testing of piezos will continue during the early final design phase.

2.21.2.3 Interference

During the prototype spine testing it was noticed that in some cases stationary spines, neighbouring spines that were being driven, would have a net movement. The module was taken apart and examined to make sure that no physical contact between the 3-point mounts existed (the mounts cannot be successfully examined while the spines are in place). Unfortunately this resulted in the breakage of one fibre and two piezos while trying to remove glue from magnets that had set into position too close to one another. The module was reassembled once again and tested for the presence of interference. Though reduced in value interference was still witnessed. 

The remaining interference between spines is now known to be magnetic in origin. Given the problems associated with the piezo gluing, the effect manifests itself greater in spines that have 3-point mounts, hence magnets, positioned closer than the specified 7.16mm spacing. The magnitude of the interference is not worrying: as an example it was found that by driving a spine at full voltage such that the spine travels across the entire field of view, would move a neighbouring spine approximately 100m.  However, the magnitude of the interference in a module with well positioned piezos and 3-point mounts needs to be quantified as soon as possible in the final design stage.

2.21.2.4 Spine deflection

Successful autoguiding during an observation can only be maintained if all spines deflect by virtually the same amount, on a scale equivalent to a small fraction of the 100m science fibre core diameter. An important test to perform on the prototype instrument is therefore to measure the relative deflection of a suitable number of spines, including the assembled guide fibre, as the instrument elevation is changed. The results of these tests are given below. 

2.21.2.4.1 Procedure

The FPI is positioned such that the guide fibre spine is imaged with a selection of neighbouring science fibre spines. One of the fiducials is also present and in total there are 7 images to centroid. With the optical bench horizontal, imitating a telescope zenith angle of 0o, the centroids are taken. The optical bench is carefully rotated to the elevation angle under test and the new centroids are taken. The optical bench is rotated to the original position and again the image centroids are recorded. The first and last set of centroids are compared to check that no spine undergoes physical rotation. The calculated deflections should therefore be due to gravitational deflections only. For each of the 3 tests, the optical bench is positioned at approximately 0o, 30o, 60o and 90o zenith angle. The centroiding error for this test is approximately 0.2 pixels of the video camera, or 6.8m. 

2.21.2.4.2 Results

The results for the first test are shown in Table 10. The image positions for the fiducial, guide fibre spine and science spines are shown in units of pixels, where 1 pixel corresponds to 34m movement in the focal plane. The initial centroids corresponding to the instrument positioned at a zenith angle of 0o are given in column 1 of Table 10. 

Fiducial/Spine
0o zenith angle

Centroid coordinate (X,Y pixels)
30o zenith angle

Centroid coordinate movement (X,Y pixels)
60o zenith angle

Centroid coordinate movement (X,Y pixels)
90o zenith angle

Centroid coordinate movement (X,Y pixels)

Fiducial (Pfid3)
24.8, 276.25
1.84, 0.45
3.86, -0.29
5.11, -1.15

Guide (PG01)
184.61, 516.91
2.69, 0.01
4.87, -0.80
6.03, -0.60

Science1
601.50, 176.85
2.33, 0.08
4.92, -0.70
6.47, -1.18

Science2
223.49, 188.90
2.11, 0.09
4.31, -0.69
5.85, -1.13

Science3
395.74, 209.66
2.47, 0.41
4.81, -0.33
6.47, -0.82

Science4
527.76, 369.18
2.48, 0.12
4.81, -0.62
6.47, -1.15

Science5
527.76, 369.18
2.52, 0.03
4.84, -0.74
6.41, -1.54

Table 10: Results for the spine deflection test, given in units of pixels (1 pixel = 34m).

There may be a small amount of deflection of the CCD camera, however, it is only the relative deflection of the spines that is important.

The average deflection (in pixels) and standard deviation of the guide fibre and science spines, for each zenith angle, are as follows: 30o - 2.4 pixel average deflection (av) with 0.2 standard deviation (stdev) : 60o - 4.8 (av) with 0.2 (stdev) : 90o - 6.3 (av) with 0.3 (stdev). Given that 0.3 pixels corresponds to a 10m movement in the focal plane, it is encouraging to see such similarity in the deflection values between the guide fibre and science spines.  Similar results were found for the 2 subsequent tests.

The greater stiffness of the fiducial, due to the presence of a stainless steel rod insert, is shown in the deflection – the average spine deflection is approximately 41m more than the fiducial. 

2.21.3 Systems performance

2.21.3.1 Mechanical

There have been no significant problems with the mechanical performance of the prototype instrument. The vibration of the module due to rapid deceleration of the FPI is discussed in Section 6.4.1.2.

2.21.3.2 Electronics

Overall, the prototype electronics have performed extremely well. Only the following failures/anomalies need to be resolved:

· Spine camera image defects - the control software sporadically receives minor defective images from the spine camera. As this is an infrequent error it has proved difficult to debug. It is not yet clear if the cause is due to the CCD camera, cabling or frame-grabber card. The cause of the defect will be investigated and addressed as soon as possible.
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Figure 67: a comparison of a normal fibre image (left) versus 2 defective ones (middle and right).

· ServoStar external encoder fault - the ServoStar motor sporadically fails, reporting an external encoder fault. It is referring to the Renishaw optical encoder. Sometimes a power-cycle of the ServoStar will satisfy it, but even this is sporadic. This fault will be addressed as urgently as possible.

· Switching for spine in module position 12 does not function. As such, it is treated as a disabled or inactive spine. Due to the difficulty of accessing the piezo in the module, the cause of this failure has not yet been determined.

ServoStar motor creep - after the ServoStar motor has reported itself as stopped (ie. in position). It continues to make fine adjustments in its position (on the order of 10m) over a period of several seconds. This initially caused problems and required the implementation of a software solution which has proved successful. It is not necessary to remedy this anomaly in the future, but the cause of this will be investigated further.

2.21.3.3 Software

The control software for the prototype instrument has been developed to a stable and reliable state. All intended functionality (for the prototype) has been successfully implemented, with the notable exception of modelling the telecentric lens distortion. The distortion of the telecentric lens on the spine camera needs to be empirically determined. This has been partially addressed by a back-illuminated plate with holes in well-defined positions has imaged by the CCD/lens system. The measured and actual positions of the holes will be used to fit and create a model representing the distortion. This was a low-priority task (it does not significantly affect the testing of the prototype instrument) and was omitted due to time constraints. It will be completed early in the final design phase.

System

2.22 Mechanical

The FPI, Echidna and Electronic rack are mounted on the main structural plate. The plate will be made of 20mm thick aluminium alloy (most likely 6061 T6) and will be precision ground on two sides to achieve the required accuracy. The mounting faces of this plate and the Waku-2 must be extremely well matched if the Echidna spines are to all to be positioned within (25m of the focal plane, using only shim as adjustors. 

Since the start of the FMOS project the space limits in X, Y and Z directions for the FPI has been of paramount concern. The back focal length of the corrector has been changed from 163 to 200mm, the additional space created in the Z direction used to create a more robust and accurate FPI mechanism. With the cooperation of Masahiko Kimura the design for Waku-2 and Waku-3, shown in Figure 68, have been changed to eliminate many causes of interference between the FPI and assembly. 

Figure 68 shows part of the PFU system from the FPI side and Figure 69 shows the system from the Echidna side. In the current design some of the FPI parts still penetrate Waku-3 as shown in Figure 69. Therefore further design of the FPI and/or Waku-3 is still required.

Figure 70 shows Echidna with the electronics rack where the Echidna control computer, FPI X-axis amplifier, FPI Y-axis amplifier, Echidna electronics, FPI electronics, mains control sky camera electronics and a cooler will be fitted. All of these components will be fully enclosed (no openings in the box to allow “warm” air to escape) and the temperature controlled by the cooling system which is not yet fully designed.

Subassembly or component name
Total mass (kg)

FPI
74.4

Echidna
37.2

Electronic equipment
39

Electronic enclosure
42

Main structural plate
40

Twister assembly
15

Total
247.6

The total estimated mass of the FPI, Echidna, Fibre optics twister and electronics equipment with the rack is approximately 250 kg. This is greater than the 220 kg limit recently imposed by the Subaru Team. Further discussions are necessary between the AAO and Subaru teams to resolve this problem.
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Figure 68 Inverted view of the FPI & Echidna in PFU (seen from FPI side).
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Figure 69 View of the Echidna & FPI in the PFU (seen from Echidna side).
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Figure 70 FPI, Echidna, Electronic equipment and Electronics rack assembly (without enclosure see Figure 75).

[image: image77.wmf]Figure 71 Important dimensions of the system; FPI, Echidna, Electronic equipment & Electronics rack (without enclosure).

2.23 Electronics 

2.23.1 Overview

This section describes the preliminary design of the system electronics and associated parts of the FMOS/Echidna Instrument. These include:

· Control Computer System

· Mains Power Distribution

· Electronics Enclosure and Cooling

· Operator Control Switches and Indicators

· Instrument Cabling

· Telescope Connections

· FMOS Back Illumination Interface

As far as possible, the electronics design of the FMOS/Echidna System Electronics will comply with any requirements defined in the relevant Subaru Telescope specifications relating to Subaru Telescope instrumentation.

A major design consideration of the Echidna electronics system is the difficulty of access to the Echidna prime focus unit during and after installation on the telescope in an extremely difficult and hazardous environment. The design of the Echidna electronics system attempts to incorporate the following features, 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 Echidna 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 Echidna electronics control system is shown in Figure 72.

The control system consists of the control computer system, the fibre positioner electronics, the spine and sky camera systems, the focal plane imager XY positioner electronics, the back illumination control system, mains power distribution and enclosure cooling.

2.23.2 Control computer system

The Echidna Control Computer system is required to provide intelligent remote control for the following Echidna functions:

· Echidna Fibre Positioner

· Fibre and Fiducial Back Illumination

· Focal Plane Imager XY Positioner

· Focal Plane Imager Spine Camera

· Focal Plane Imager Sky Camera (including Telescope Autoguiding)

To perform these functions, the control computer system 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 standalone servo amplifiers.

· A means of local control for debugging and monitoring.
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Figure 72: Echidna Control System

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.

2.23.2.1 PCI-ISA Passive Backplane and Single Board Computer

A block diagram of the Echidna Control Computer system is shown in Figure 73. 

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's 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 73: Echidna Control Computer System

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 Echidna is an ICS Advent SBC-SBX-VE/Aviant BX. This board is configured as follows:

· 850 MHz Pentium III processor

· Intel 440BX Chipset

· C&T 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) 

· DiskOnChip 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 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 unlikely to be used.

2.23.3 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.

2.23.4 Interface boards

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

· 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 Echidna Control Computer for the following:

a) Spine Switching Control and Spine Drive Electronics Telemetry

b) FPI XY Positioner Control and Status

c) Back Illumination Control

· National Instruments PCI-6711 Analog Output Board - this board is used to generate the spine piezo drive waveform.

· Data Translation DT3155 - monochrome frame grabber for Spine Camera feedback

· Camera Electronics Unit Interface - this board interfaces the Camera Electronics Unit for the Sky camera system to the Echidna Control Computer

2.23.5 Operating system 

The operating system for the Echidna Control Computer will be an embedded version of Linux. A version under strong consideration is BlueCat Linux produced by LinuxWorks Inc. This is an implementation of Linux which includes enhancements to allow Linux to be used for embedded applications. These enhancements provide remote boot and diskless operation capabilities, cross development tools and debugging tools. The selection of Linux will allow the use of existing and tested device drivers for most of the PCI bus interfaces in the Control Computer System. Diskless booting will be implemented by booting an Operating System loader from the FlashDisk device. The OS loader will then use the BOOTP protocol to boot Linux from a server on the network.

2.23.6 LAN media converter

The 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.

2.23.7 KVM extender

An optional 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 to either five fibre optic or four Category 5 twisted pair signals. As there is unlikely to be sufficient compatible (62.5/125μm multi-mode) optical fibres available for this, the twisted pair version will probably be used.

2.23.8 Mains power control unit

The Echidna Electronics Enclosure will include a Mains Power Control Unit. This will contain 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 keyswitch

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

· Circuit protection/isolation for selected outlets

A block diagram of the Mains Power Control Unit is shown in Figure 74.
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Figure 74: Echidna Mains Power Control Unit

The Mains Power Control Unit accepts UPS power from the Telescope and supplies it to the Echidna 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 keyswitch 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).

As the Echidna 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 Echidna enclosure will be removed via the Mains Power Control Unit. An external status indicator will provide visual indication that this error has occurred.

2.23.9 Electronics enclosure and cooling

2.23.9.1 Enclosure layout

The Echidna Concept Design proposed the use of 19-inch rack mount units to house the electronics. However, during the Preliminary Design process, the severe restriction on space for the electronics forced a substantial change to the electronics mounting. It is now proposed that the Echidna electronics enclosure will be a fully enclosed metal box mounted in the Echidna prime focus unit above the Echidna Fibre Positioner. The enclosure will have a deep slot in one side to allow passage of the fibres from the Echidna Fibre Positioner to the cable wrap mechanism. The enclosure will contain all of the electronics units for Echidna. These will be mounted on two levels in the enclosure. The upper level will contain the chassis units for the following:

· Fibre Positioner Control Electronics

· FPI XY Positioner Electronics (including control and interface electronics and isolation transformer)

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

· Mains Power Control Unit

The lower level will contain the enclosures for the following:

· Control Computer System

· Sky Camera Electronics Unit

· Two servo amplifiers

The upper level of the enclosure will be designed so that it can be easily removed to provide access to the lower level for servicing the control computer, sky camera electronics and servo amplifiers. The support structure for this level will include cable access holes and air vent holes.

A conceptual design of the electronics enclosure is shown in Figure 75.

All off the shelf components, including the control computer chassis, the Sky Camera electronics unit and the Servo Amplifier units will be securely fastened to lower level base of the enclosure so as to permit safe operation at various telescope attitudes.

All of the Electronics units designed and built by the AAO for 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 Positioner control and interface electronics and the Back Illumination Interface Electronics.

The circuit boards making up these units will plug in to backplanes which are mounted in 3U (1U = 44.45mm) chassis units. The chassis units will also contain Eurocard format power supplies. The widths of the chassis units will vary, depending on the number of boards and power supplies and the widths of the boards and power supplies in that particular chassis. 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 to the upper level of the electronics enclosure, so as to permit easy access for replacement and troubleshooting.

2.23.9.2 Enclosure cooling

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 cooling system which extracts the heat generated in the electronics enclosure and transfers it to the Telescope coolant system. The cooling system maintains a small temperature differential between the outside surface of the electronics enclosure and the ambient air.

The cooling system is comprised of cooling unit and a sensor unit. A block diagram of the cooling unit is shown in Figure 76.

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 process is controlled by a feedback regulator that, based on the ambient and enclosure surface air temperatures supplied by the sensor unit, acts on a hydraulic valve to adjust the coolant flow rate and thus regulate the heat transfer to keep the temperature difference between the enclosure surface and the ambient as close as possible to a set point.
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Figure 75: Enclosure Layout

At this time, no particular manufacturer or model of cooling system has been identified, although there are several possibilities which will be further investigated during Final Design. Ideally, the Echidna would use the same cooling system unit as is used to cool existing Subaru telescope electronics enclosures.

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 which 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 76: Enclosure Cooling System

2.23.9.3 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. Connectors will be D-type with metal back shells, or multi-pole circular connectors.

All cables used for 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 cables/connectors are required:

· Echidna Control and Power Cable

· Guide and Fiducial Fibre Back Illumination Cable

· Spine Camera Video and Power Cable

· Sky 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

· Temperature Sensors cable

2.23.10 Operator control switches and indicators

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

2.23.10.1 Control switches

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

· Instrument Start Switch – this switch starts the FPI positioner

· Instrument Enable Switch – this switch enables the FPI positioner

· Emergency Stop Switch – this switch stops the FPI positioner

· 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 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.

2.23.10.2 Indicators

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

· Over-temperature Shutoff - 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.

2.23.11 Telescope power, LAN and coolant connections

2.23.11.1 Power

The Mains power available to the FMOS/Echidna PFU will be 120 VAC at 60Hz, supplied from an 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 suitable circuit breaker (less than 20A) 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. Normal power control will be performed by the Power Control Switch.

Connections to the Subaru Telescope mains power supply will be made using a D38999/46FG16PN MIL circular connector with appropriate mains rated cable. It is noted that Pins A and D of this connector carries the 120VAC supply.

2.23.11.2 Local area network

The Echidna 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.

2.23.11.3 Twisted pair cable connections

During commissioning, it may be desirable to have access to the Echidna control computer Keyboard, Video and Mouse 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 control computer and one in the control room). These devices can be linked either using five 62.5/125μm multi-mode fibre connections or using four Category 5 twisted-pair cable connections, depending on which is available at the telescope.

2.23.11.4 Coolant

The Echidna electronics enclosure and Sky 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.

2.23.12 Environment

All considerations will be given to ensuring that the FMOS/Echidna electronics systems 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.

2.23.13 Electro-magnetic compatibility

The FMOS/Echidna control system 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.

2.23.14 FMOS back illumination interface

2.23.14.1 Science fibre back illumination

The Echidna Fibres need to be back illuminated so as to allow their positions to be accurately checked using the Spine camera, as discussed in Section 4.3.5. Back illumination of the FMOS science fibres is implemented with back illumination LEDs mounted in the prime focus unit top end fibre connectors. A back illumination electronics drive unit for these LEDs is mounted on the Prime Focus Unit near the fibre connectors. The drive unit is self-contained, with a fibre optic interface to the Echidna control computer. This drive unit will be developed by the University of Oxford/Durham University group.

Traditional fibre positioner back illumination systems have a simple back illumination arrangement in which all fibres are back illuminated simultaneously or in large groups, and the fibre camera field of view is limited to a single fibre. However, in the Echidna system, the spine camera field of view includes on average approximately 12 spines and spines may overlap. Therefore the images associated with each spine cannot be unambiguously distinguished. This calls for a more complex back illumination scheme in which each fibre has its own back illumination LED and individual LEDs can be turned on. In addition, multiple TV frames may need to be acquired with different combinations of LEDs turned on, as a method of encoding the LEDs to identify individual spines.

Such a scheme has been proposed by the University of Oxford/Durham University group for back illuminating the FMOS/Echidna science fibres. This scheme allows for a back illumination LED for every science fibre. The LEDs will be mounted in the fibre connectors. Each spine LED can be individually activated by control electronics. The spine 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 words, which define the particular LEDs to be activated in a given scan (all LED combination are equally valid) 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 words are loaded in to the scan memory by the Echidna Control computer over a fibre optic serial link. The same link is also to send the Scan Start and Scan Stop requests, as well as for loading a DAC in the back illumination electronics to set the intensity of the LEDs. The serial link will use 16 digital output bits from a multi-function digital I/O board in the control computer. Block diagrams of the fibre optic serial links are shown in Figure 78 and Figure 79.

2.23.14.2 Guide fibres and fiducials

Guide Fibres and Fiducials will each have their own LED back illumination source, however these will be controlled differently to the FMOS science fibres. A hardwired encoding system requiring 3 or 4 digital output bits from a multi-function digital I/O board in the control computer will be used. In addition, three spine camera TV frames will be grabbed with different combinations of LEDs enabled. Software will then process the images to identify the guide fibres and fiducials.

2.23.14.3 Back illumination electronics

Three circuit boards will be mounted in the Echidna electronics enclosure. These will be single height (100mm) standard length (160mm) Eurocards, with an interconnecting backplane, installed in the same physical chassis as either the Echidna Fibre Positioner Electronics or the FPI XY Control Electronics. These circuit boards will be:

· Back Illumination Serial Link Transmitter – transmits LED select and intensity data, and Scan Start and Scan Stop commands to the FMOS Science fibre back illumination unit.

· Fiducial and Guide Fibre Back Illumination LED Drive – provides the encoding and drive sources for the Fiducial and Guide fibre back illumination sources.

· Computer interface board - interfaces the back illumination electronics to a DT302 multifunction I/O board in the Echidna control computer.

Two additional circuit boards for the Back Illumination system are mounted outside the Electronics enclosure. These are:

· Back Illumination Serial Link Receiver – receives LED select and intensity data, and Scan Start and Scan Stop commands from the Echidna control computer. This board is mounted in the FMOS Science fibre back illumination unit.

· Fiducial and Guide Fibre Back Illumination LED Sources – contains the LEDs for the fiducial and guide fibres.

A block diagram of the Echidna back illumination control electronics is shown in Figure 77.
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Figure 77: Back Illumination Control Electronics
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Figure 78: Back Illumination Fibre Optic Serial Link Transmitter
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Figure 79: Back Illumination Fibre Optic Serial Link Receiver

2.24 Software

2.24.1 Full system overview

Figure 80 gives an overview of the full Echidna software system.  Each box in this figure represents a significant component that is likely to be implemented as a separate program or library.

The central role of the “Echidna Configuration Control” component can be seen.  Boxes 4 and 7 correspond to software mentioned in Section 4.3. Boxes 5, 6 and 9 correspond to software mentioned in Section 5.5. Consequently, these components are not described further here. 
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Figure 80: Echidna Software Components.

2.24.2 Subaru telescope OBCP via FMOS

The FMOS software will control the FMOS Spectrographs and Detectors. It has been decided (December 2001 meeting) that a single unified OBCP interface will be provided for the combined Echidna and FMOS system. The OBCP software will be written by UK partners.  It will send appropriate commands to the Echidna FMOS Interface which will be propagate the command to the appropriate module in the Echidna Configuration Control software.  Commands sent to Echidna include:

· Configure Spines using a specified spine to object allocation

· Move FPI Gantry such that sky camera can view an object

· Start/Stop Autoguiding

Additionally, information required for data file FITS headers, such as actual spine positions, must be sent back to the OBCP for inclusion in the data files.

A more thorough description of the OBCP interface and a preliminary list of likely commands for the Echidna instrument can be found in Appendix C.

Note that the AAO will not write any software for box 1 - this box is just used to indicate data flow in the system.

2.24.3 Echidna to FMOS interface

This module accepts commands from the FMOS OBCP interface and passes them to the appropriate components of the Echidna system.  Its design is currently being discussed with UK Partners.  

2.24.4 Echidna configuration control software

This is the major software unit in the FMOS/Echidna system.  It is responsible for coordinating the spine and FPI systems to provide for the following-

· Reading the spine to object allocation produced by the Observation Preparation Software (see Section 7.3.5)

· Invoking the astrometric modelling (see section 7.3.8) software to convert object coordinates into positions on the focal plane (includes allowance for atmospheric effects, corrector distortion etc.)

· Determining how far a spine should move, sequential control of the spines and FPI  position and motion.

· Maintaining details of the current spine positions.

· Calibration of the FPI X/Y Gantry positions against known positions on the focal plane (using the fiducial fibres).

· Running the Spine Calibration software and maintaining spine calibration information.

· Control of the FPI X/Y Gantry for acquisition purposes.  For example, allows the FPI Sky Camera to be moved to a position specified using RA/Dec.

· Error recovery.

· Provision of information for inclusion in data file FITS headers.

· Access for debugging and maintenance purposes.

· System interlocking 

2.24.4.1 Avoiding spine collisions

The Echidna configuration control software must ensure that spines do not collide with each other. Given that there are so many spines in close proximity it is a critical function. 

The Spine-to-object allocation software (discussed in Section 7.3.5.1) has an algorithm to ensure that spines to not cross. This alleviates many of the potential causes of collision, however, there is the potential for spines to collide when configuring a new field. (ie. moving spines from their position in the ‘old’ field to their position in the ‘new’ field,  the direction of travel of which is completely dependant upon the fields being observed, and therefore unpredictable.)

Currently, the control software blindly drives all spines to their home position before configuring a new field. It is considered ‘blind’ because the FPI is not used to determine the positions of the spines afterward (it would take too long) – they are assumed to be exactly in their home position.

While this algorithm means that many spines will have to ‘detour’ to their home position on the way to their new position, it also means spines can never collide.

More intelligent algorithms will be considered for the final instrument as a way of reducing the total field configuration time.

2.24.4.2 Calibration.

Due to the small tolerances imposed on many of the components in Echidna, many of these components will need accurate calibration. This section details the procedure to calibrate the position of the FPI, modules and individual spines in the Echidna instrument.

2.24.4.2.1 FPI calibration

After assembly, the FPI is calibrated using a back-illuminated plate with holes located in well-defined positions. The FPI scans over the plate and uses the spine camera to centroid each of the holes (recording their position in FPI encoder position coordinates). An FPI model will then be constructed in software, using the actual and measured hole positions recorded during the scan over the plate.

This model can then be used to accurately determine the position of the FPI. (The model effectively translates measured encoder coordinates to remove any non-linearities in the encoder system.) This calibration is both temperature and elevation-dependant so the entire process is repeated at several temperatures within the expected operating range, and at several different elevations.

It is expected that once this model is built, the FPI will not need recalibration unless it is disassembled in some way.

Note that the FPI is the frame of reference for the rest of the system.

2.24.4.2.2 Module calibration

Echidna modules are calibrated using fiducial fibres located at each end of the module. Modules must be recalibrated each time they are reinserted into Echidna and any time the position of the fiducial fibres are in doubt (eg. when they are subjected to a significant force, such as accidental human contact).

Once a module is inserted into Echidna, the FPI will locate the back-illuminated fiducials and determine their position. The fiducial fibres need not be accurately positioned as the FPI is capable of detecting any misalignment, however they must remain stable throughout Echidna operation.

Once the position of all fiducials are known, they are used to determine the x,y axes of the modules/spines. (A least-squares fit seems most appropriate.)

2.24.4.2.3 Spine home calibration

The base (x,y) position, or spine centre of rotation, need not be accurately known. A tolerance of 100 microns is deemed acceptable and will not impact on telecentricity or failed target allocations significantly. Note that there is a (3m mechanical tolerance on spine base z positions.

Therefore, the base position is inferred from the position of the module in the field. Note that a module is 'guided' into position using special guide pins located on either side of the Echidna rack into which the modules are inserted. The tolerance on guide pins is approximately 50 microns. 

2.24.4.2.4 Focal plane calibration

With a well-defined relationship between the spines and the FPI X/Y system, a relationship can be determined between the sky and focal plane using the Guide bundles and/or the FPI Sky Camera.  Note that it will be necessary to read the temperature of the FPI Gantry and the Echidna Modules to account for temperature effects.

Corrector distortion will be catered for by building an Astrometric model. The model will be used to map sky RA/Dec coordinates to an x,y position on the Echidna field plate.

To achieve this, the sky camera will be used to observe several fields of astrometric stars. We anticipate the need for approximately 30 astrometric stars in each field. On the Subaru Telescope with the proposed corrector design, this will require the sky camera to be able to detect stars with an apparent magnitude of 16 in B.

Once the fields have been acquired the resulting images are centroided to determine the positions of the astrometric stars in Echidna field plate coordinates. A 7 co-efficient model is then constructed using the residuals of these observations.

2.24.4.3 Field configuration time

Of paramount importance to the Echidna instrument is the time taken to position all of the spines ready for a new observation. As this configuration is done during potential observing time it needs to be kept to a minimum. A maximum time limit of 10 minutes has been imposed on Echidna – all indications during preliminary design and testing of the prototype indicate that it will be successfully achieved.

The total field configuration time is heavily-dependant upon a select few components:

2.24.4.3.1 FPI velocity

The majority of the field configuration time is spent waiting for the FPI to move between subsets. In the prototype instrument, which only contains the x-axis FPI motor, it takes approximately 1.1 seconds to move the FPI between subsets.

Whilst the motor can physically be driven faster, it creates extra torsion which is likely to affect the lifetime of the instrument.

2.24.4.3.2 Image Acquisition Time

At each FPI subset, the spine camera on the FPI must back-illuminate the visible spines and acquire 3 images (the binary encoding used to differentiate between neighbouring  spines). In the prototype this takes approximately 0.5 seconds.

Despite the mechanism for back-illumination in the prototype being significantly different from the mechanism proposed for Echidna, we do not expect it to affect the time significantly.

2.24.4.3.3 Minor bottlenecks

On the later iteration stages, the FPI will remain poised over a subset while small adjustments are made to the positions of spines in the subset. This introduces a delay while we wait for the spines to move, image them again, and determine their new positions and repeat if necessary.

2.24.4.3.3.1 Spine velocity

The velocity of movement of a spine varies and depends on many complicated factors. They are not described here - we only note that at the latter iteration stages (when the FPI is 'hovering' over a subset while spines are being  moved/imaged) it takes approximately 0.3 seconds for the spines to move and their motion damp-down so they are stable enough to be imaged.

2.24.4.3.3.2 Centroiding & image processing

Much effort has been expended in ensuring that the process of determining spine positions in a subset, from 3 binary-encoded images, is as time-efficient as possible. The software overhead has been estimated to be less than 0.5 seconds per subset.

2.24.4.3.4 Prototype performance

The Echidna prototype instrument effectively contains 4 sequential subsets. By imaging each of these subsets, the software is able to determine the position of the guide fibre, all 20 science fibres, and 1 of the 2 fiducials. (The 2nd fiducial is imaged separately or, ultimately, as part of another subset.)

Random fields can be generated using the  Spine-to-object allocation software (described in section 6.2.5.1) and then fed as input to Echidna's control software. The control software positions each of the science/guide spines according to the allocation specified in the input file - this is referred to as configuring a field.

The prototype instrument currently configures a field in approximately 9 iterations. This poor performance is largely due to the poor positioning performance and interference between a select few spines, as discussed in Section 6.4.2.1. The majority of spines are positioned on targets in approximately 5 iterations - a more representative value of the number of iterations Echidna is expected to require to configure a field.

The total field configuration time is largely dependent on the performance of the worst spine in each subset. To gain a reasonable approximation of the total field configuration time, the control software was instructed to stop configuring after 5 iterations. The total field configuration time for the 4 subsets was 30 seconds.

2.24.5 Observation preparation software

To make an observation with Echidna, it will be necessary for the observer to produce a list of objects to observe.  A tool will be needed which allocates spines to objects and outputs a file that can be specified at observation time. Often there will be multiple spines that can be assigned to a given object and often there will be multiple objects that can be assigned to a given spine.  Various automated procedures will be devised to produce the fibre allocation information.  Additionally, modification of an allocation by manual intervention may be required.

It is proposed to use a tool similar to the existing AAO Configure program used for the 2dF, OzPoz and 6dF AAO instruments.  Whilst the actual spine to object allocation algorithm for Echidna is much simpler than with such instruments, much of the user interface required can be the same.  This tool already supports multiple instruments via a Fibre Instrument interface library.  It also supports the use of different allocation algorithms, allowing optimisation for Echidna.  In the current mode of operation, Configure is available for download on many platforms, allowing observers to prepare observations well in advance.  

2.24.5.1 Spine-to-object allocation software

A prototype of the allocation software has already been implemented for the prototype system. 

The spine-to-object allocation software is responsible for determining the allocation of target objects to individual spines for an observation using the Echidna instrument. It ensures that the final allocation of objects is optimal according to a set of specified parameters (discussed below).

This software is intended to be executed offline prior to an actual FMOS/Echidna observation, typically by the Astronomer requesting the observation. It accepts as input a list of target object names with associated mean RA/Dec coordinates (and epoch) and an optional priority.

After the spine-to-object allocation software has decided upon an allocation for a field, it outputs an allocation file specifying all of the necessary information required by Echidna to configure itself for the observation. Echidna's control software is able to read this allocation file and configure itself without any additional knowledge of the field.

Below is a description of some of the main algorithms/parameters that are implemented:

2.24.5.1.1 Target object priority

The priority of a target object (1 (highest)..20 (lowest)) allows the Astronomer to indicate their preference for allocation of a target object in the event that not all objects can be allocated. Note that 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.

2.24.5.1.2 Minimise distance

This algorithm tries to minimise the 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 configuration time.

Note that this algorithm opposes the Maximise Telecentricity algorithm.

2.24.5.1.3 Maximise telecentricity

This algorithm tries to maximise the telecentricity of spines allocated to target objects. The telecentricity varies radially across the field so that spines tend to tilt outwards in their telecentric position. The closer the spine is toward the edge of the field, the more it tilts outward.  

The purpose of this algorithm is to align the fibre input light cones with the light coming from a target object as much as possible. This ensures that as much light as possible is propagated through the fibre into the spectrograph/sky camera.

Note that this algorithm opposes the Minimise Distance algorithm.

[image: image86.png]number of spines

20

15

10

FH0S Echidna

Spine-to-Object allocation relscantricity distribution
For 1000 randonly distributed ohjects

|
Il
M |
) WLl e A

affset to telscentric point
mioroney





Figure 81 : Graph showing how the net telecentricity improves when enabling the telecentricity algorithm in the Spine-to-object allocation software.
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Figure 82 : A comparison of  allocations without (left)/with (right)  telecentricity algorithm enabled. Notice how spines tend to point radially outwards with the telecentricity algorithm.

2.24.5.1.4 Skew

The spine-to-object allocation software reports both the telecentric and distance skew for each group of priority objects. The skew is an average measure of the magnitude and direction spines will need to be moved for the observation.

The distance skew can be used to choose a more appropriate field centre, although in simulated dense fields this has rarely proved to be useful.

2.24.5.1.5 Minimum Object/Spine Separation

The spine-to-object allocation software imposes limits on how close spines may be positioned relative to one another and how close target objects on the sky are allowed to be. Obviously, target objects that are very close together can both be acquired by a single spine simultaneously. The software warns the user in this instance and will not allocate some target objects to enforce this constraint. 

2.24.5.1.6 Uncross Spines

To ensure that spines do not collide with each other during positioning, the software contains an algorithm to ensure that spines do not become 'crossed'. A set of crossed spines effectively means that target objects have been allocated in a sub-optimal way. By simply re-arranging the allocations in the set, less total distance needs to be travelled by the spines and they can not collide.

2.24.5.1.7 Further Development

A number of new features are proposed for the Spine-to-object allocation software:

2.24.5.1.7.1 Observing Large Areas of Sky

When desiring to survey large adjacent areas of sky, the optimal field shape becomes hexagonal, however, Echidna's circular FOV means there is some overlap and thus an opportunity to observe a greater number of target objects in these overlapping regions. 

The software should be optimised to ensure that as many objects as possible are observed - whilst still obeying the Target Object Priority algorithm.

2.24.5.1.7.2 Multiple Observations of Crowded Fields

In some very dense star fields, a number of observations may be requested at the same field centre. The software will have to determine which target objects will be allocated in which observations. This software should be optimised to ensure that as many objects are observed as possible - whilst still obeying the Target Object Priority algorithm.

This is a special case of the algorithm used for Observing Large Areas of Sky. Instead of the overlapping regions being relatively small, they cover the entire field as the field centres are all at the same mean RA/Dec.

2.24.5.1.7.3 Sky/Background Subtraction

Unallocated spines are used to derive a representative value of the sky background spectrum for the observation. This noise is then effectively subtracted off each of the measured spectra of the allocated spines.

The sky subtraction algorithm must calibrate the fibre throughput and take account of the tilt of spines. This affects the fibre coupling efficiency, see Section 2.2.3. 

2.24.5.1.7.4 Central Observing Wavelength

The output file needs to store the central observation wavelength for each field, so the Echidna control software can accurately position the spines and correct for any atmospheric distortion.

2.24.5.1.7.5 Spine Closeness/Reach Tolerance

As specified in the Minimum Object/Spine Separation section, there is a limit imposed on how close spines may be positioned and how far they may travel. Due to atmospheric distortion effects, spines that just satisfied either/both of these limits may breach it. This is because the Spine-to-object allocation software initially calculates the position of target objects on the field plate using mean RA/Dec. When positioning the spines, we must convert the mean RA/Dec to the time-dependant apparent RA/Dec, hence the small residual.

Three possible solutions exist:

· limit the observation declination angles to reduce the atmospheric dispersion effects. This only reduces the magnitude of the residual in the case of spine closeness tolerances. It does not eliminate it completely, nor handle violations of the spine reach limit.

· dynamically unallocate any spine that violates this limit. This means the target object will not be observed.

· buffer the spine reach software limit from the physical reach limit by the maximum shift that will occur due to atmospheric distortion.

2.24.5.1.7.6 Rotator position angle (selection of guide stars)

Echidna implements autoguiding using a number of spines with fibre bundles.  These are located on both ends of each Echidna module, restricting the number of potential guide stars that can be used.  To improve the number of potential guide stars, it will be possible to set the rotator position angle.  This could be done by manual invention or using an algorithm which tries to allocate guide spines to objects at different position angles – choosing the position angle which gives the best result.

2.24.5.1.8 Performance

Many random fields with 400 target objects have been simulated to test the performance of the prototyped Spine-to-object allocation software. On average, an allocation percentage of 90% (360 objects) has proven to be achievable.

If the number of target objects is increased, the software has greater success at increasing the number of allocations. At approximately 1000 target objects, all spines are allocated. However, this statistic is misleading as we must allow an appropriate number of spines (>5%) for sky subtraction. 
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Figure 83 : Spine-to-object allocation performance is 90% for 400 randomly-distributed objects. Notice that the performance drops off rapidly when there are less objects than spines, as would be expected.

We also experimented with confining the spine reach to less than the physical limit. We see that the allocation performance of the Spine-to-object allocation software falls off exponentially as the maximum spine reach/travel distance is reduced (see Figure 84).

We have therefore chosen to limit the spine reach to a value equal to the separation between the spines (~7.4mm). The concept of extending the reach beyond the pitch was considered, but rejected due to the added software complexity necessary to prevent spines colliding and the mechanical complexity inherent in designing a spine that could tilt further (the piezo would need to be shorter).
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Figure 84 : Field coverage for spines: a) allowed to reach all the way to their nearest neighbours, and b) where spines are restricted to moving only 75% off the distance to their neighbours.
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Figure 85 : Graph showing how the performance of the Spine-to-object allocation software is reduced when spines are restricted in their maximum radial movement.

2.24.6 Mimic Display/Maintenance Interface

Past AAO experience suggests that calibration and maintenance software will be required for commissioning and maintaining the instrument. This software will help debug the control software and calibrate/diagnose new hardware configurations.  (ie. calibrate new spines, or diagnose problems with existing ones.) Existing AAO systems, such as 2dF, make extensive use of GUI based mimic systems for maintenance purposes.  The exact form of this software will depend on the results of the development process – which normally indicate exactly what is required.  It is expected the maintenance interface will provide access to all low-level operations, and a display of the complete instrument status.  A mimic interface will show the positions of each spine and the FPI Gantry – updated as changes occur.  Most calibration information will be maintained by the Echidna Configuration Control Software but access to it will be provided by the Maintenance Interface.

2.24.7 Autoguiding

Autoguiding is achieved by closely scrutinising a set of guide stars with a number of guide spines located on each side of the Echidna field. The guide spines are implemented as fibre bundles with 7 fibres, and are imaged onto the sky camera, where Echidna control software is responsible for analysing the images and determining appropriate telescope offsets at intervals of approximately 10 seconds. The calculated telescope offsets are sent to the OBCP where they are passed to an external program (developed at Kyoto University) which will interface to the TCS and move the telescope. The new telescope position will be fed back to Echidna via the OBCP.

Note that the observation preparation software (Configure) is responsible for allocating appropriate stars to the guide spines. 

It is expected that Echidna will be able to operate with guide stars as faint as 18th magnitude in B.

As well as the issues of sub-optimal image quality for the guide spines as discussed in Section 2.3, the auto-guiding software must also be able to handle colour variable distortion. That is, the apparent movement of a guide star over time due to atmospheric distortion. This effect is particularly pronounced at high zenith angles. 

2.24.7.1 Initialisation

The Autoguiding software must be provided with information about the guide spine allocation – for example, which spines are to be used and what is the position of the object on the sky.  It is likely that the rotator position angle offset will also be required.  Most (if not all of this information) should be available when the spine allocation information is sent to the Echidna configuration control software and should be sent to the autoguiding software at the same time.

2.24.7.2 Time

It is essential that the autoguiding software has access to an accurate timeclock.  PC clocks are often not sufficiently reliable and it is more appropriate to synchronise the PC clock regularly with the current time from the TCS time system.

2.24.7.3 Guiding Algorithm

The fibre-guiding algorithm will be based on the algorithm used in the OzPoz instrument, currently being commissioned on the ESO VLT.  This algorithm is itself a development of an algorithm used in the AAO’s 2dF instrument.  The basic algorithm is described below.

2.24.7.3.1 Image Processing

It will first be necessary to apply a “Flat Field” to images produced by the Sky Camera.

The offset of the object position in each guide fibre bundle will be determined using a simple centroiding algorithm.  Only if a valid centroid is found will the associated guide bundle be used for further calculations.

The centroid offset information takes in to account the orientation of the fibre bundle on the sky.  It is then scaled to account for the number of microns per pixel.  Next refraction and dispersion effects (see below) are accounted for.  The result is the movement of the guide object image in microns on the field.

This is then converted to an offset in Right Ascension and Declination using a matrix determined in the initialisation sequence.  The result is in radians and will be converted to arc-seconds.

The average of each of the guide star offsets provides the telescope position error.

2.24.7.3.2 Accounting for atmospheric diffraction effects

A significant issue of concern for guiding is that the Sky Camera will be sensitive at optical wavelengths whilst the spectrographs are working in the near infrared.  The allocated spine positions will take account of the atmospheric refraction effects, but are chosen appropriately for the centre of the observation period. 

Consider an object that has a position on the field plate of Potc in the optical at the central observation time.  Assume its position at the spectrograph observing wavelength at the same time is given by Pirtc.  If this object is a guide object, the guide spine will be positioned in the field such that at the central observation time Tc, the guide spine central fibre aligns with Potc.  The difference between these two positions is given by Δtc = Potc – Pirtc.

For any given time, tn, let the positions of these objects in field be Potn and Pirtn.  The difference is given by Δtn = Potn – Pirtn.  Thus at both wavelengths the object may have moved.  Whilst the guider will only see light at optical wavelength, it is the light at the spectrograph wavelength which must be kept at the same relative position to the guide spine centre.  To do this the object at the optical wavelength must be off-centre by Δtc – Δtn.

To implement this, for each guide spine the autoguider software will run the astrometric model for the central observation time at both wavelengths.  This is done during the field acquisition with the result saved in the header information.

Then when processing each image, the astrometric model software is again run for each guide spine and each wavelength, this time for the time the image was taken.  Δtc – Δtn will be subtracted from the guide spine centroid, forcing the guide spine centroid to be off-centre by the required amount.  Note that this scheme only works if the maximum possible Δtc – Δtn is significantly less then useable range of a bundle.  The useable range of a bundle is reached when light from the guide object stars falling outside the guide bundle.  The more light that falls outside, the less sensitive the guiding is.

2.24.7.3.3 Validation of the individual centroid result

The FWHM of a centroid result can be used to determine if the result is valid.  Appropriate minimum and maximum valid FHWM values will be determined.

Additionally, a sensible result check is done to ensure the resulting offset is not too high (eg. Larger than the diameter of a guide bundle).

2.24.7.3.4 Calculating the Field Rotation Offset

A formula was developed during the AAO 2dF project that determines the rotation error, given the offsets in RA/Dec for each FACB.  This formula was developed using a least squares minimisation of the errors (This also gives rise to the expected averaging formula for determination of the telescope offset).  The formula applied is
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Where

ΔROT
=
Rotation Error

n
=
Number of guide spine for which we have valid centroids.

RAi
=
RA position of guide spines i's object.

DECi
=
Declination position of guide spine i's object.

ΔRAi
=
Error in RA position of guide spine i.

ΔDECi
=
Error in Dec position of guide spine i.

ΔRAavg
=
Average error in the RA position of all guide spines.

ΔDECavg
=
Average error in the Dec position of all guide spines. spines.

Note that if we have only one valid guide spine centroid, the rotation is zero.  In addition, if all guide spines experience the same offset, the result is also zero, as expected.

The resulting rotation will be validated for range errors.

2.24.7.3.5 Use of a FIFO to validate results

When the results are determined for a given guide bundle, they are added to a First In, First Out (FIFO) buffer.  After addition of a new value, the FIFO is analysed to throw out outliers before the determination of a new offset from the average of the remaining values. This will only be done if the number of values in the FIFO exceeded a specified value (to be determined) otherwise the result is considered invalid.

The size of the FIFO is yet to be determined, but will be in the order of 4 to 12 values.

2.24.8 Astrometric modelling software

Astrometric modelling software that is responsible for converting object positions on the sky to positions at the focal plane in X/Y coordinates.  It is expected that this will be implemented as a library routine.  This software will be used by the Observation Preparation Software, the Echidna Configuration Control Software and the autoguider software.

The following steps are involved:

· The mean positions are converted to apparent positions by correcting for precession, nutation, aberration and gravitational light deflection. This stage can be carried out by the SLALIB routines slaMap or slaMapqk.

· Apparent positions are converted to observed positions by correcting for Earth orientation, diurnal aberration and refraction. This can be done using the SLALIB routines slaAop or slaAopq.

· Apply the above steps to both the desired target position and the field centre position. Then determine the standard coordinates ((, () of the target position according to gnomonic projection to the tangent plane. This can be done by the SLALIB routine slaDs2tp.

· Rotate by the position angle

· Correct for the distortion of the corrector system.

· Correct for distortions impacted by the telescope flexure (details unclear at the moment).

· Multiply by the focal length to get the position in the focal plane.

It will be necessary to determine the corrector distortion mapping.  This can probably be done to first or second order using Ray tracing of the corrector design.  Higher order components may have to be determined in the commissioning program.  The exact impact of telescope flexure will need to be determined.

2.24.8.1 Fixed Parameters

These will include observatory and telescope parameters such as the latitude, longitude and height above sea level of the telescope. The software obtains these values using the SLALIB routine slaObs using the telescope name “Subaru”.

2.24.8.2 Parameters to be determined for each observation

Parameters which must be determined for each observation for refraction calculations include: the time of observation, atmospheric temperature, pressure, and humidity and observing wavelength.  The atmospheric conditions should be predicted values for the mid-point of the observation. The sensitivity to these values is such that the difficulty of making an accurate prediction should not be a problem.

2.24.8.3 Parameters to be determined during commissioning

Parameters determined during commissioning will include the geometric relationship of the focal plane and sky, such as image scale, zero point offsets and distortion model parameters. We should have reasonably good starting values for these but these will be refined during commissioning.

2.24.9 FPI Image Display

It will be necessary to display the images taken by the FPI Sky Camera – to assist in acquisition and to confirm that autoguiding is functioning correctly.  Additionally, the ability to display images from the spine camera will be required during development and maintenance.

The image display components will likely be based on the ESO Real Time Display software.  The AAO has experience using this software in its IRIS2 instrument.  Images will likely be transferred from frame buffers to the display using shared memory techniques. It will be necessary to determine that the use of the ESO Real Time Display system will fit into the existing FMOS architecture/environment, as early as possible.

2.24.10 Commissioning Software

The main aim of the commissioning software is to create an accurate astrometric model by refining the various parameters.  The basic scheme is as follows

1. Position a number of spines where stars of accurately known positions are predicted to be.

2. Save the state of the telescope and fibres in a FITS file.

3. For each fibre, manually adjust the position of the telescope until the light intensity coming from its star is at a maximum. Then, record the spine number and offset RA/Dec (radians) of the telescope from its initial position. 

4. Run the astrometric calibration software, which takes details of the telescope offsets, field centre and object, positions.  This software will perform an appropriate mathematical fit of the offsets to the model parameters.

5. Ensure the parameters are reasonable and repeat the procedure.

This procedure would be carried out first with the Guide Spines.  Once it is confirmed that the guide spines are being positioned correctly, the procedure can be repeated with the science spines.  In this case, the procedure involves allocating and positioning the spines and then performing a grid of observations at different telescope offsets.  The resultant data files must be analysed to determine the offset corresponding to the maximum flux for a given spine.

2.24.11 Performance Issues

Due to the early prototyping of much of the control software, many of the identified performance-critical areas have been quantitatively measured and evaluated, and where inadequate, improved. Consequently, there are few known performance issues remaining with Echidna software.

However, we intend to closely monitor the Echidna components that impact significantly on total field configuration time and spine performance, and investigate opportunities that present the possibility of improving these areas with software solutions.

2.24.12 Infrastructure Issues

As the Echidna PC will be remotely booted and access its filesystem via the Subaru E-LAN(C) network, we intend to use a DHCP server (most-likely) located on the OBCP computer. The possibility of a conflict occurring as a result of another DHCP server running on the same Subaru network needs to be investigated.

3 Appendix A

3.1 A summary of the spine assembly procedure

The following gives a note-form account of the assembly procedure of the 21 prototype module spines and 2 fiducials. It is assumed the fibres are already glued and polished into the corresponding ferrules. 

Abbreviations used:

CF – Carbon fibre tube (2.2mm OD, 118mm length)

BB – 6mm OD stainless steel ball bearing

CW – Tungsten alloy counterweight

Taper – Stainless steel tapered section, connecting the end ferrule with the CF 

Araldite1 – Ciba Speciality Chemicals 2-part Araldite, part number K138

Araldite2 – * 5-minute Araldite

DVC – digital vernier caliper

3.1.1 Assembly Procedure for a single spine

1. The CF is cut using a knife-edge producing a length that is oversized by 1-2mm. The CF is very easy to cut with a sharp knife. The length of CF is placed in a test-tube and acetone is added, enough to cover the length of the CF. A thin metal rod, smaller in diameter than the ID of the CF, is used to gradually clear the inner white plastic filler of the CF that easily dissolves in the acetone.

2. The CF is removed from the acetone and cleaned with water. Using emery paper the CF is ground vertically to length (118mm). The CF is cleaned again with water.

3. The CF is glued using Araldite1 into the BB. The CF should be inserted 3mm into the BB and this is achieved to a reasonable accuracy using a DVC once the CF is glued. Araldite1 has a relatively large curing time (takes 0.5hrs to start to cure, 24hrs to fully cure without heat applied). Care must be taken to remove excess glue from joint. All surfaces should be cleaned beforehand with ethanol or some other readily available solvent.

4. The fibre is threaded through the taper until the ferrule it is connected to reaches the thin end of the taper. The two segments are glued using Araldite2, again using a DVC to set the overall length to 45.1mm. Again excess glue must be removed from the joint.

5. Once the glue in all components is cured the fibre is threaded into the CF and exits through the BB. Araldite1 is applied to the uppermost 3mm section of the taper (corresponding to the widest section). The taper is inserted into the CF.

6. The spine length jig is cleaned with solvent, remembering to pay particular attention to the 3-point mount and surface to which the ferrule contacts.

7. With the spine jig positioned horizontally, the spine is inserted carefully into the jig, using a pair of tweezers to guide the ferrule tip through the narrow holes contained within the jig. Care must be taken to avoid hitting the ferrule tip while the spine is inserted.

8. The fibre is threaded through the top segment of the spine jig, and the segment is bolted into place. The CW is threaded through the fibre and inserted into the hole contained in the aforementioned segment. With the jig resting in the horizontal position, Araldite1 is placed carefully round the end of the CW, being careful not to touch the fibre. Once a uniform ring of glue is present the CW is lowered and twisted once in contact with the BB. 

9. The jig is slowly raised to the vertical position. The ferrule is checked to see that it is still in contact with the jig base. The spine is left to dry. It is important to have the same environmental temperature for the drying of all spines. 

10. Once the glue is cured the spine is removed and checked for stiffness, in particular the taper to CF joint. If acceptable, the spine is balanced about the BB using a small section of trimming weight. Araldite 2 is used for the gluing of this section.

11. When cured a small section of plastic tube is inserted over the ferrule to protect the fibre surface.

12. The guide fibre assembly is identical to that of the science fibre.

3.1.2 Fiducial Assembly

The two fiducials for the prototype instrument are likely to undergo a few design changes for the final instrument, however, the assembly procedure is described here for completeness. The fiducials are required for orientation purposes – the spine camera on the FPI is able to deduce the spine positions by first measuring the positions of the two fiducials per module. It is important, therefore, that the 2 fiducials be fixed relative to the module. 

1. The fiducial design for the prototype instrument is similar to the spine design except that it does not contain a BB, CW or trimming weight. It also contains a longer length of CF, around 130mm in length, and has a stainless steel insert glued inside for added stiffness. The tube is 120mm long, 1.62mm OD and approximately 0.3mm thick and is glued after the CF is washed. Araldite2 is used for gluing.

2. The CF is first glued into an aluminium attachment called the fiducial alignment pin that is shown in Figure 55.  The glue used is Araldite1. 

3. The taper and ferrule are assembled as described above.

4. Once the glue of all components is cured, the fibre is threaded through the CF and a small amount of Araldite1 is applied to the top 3mm section of the taper. The taper is inserted into the CF and excess glue is removed from the joint. 

5. The fiducial alignment pin is threaded carefully onto the centre pin, shown in Figure 55. The top section of the spine jig is removed from the spine jig and replaced by the top plate of the fiducial assembly jig. The centre pin in carefully threaded into the jig and bolted into place. Tweezers can be used to guide the ferrule through the narrow holes. 

6. With the glue cured the centre pin is removed from the jig. The fully assembled fiducial is unthreaded from the centre pin.

3.1.3 Suggestions for improvements

1. The suitability of the glues used, Araldite1 and Araldite2, should be investigated more thoroughly in the light of the problems experienced with the assembly of the 3-point mounts. It should be noted, however, that there were no apparent problems with 21 assembled prototype spines. 

2. The stiffness of the taper to CF joint needs to be improved. It was found that the allowable 3mm overlap between the CF and taper was too short. 

3. The CF may be slightly too long – it was found that in some cases neighbouring spines suffered CF to CF contact rather than the expected ferrule to ferrule contact. This is most likely because the quoted 2.2mm OD of the CF is too small along certain sections.

4. An accurate ferrule to taper alignment is difficult to achieve in practice. Either a jig is required that will produce a well-aligned 2-part section, or, if possible, a single section taper. 

5. The spine length jig, if proved to be successful, needs to be extended to incorporate multiple spine assembly.  

Appendix B

3.2 The QTP to module gluing procedure

The following presents a note-form summary of the technique developed by the Anglo-Australian Observatory for the QTP tube gluing to the prototype module base.

3.2.1 Summary
Abbreviations used are as follows:

63. Pz = Piezo (or QTP)

64. Br = Brass module base

65. Al = Aluminium

66. IPO = Iso propyl alcohol

67. PCB = printed circuit board

Things to aim for:

-Gap between electrodes must face outwards. Rotate Pz tubes so gap is closest to edge of PCB.

Things to watch out for:

-Hemispheres are very delicate.

-Piezo tubes are delicate.

-Do not get epoxy into PCB holes.

-Do not get epoxy between PCB and Br carrier.

-Magnetic force of Pz tube assy.

3.2.2 Gluing Procedure

-Screw the end brackets onto the Br carrier. Note that for alignment, the end brackets must be screwed onto the steel base and locating dowels in place. See full assembly Figure 86 for details .

-Prepare Br carrier by degreasing the holes with IPO.

-Prepare Pz tubes by degreasing the non electrode end with IPO.

-Mix a batch of epoxy. Enough for 8 at a time maximum due to epoxy working time, 0.5 hr.

-Coat the inside of the holes in the Br carrier with epoxy to a depth of 2mm starting from PCB/ carrier interface. See Figure 87. Do not get epoxy into PCB holes. If it happens, wipe clean with a cotton bud.

-Place teflon disks, followed by nylon spacers into holes of brass carrier. (See Figure 88). This is to limit travel of the Pz tubes during placement due to magnetic forces.

-Screw down retaining plate. Figure 89.

-Invert jig ( PCB holes up) and place Pz tubes into epoxied holes. Note orientation and colour coding of Pz tubes. Each side ( red, black) has its own correct orientation to the Br carrier. Figure 90, Figure 91.

-Place spheres onto Pz tubes. Take care not to let the magnetic attraction cause the balls to drop down. Figure 91.

-Place Al sphere keeper onto a non magnetic surface. This surface must be the same level as the assembly jig base. Figure 91.

-Invert the partially assembled jig and carefully lower on to the Al sphere keeper.

-Place the jig base next to the partial assembly. Slide the assembly over to the base. Figure 92.

- Lightly secure end brackets with 2 screws (each) from below. Figure 93.

-Push the locating pins into the base from below and up into the top assembly. Figure 94.

- Tighten screws for both end brackets.

- Open top retainer plate and remove nylon spacers. Leave teflon disks in place.

- place coil springs into holes and replace retainer plate. Figure 95, Figure 96.

Check that: 

All hemispheres on each tube are in full contact with their corresponding sphere.

The Pz tube is aligned in rotation such that the gap between the between the outer electrodes is closest to the edge of the PCB.

-Allow about 3hrs to set at 23 deg C.

-Unscrew retaining plate and remove springs. They may be partially stuck to the inside of their holes. Gentle pull with needle nose pliers will help them come free.

-Push the dowels out from the top.

-Remove the screws from the jig base. Carefully lift off the top assembly. Remove the Al carrier and spheres.

- At 3hrs the epoxy should be strong enough to hold the Pz tubes but not fully cured. There is a small build up of epoxy inside the tubes which is best removed at this stage. It must be done to allow clearance for the spine to go through.

- To remove it, invert the jig and place on a drill press. Place a #32 drill in the chuck, shank down. Carefully lower the drill bit into the Pz tube. Push out the teflon disk and partially cured excess epoxy. Take care not to let the magnetic attraction make the drill bit go off course. A similar size piece of Al or brazing rod would be an improvement for this step. 

- It is best to leave the end brackets on until just prior to final assembly onto FPI unit as they give some degree of protection.

3.2.3 Soldering Procedure.

Soldering of the tubes is done using using a Weller model MT1500 iron with MT211 tip, set temperaure to 320 deg C. 

A fine tipped general purpose iron is needed to preheat the wide common pad running down the centre of the PCB, set temperature to max or 400 deg C. There is not enough capacity in the weller iron to heat the central common pad. Over heating the Pz tubes will cause them to depolarise, so avoid touching the tubes with the general purpose iron. There is enough leverage on the Pz tubes to break them with the general purpose iron tip, so move the iron in and out of the gap between the tubes with care.

-Prepare the work by putting the Pz tube assy in a small swivel vice, tubes facing up. Have adequate lighting.

-As you proceed use liquid flux on the area to be soldered.

-With general purpose iron in one hand preheat the central pad. Avoid touching the Pz tube. 

-With the other hand put some solder on the tip of the Weller iron and come in from the opposite side. Solder both centre electrodes of each Pz tube to the central pad. You may need a lot of solder to successfully bridge the gap between the Pz tube and the pad. 

-Solder each outer X, Y electrode to its corresponding pad. 

-After soldering is complete. Soak and wash the flux off with IPO. Use a fine bristle brush to get the flux and contamination out from between the tubes. Allow to naturally air dry. Do not use hot air or compressed air to force drying.

3.2.4 Thoughts and Suggestions to improve Pz tube assembly.

- Improve method of bonding hemispheres to ring magnets. The main problem with with the current assembly method is that the force required to hold the tubes in place during cure often exceeds the strength of the hemisphere to magnet bond. The nature of the magnet material does not allow us to penetrate the outer plating ie "rough up the surface". Corrosion and eventual deterioration of the magnet results. For adhesives the required properties are: adheres to metal, high peel strength, high impact strength, good gap filling, low elongation/flexibility (possibly), rigid cure (possibly, high viscosity/ thixotropic during application. According to Loctite, 2 part acrylics best fit the requirements. Needs more investigation and some trials. 

- Another possibility is a thinwall sleeve which slides over, and bonds to the outside of the ring magnet. The edge of the sleeve sits flush against the bottom of the hemispheres. Compatability with Pz tube spacing requiements is something which needs to be looked at with this idea.

- Magnetic repulsion between tubes cause them to want to move away from their spheres and away from each other. Improving the hemisphere bonding will allow us to increase the force pushing the tubes firmly against the spheres. At present they want to pop up and lean over, jamming against the side of their holes, despite the coil springs. I think this cumulative leaning causes the PCB to start losing registration with the Br carrier. 

- Another jig which holds an array of mandrels that slide inside the Pz tubes during gluing would stop them from leaning over. It would need small tubular spacers made from something that epoxy won't stick to, and some way of applying compression to each tubes like the present coil springs do. The spacers should be a snug fit to the wall to prevent epoxy running up the side and obstructing the hole for the spine. Note that the design should be done so that the forces retaining the tubes do not cause the Br carrier to flex out of specification.

- Jig end brackets to have cutouts in the side which will allow sideways withdrawal of assy without the need to remove end brackets each time.

- Make dowels so that they can be pushed in and out from the top.

- A tool which helps to accurately place epoxy in the right spot inside the carrier hole. Maybe SMD paste and adhesive dispening gear may be useful here.

- Lightly deburr holes on the side of the PCB which is in contact with the brass carrier. 

-A punched out sheet of insulating material between the Br carrier and PCB for better integrity of insulation.

-Use of conductive epoxy rather than solder to make the connection between PCB and Pz tubes - no heat required. Can be ground off with Dremel tool for servicing.
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Appendix C

3.3 OBCP Interface Definition Document or Echidna sub-system of FMOS

3.3.1 Acronyms

AAO
Anglo-Australian Observatory

FMOS
Faint Multi-Object Spectrometer

FIFO
First In First Out

FOV
Field Of View

FPI
Focal Plane Imager

GUI
Graphical User Interface

OBCP
OBservation Control Program

SOSS
Subaru Observation Software System

TCS
Telescope Control System

3.3.2 Introduction

This preliminary document details commands/communication services necessary for the correct functioning of Echidna within the FMOS system. It is expected that the FMOS instrument provide a single unified interface to the Subaru telescope in the form of an OBCP through which all communication with the telescope is channelled. All communication between sub-systems in FMOS will be also be via the centralised OBCP.

The current design of the OBCP sub-system includes a State Monitor to facilitate communication between the various FMOS sub-systems. This state monitor records the last known state of many variables and will be able to provide values to clients upon request, thus eliminating the need for excessive communication between sub-systems.

It is expected that a single GUI for the FMOS instrument will be presented to the end-user by interfacing the GUI client to the OBCP where it can extract all relevant information about the Echidna, Spectrograph and Detector sub-systems from the State Monitor. An engineering interface for Echidna will attach directly to the Echidna sub-system (ie. does not export information or attach separate GUI to State Monitor.) and as such we do not define additional information necessary for the engineering interface here.

[image: image105.png]Subaru Telescape.

r B ‘




Figure 97: High-level structure diagram for FMOS system.

This document aims to describe the necessary commands/packets that arise out of the need for:

68. the Echidna sub-system to import all relevant data originating in the SOSS necessary for the correct functioning of the Echidna instrument.

69. the Echidna sub-system to export all relevant data about an observation to the OBCP (for archival with observation results in the SOSS).

70. the Echidna sub-system to export all relevant data necessary for Echidna-specific portions of the GUI.

71. the GUI to acquire all relevant data from the State Monitor to render an appropriate Echidna display.

72. the GUI to control the Echidna instrument at a high level. (The GUI referred to here is an observational interface and thus will not contain many of the complexities inherent in an engineering-grade interface.)

73. Noticeably absent are any commands/packets that are necessary for correct operation of the Spectrograph and Detector.

 Packet Formats

3.3.2.1 Packets sent by Echidna

3.3.2.2 SPINE

SPINE|spineId|row|col|setNo|moduleId|basePosX|basePosY|bActive|bGuide

Specifies static information about a spine. This information
is predominantly exported and stored in the State Monitor. This allows a GUI to easily extract necessary information from the State Monitor and render an appropriate display for the Echidna sub-system.

Field
Type
Description

SPINE
string
Packet name

spineId
uint
Unique identifier for spine.

row
uint
Row number of spine.

col
uint
Column number of spine.

setNo
uint
setNo of spine. (used for back-illumination)

moduleId
uint
Identifier of module in which spine is embedded.

basePosX
int
X position of spine in field plate. [microns]

basePosY
int
Y position of spine in field plate. [microns]

bActive
bool
Is this spine being used at all?

bGuide
bool
Is this spine a Guide Fibre?

3.3.2.3 SPINE_ALLOC

SPINE_ALLOC|spineId|objectId|ra|dec|posX|posY|priority|objectName

Specifies the target object allocation for a spine. A sequence of these packets (one for every allocated spine) effectively builds a spine-allocation table.

Note: The target object may be a "sky background target".

Field
Type
Description

Field
Type
Description

SPINE_ALLOC
string
Packet name.

spineId
uint
Unique identifier for spine.

objectId
uint
Unique identifier for target object.

ra
RA
Right Ascension coordinate for target object.

dec
Dec
Declination coordinate for target object.

posX
int
X position of target object in field plate. [microns]

posY
int
Y position of target object on field plate. [microns]

priority
uint
Priority of target object. [1..20] 1 == highest

objectName
string
Arbitrary name or description of target object.

3.3.2.4 SPINE_POS

SPINE_POS|spineId|posX|posY

Specifies the position of the tip of a spine after initialisation or a move.

Field
Type
Description

SPINE_POS
string
Packet name.

spineId
uint
Unique identifier for spine.

posX
int
X position of spine tip in field plate. [microns]

posY
int
X position of spine tip in field plate. [microns]

3.3.2.5 SPINE_DRIVE

SPINE_DRIVE|active

Specifies whether spines are currently being driven to a new position or not. (Do we want to specify which spines are being driven?)

Field
Type
Description

SPINE_DRIVE 
string
Packet name.

active
bool
Are spines being driven to a new position?

3.3.2.6 FPI_STATUS

FPI_STATUS|posX|posY|ra|dec|state

Specifies the current state and position of the FPI (spine and sky cameras) on the gantry in the Echidna instrument.

Field
Type
Description

SPINE_DRIVE 
string
Packet name.

posX
uint
X position of centre of FPI in field plate coordinates. [microns]

posY
uint
Y position of centre of FPI in field plate coordinates. [microns]

ra
RA
RA coordinate of centre of FPI.

dec
Dec
Declination coordinate of centre of FPI.

state
enum
Current state of FPI.

Valid state values are:

Value
Description

PARKED
FPI is parked out of FOV.

MOVING
FPI currently moving about the FOV.

IMAGING
FPI is currently imaging a subset of spines.

HOLDING
FPI is in-position, ready to image a subset of spines.

3.3.2.7 ECHIDNA_STATUS

ECHIDNA_STATUS|state|message

Specifies the current state of the Echidna sub-system.

Field
Type
Description

ECHIDNA_STATUS
string
Packet name.

state
enum
Current state of Echidna sub-system.

message
string
Optional text message describing state or sub-state.

Valid state values are:

Value
Description

FIELD_CONFIGURE
Currently configuring new field.

FIELD_ACQUIRE
Currently observing field.

IDLE
Waiting for command(s).

OFF
Echidna is not operational. (This command sent immediately preceding Echidna shutdown.)

3.3.2.8 SKY_IMAGE

SKY_IMAGE|imageTime|ra|dec|description|data

Packet containing information about the last sky image taken. (Is it worth replacing the data field with a filename field pointing to an accessible file containing the sky image? This would reduce the bandwidth consumed on the socket, and also the need for marshalling and unmarshalling of cumbersome images.)

Field
Type
Description

SKY_IMAGE
string
Packet name.

imageTime
UnixTime
Date and time that image was acquired.

ra
RA
Mean right ascension coordinate of image centre.

dec
Dec
Mean declination coordinate of image centre.

description
string
Textual descriptions associated with image.

data
binary
Data containing raw image.

3.3.2.9 SPINE_IMAGE

SPINE_IMAGE|imageTime|posX|posY|ra|dec|description|data

Packet containing information about the last spine image taken.

Field
Type
Description

SPINE_IMAGE
string
Packet name.

imageTime
UnixTime
Date and time that image was acquired.

posX
uint
X field plate coordinate of image centre.

posY
uint
Y field plate coordinate of image centre.

ra
RA
Mean right ascension coordinate of image centre.

dec
Dec
Mean declination coordinate of image centre.

description
string
Textual descriptions associated with image.

data
binary
Data containing raw image.

3.3.2.10 REQ_TELESCOPE_POS

REQ_TELESCOPE_POS

A request for the current pointing position of the Subaru telescope.

Field
Type
Description

REQ_TELESCOPE_POS
string
Packet name.

3.3.2.11  REQ_ATM_CONDITIONS

REQ_ATM_CONDITIONS

A request for the current atmospheric conditions at the Subaru telescope.

Field
Type
Description

REQ_ATM_CONDITIONS
string
Packet name.

3.3.2.12 WARNING



WARNING|level|message

A generic packet for exporting warning messages from the Echidna sub-system. They should be picked-up by the GUI and made clearly visible to the end-user. (Add an origin & destination field so can be used by any sub-system?)

Field
Type
Description

WARNING
string
Packet name.

level
uint
Severity of warning. [1..10] 1 == high

message
string
Textual warning message.

3.3.2.13 ERROR

ERROR|level|message

A generic packet for exporting error messages from the Echidna sub-system to the GUI. They should be picked-up by the GUI and made clearly visible to the end-user.

Field
Type
Description

ERROR
string
Packet name.

level
uint
Severity of error. [1..10] 1 == high

message
string
Textual error message.

3.3.3 Packets sent by GUI

3.3.3.1 DATA_START and DATA_END

DATA_START

DATA_END

We can imagine a situation in which the GUI requests information about all spines from the State Monitor. The result would be a significant number of packets sent to the GUI. The DATA_START & DATA_END packets would be sent preceding & succeeding these packets, respectively. This would allow the GUI to determine the appropriate time to physically render the display (ie. after all packets are received).

It is expected that the DATA_START & DATA_END packets would be generic & used whenever a substantial number of related packets are sent to (and from?) a client.

Field
Type
Description

DATA_START
string
Packet name.

Field
Type
Description

DATA_END
string
Packet name.

3.3.3.2 CONFIGURE_FIELD

CONFIGURE_FIELD|filename|centreTimeOfObs|obsWavelength

This command initiated by end-user from GUI to initiate a new field configuration. The filename specifies the location of an accessible file containing mappings between spines and target objects. This file
 is typically generated by an Astronomer off-line using software the AAO provides.

Field
Type
Description

CONFIGURE_FIELD
string
Packet name.

filename
string
Location of output spine-to-object allocation file to use for new field configuration.

centreTimeOfObs
UnixTime
Anticipated mid-point of observation.

obsWavelength
uint
Wavelength of observation. [nanometers]

3.3.3.3 OBS_DURATION

OBS_DURATION|seconds

Specifies the duration of the current observation. This command can be sent at any time to increase/decrease the exposure time. (Can potentially be used to abort an active observation?)

Field
Type
Description

OBS_DURATION
string
Packet name.

seconds
uint
Expected duration of current observation.

3.3.3.4 ABORT

ABORT

Initiated by end-user from GUI to terminate the current Echidna field configuration operation.

Field
Type
Description

ABORT
string
Packet name.

3.3.3.5 REQ_MOVE_FPI

REQ_MOVE_FPI|posX|posY|ra|dec|spineId

This packet is used to request the FPI move to a new position. The requested position can be specified 3 different ways:

in field plate x,y coordinates. (posX and posY fields)

in mean RA/Dec coordinates. (ra and dec fields)

using the identifier of a spine in the FOV. (spineId field)

Only one set of fields can contain values – other fields must remain empty.

This packet usually precedes ACQ_SPINE_IMAGE or ACQ_SKY_IMAGE, as it is useful to acquire arbitrary sky/spine images for the GUI. (It is expected requests like this, and others, will be rejected if Echidna is not in an appropriate state to honour them. In these instances, do we need a negative-acknowledgment or will a simple ERROR (packet) reply suffice? Perhaps a sequence number on all REQ_ packets which we can append to the ERROR/WARNING packets?) 

Field
Type
Description

REQ_MOVE_FPI
string
Packet name.

posX
uint
X field plate coordinate to use for centre of FPI FOV. [microns]

posY
uint
Y field plate coordinate to use for centre of FPI FOV. [microns]

ra
Ra
Mean RA coordinate to use for centre of FPI FOV.

dec
Dec
Mean Declination coordinate to use for centre of FPI FOV.

spineId
uint
The FPI FOV is centred over the “home” position of this spine.

3.3.3.6 ACQ_SPINE_IMAGE

ACQ_SPINE_IMAGE

A request packet to acquire an image on the Echidna spine camera in its current position on the FPI.

Field
Type
Description

ACQ_SPINE_IMAGE
string
Packet name.

3.3.3.7 ACQ_SKY_IMAGE

ACQ_SKY_IMAGE

A request packet to acquire an image on the Echidna sky camera in its current position on the FPI.

Field
Type
Description

ACQ_SKY_IMAGE
string
Packet name.

3.3.4 Packets received by Echidna

3.3.4.1 PROTOCOL_VERSION

PROTOCOL_VERSION|versionNo

This command should be sent from the OBCP server to any newly-connected client immediately after a connection has been established. The version number (versionNo field) specifies an arbitrary protocol number that denotes the format/syntax/semantics of commands/packets that can be sent/received between the client and server. Whenever the API or packet format changes, this protocol version number should be incremented. This prevents mis-matching of clients and servers, and/or the ability to support backwards compatibility if so desired.

Field
Type
Description

PROTOCOL_VERSION
string
Packet name.

versionNo
float
Specifies protocol version number in format: major.minor

3.3.4.2 TELESCOPE_POS

TELESCOPE_POS|ra|dec

An acknowledgment packet containing the current pointing position (in mean Right Ascension and Declination coordinates) of the Subaru Telescope.

Note: Telescope-pointing information is initially stored in the SOSS. This information needs to be propagated to Echidna (via OBCP) at appropriate times. (ie. upon receipt of a REQ_TELESCOPE_POS packet.)

Field
Type
Description

TELESCOPE_POS
string
Packet name.

ra
RA
Current mean RA of Subaru Telescope.

dec
Dec
Current mean Declination of Subaru Telescope.

3.3.4.3 ATM_CONDITIONS

ATM_CONDITIONS|temperature|pressure|humidity

An acknowledgment packet containing the current atmospheric conditions at the Subaru Telescope.

Note: Information about the current atmospheric conditions are initially stored in the SOSS. This information needs to be propagated to Echidna (via OBCP) at appropriate times. (ie. upon receipt of a REQ_ATM_CONDITIONS packet.)

Field
Type
Description

ATM_CONDITIONS
string
Packet name.

temperature
float
Current ambient temperature at Subaru Telescope. [kelvin]

pressure
float
Current atmospheric pressure at Subaru Telescope. [millibar]

humidity
float
Current humidity at Subaru Telescope. [percentage]

3.3.4.4 GUI Packets

Echidna is also capable of handling all packets sent by the GUI (see § 10.1.4) except for DATA_START and DATA_END.

3.3.5 Packets received by GUI

3.3.5.1 PROTOCOL_VERSION

Described in § 10.1.5.1.

3.3.5.2 Echidna packets

The GUI needs to know all static information (SPINE, SPINE_ALLOC, etc.) about the Echidna sub-system and be kept informed of all alterations to dynamic information (SPINE_POS, ECHIDNA_STATUS, WARNING, etc). Whether this functionality is implemented with a REGISTER_INTEREST|packetname mechanism or a series of explicit request packets (REQ_ALL_SPINE, etc.) for each interested packet type is irrelevant at this stage. Regardless, the GUI must be capable of receiving all non-REQ_ packets sent by the Echidna sub-system. (see § 10.1.3.1)

3.3.6 Field Type Formats

Field Type
Field Format

RA
A Right Ascension coordinate. Format is hour angle and fractions-of-hour angle, not the standard hours/minutes/seconds notation.

Dec
Format is degrees and fractions-of-a-degree, not the standard degrees/minutes/seconds notation.

UnixTime
Number of seconds elapsed since start of Unix epoch (1st Jan 1970).

string
Arbitrary length text field containing only printable characters.

3.3.7 Miscellany

Notes:

There is no support to alter the allocation of individual spines from the GUI. This is considered an engineering operation.

Do we need a PAUSE packet to temporarily halt field configuration?

Do we need a CLEAR_ALL packet to notify the State Monitor to clear itself of all data?

Do we want to export spine calibration information to the GUI (through the State Monitor)? or is this more appropriate for the Engineering interface?

SPINE_CAL_SIZE|size

SPINE_CAL|spineId|direction|offset|nSteps|freq|level

� EMBED Visio.Drawing.5  ���











� One way of implementing this feature without embedding intelligence into the State Monitor is to simply “echo” any DATA_START and DATA_END packets back to the client. If the State Monitor queues and handles incoming packets in a FIFO-like fashion, this guarantees causality.





� The format and contents of the spine-to-object allocation file do not need to be publicly documented.
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Address/Control lines to Echidna:

		Side (1 bit, 2 sides)

		Module (4 bits, 12 modules)

		Group (3 bits, 6 groups per card)

		Spine (2 bits,  up to 4 spines per group, 21 spines per module per side)

		Direction (1 bit, + or - direction)

		Data (1 bit, 1 for ‘on’, 0 for ‘off’)

		X Select

		Y Select

		Clear

		Send
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Telemetry Functions

		+5V Power Supply Voltage

		+5V Power Supply Current

		+15V Power Supply Voltage

		+15V Power Supply Current

		–15V Power Supply Voltage

		–15V Power Supply Current

		+/-150V DC-DC Converter Voltage

		+150V DC-DC Converter Current

		–150V DC-DC Converter Current

		Ambient Temperature of Echidna Enclosure

		Temperature of 150V DC-DC Converter

		Readback on Input Driving Signal

		Output Voltage of Amplifiers 1-8

		Temperature at Spine Modules
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Remote Enable Functions:

		+5V/+15V/-15V Power Supply Enable

		+/-150V DC-DC Converter Enable

		Amplifier Enable (each amplifier)

		Switching Electronics Power Enable
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