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[image: image54.wmf]Notes:

1 - The Echidna Fibre Positioner Control  Electronics includes the Piezo Amplifiers, Piezo Switching, Telemetry

and Power Supplies.

2 - The Focal Plane Imager XY Positioner Motion Controller may be embedded in the Control Computer System.

3 - The Corrector Motor electronics is only required if the motors selected for driving the ADC elements are not

compatible with the existing Subaru Telescope ADC drive system.

4 - The Corrector Motor Motion Controller may be a Servo motor motion controller or a stepper motor motion

controller, depending on the type of motor selected for driving the ADC elements.

5 - The Corrector Motor Motion Controller may be embedded in the Control Computer System

[image: image55.wmf]Digital Input/

Output

Interface

Multi-

Channel

Analog

Output

Interface

Multi-

Channel

Analog Input

Interface

2-Channel

Servo Motion

Controller

1

Gigabit

Ethernet

Interface

2-Channel

Motion

Controller

2,3

Single Board Computer

Telescope LAN

4

Spine Switching Control,

Amplifier Status, Telemetry

Switching

Spine Drive Waveforms

Spine Drive Electronics

Telemetry

FPI XY Positioner Servo

Amplifiers, Encoders, Home

and Limit Switches

ADC Motor Amplifier,

Encoders, Position Switches

Ethernet Interface

4

RS232 Interface to FPI XY

Positioner Servo Controller

1

RS232 Interface to ADC

Motor Controller

2,3

Computer Input/Output Bus

TV

 Frame

Grabber

Interface

Slow Scan

Camera

Interface

Spine Camera Video

Sky Camera Control, Status

and Data
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1 - The FPI XY Positioner Servo Controller may be an external device, which will use RS232 serial communications to interface

with the Control Computer.

2 - The ADC Motor Controller may be an external device, which will use RS232 serial communications to interface with the

Control Computer.

3 - The ADC Motor Controller will only be required if the motors and encoders for the ADC are not compatible with the existing

Subaru Telescope control system.

4 - The Ethernet Interface built in to the Single Board Computer will be used during development. Once installed on the Subaru

Telescope, a Gigabit Ethernet interface may be required.
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[image: image59.wmf]Notes:

1 - The FPI XY Positioner Servo Controller may be an external device, which will use RS232 serial communications to interface

with the Control Computer.

2 - The ADC Motor Controller may be an external device, which will use RS232 serial communications to interface with the

Control Computer.

3 - The ADC Motor Controller will only be required if the motors and encoders for the ADC are not compatible with the existing

Subaru Telescope control system.

4 - The Ethernet Interface built in to the Single Board Computer will be used during development. Once installed on the Subaru

Telescope, a Gigabit Ethernet interface may be required.
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Executive Summary
The FMOS-Echidna concept is part of the Fibre Multi-Object Spectroscopy (FMOS) system for the Subaru Observatory. 

The Anglo-Australian Observatory (AAO) Concept design for FMOS - Echidna includes three modules: the fibre positioning system, the focal plane imager and the prime focus corrector, with the overall system design of these interlinked modules carefully considered.

The fibre positioning unit will position up to 400 fibres in a 30 arcminute diameter field of view at the prime focus of the telescope. The fibres in the focal plane are positioned using piezoelectric actuators that move spine units to which the optical fibres are attached.
The primary aim of the fibre positioning system study was to develop a prototype spine unit that was able to perform to specification and fit within a space envelope that enabled 400 units to be packed in the 30 arcminute diameter field of Subaru. This has been successfully achieved with affordable spine units and control system, along with a modular approach to populating the focal plane.

The focal plane imager is required to provide a feedback mechanism to determine the position of the fibres in the focal plane  both during and after positioning. It has been designed such that the system can also directly image the sky for both offset guiding and to allow the direct correlating of object to fibre position. A satisfactory design for this system is presented.

To provide a flat and optically corrected focal plane for the Echidna fibre system, a prime focus corrector and atmospheric dispersion corrector unit is required. The optical and mechanical design for this unit has been given significant attention. The design presented falls slightly short of the optimistic specification set in late 2000, however, the performance of the overall system should suffer little as a result. In addition FMOS will be initially used only in the near infrared (0.9 to 1.8(m), which considerably simplifies the design requirements and a system targeted at this region would be readily achievable.

The concept design study has clearly demonstrated that the Anglo-Australian Observatory could build the FMOS – Echidna system, which would provide Subaru Telescope with the capability for cutting edge science. Estimates of cost and duration are presented in the management plan (see Volume 2).
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1 Introduction

This document comprises reports on three design studies undertaken by the Anglo-Australian Observatory for the Subaru Observatory associated with the provision of a multi-fibre feed for spectroscopy.  These design studies followed initial studies in which it was demonstrated that a prime focus corrector could be designed to give suitable image quality and, by building prototypes, that a multi-fibre positioner of the required performance was feasible.  

This introductory section deals with the concepts underlying the proposed system and establishes the general requirements that need to be met by each of the sub-systems.  

1.1 General description of the fibre positioning system

1.1.1 Echidna concept

To position as many as 400 fibres in a 30 arcmin diameter field at the Subaru prime focus, the plan is to carry each fibre on a spine which can be driven two dimensionally in tilt so its tip can be positioned anywhere within a circle.  We have named this concept Echidna because of the similarity of its spines to those of the native Australian spiny ant-eater.

For 400 spines uniformly spaced within the field (which is about 143 mm in diameter) the separation of spine centres is about 7 mm.  It was shown earlier 
 that, with spines each having a radial range equal to their separation, the success rate in allocating spines to targets randomly scattered over the whole field is high – about 90%.  Spines not allocated to target sources can perform the useful function of measuring sky spectra.

With the prime focus corrector, the focal ratio at the image plane is about f/2.  Using the highest numerical aperture silica/silica preforms available, bare fibres are just able to collect an f/2 beam.  We consider that a misalignment of the optical axis of the fibre which results in about 10% loss of signal is just tolerable.  For 7 mm radial displacement of a simply tilting spine, this requires that the length of the spine, from its pivot to its tip, be at least 140 mm.  Coincidentally, consideration of the variation in focus occurring when the spine tilts leads to about the same minimum spine length.  For 140 mm, the defocus ranges over (0.088 mm, giving a blur circle diameter of up to about 0.55 arcsec diameter, which is compatible with the intended sampling diameter (next paragraph).  

From considerations of matching the size of targets of interest (eg.  very distant galaxies) and accommodating the output of all the fibres in spectrographs, others have decided that the fibre core size is to be 100(m (~ 1.25 arcsec).  So as not to significantly reduce the flux collected from a target, the requirement for positioning accuracy is that each fibre tip should be positioned with a maximum radial error of 10(m.

For the positioning system to be practical with as many as 400 spines, each spine must retain its position during an exposure without any power being applied to it.  So that there is not too much observing time lost while the spines are being re-configured, the time to re-position all the spines should be not more than about 7 minutes, corresponding to about 10% loss of time when the total duration of the exposures on each field is 60 minutes.  So that the telescope can be slewed to align with the next field centre while the spine re-positioning is occurring, the re-positioning should not require that the telescope be held stationary or be driven to any particular attitude.  Thus it should be possible to meet the fibre positioning accuracy requirement with the telescope at any observing attitude.  

1.1.2 Control of spine positioning with the Focal Plane Imager

Some consideration was given to the possibility of encoding the angular displacements of each spine around its two axes.  However this would require a resolution of better than 1/3000 of the total travel if the resolution was to be comfortably better than the required positioning accuracy.  It was judged very unlikely that this could be achieved at a reasonable cost.  Instead, it was decided that the positioning accuracy of each spine should be controlled by observing the backlit fibres with a CCD camera carried on a precision X-Y carriage.  This camera is part of the proposed Focal Plane Imager (FPI).  Such an imager would be highly desirable and maybe essential even if the movement of individual spines was encoded, to check on the spine drive performance and to aid in acquisition and guiding.

The present FPI design allows for it to view the tips of, on average, about 10 spines in a single exposure.  It will cover the whole field in 51 overlapping exposures, recording the positions of many spines twice and several spines four times where the FPI exposures overlap.  With the FPI carriage positions known to 5(m accuracy or better and measurements of the centroids of fibre images on the CCD to the equivalent of 5(m or better in the telescope focal plane, the FPI will be able to measure spine tip positions with sufficient accuracy to control their positioning.  The FPI will record the images of a sub-set of spines after they have been driven to a new position so that the errors from the target positions can be calculated and a new set of moves calculated.  In a few iterations, the number of iterations depending on the predictability of the moves, the spines will reach their target positions within the required accuracy.

Statistical simulations described earlier (reference 1) indicate that only about 1 in 10 spines will need to be moved more than 7 mm in repositioning from one configuration to the next.

With the size of the spine positioning errors, at least on their first moves, there is a strong likelihood that some neighbouring spines would be confused with each other if they were identified only by their positions.  This would lead to incorrect commands for the next move.  The plan proposed to avoid this confusion is to backlight the fibres with three successive flashes, each flash being sent only to a subset of the fibres along the spectrograph slit.  Then each spine will emit a series of flashes which can be represented by a binary number, eg.  010, where 0 represents no flash and 1 a flash.  There are eight such combinations of which only seven can be used (000 would not be useful).  This is sufficient to distinguish every spine unambiguously from the six neighbours with which it could be confused.  Such a coding could be implemented by exposing the spectrograph slit to the backlighting through a mask which is displaced between flashes.  An electronically driven mask, eg.  one using an LCD screen, might also be suitable

Comparing the drive rates for prototype spines (close to 10 mm/second in each of X and Y) with the likely time for re-positioning the FPI, taking three exposures, and calculating the centroids of the several spines imaged at that FPI position, it seems that the strategy to position all spines in the shortest time will probably be as follows.

First iteration:

The first subset of spines – a minimum of about 12 – will be driven simultaneously through the X motions then the Y motions estimated to be needed to re-position them to the new configuration.  While they are being driven, the FPI will be positioned ready to image many of that subset of spines onto the CCD.  Immediately the spines are positioned, the electronics drive will be switched to connect to the next subset of spines and drive them and the three CCD images will be taken of the first subset of spines.  This sequence will be repeated until all spines have been driven roughly to their new positions and had their new positions measured.  

Switching electronic control from one subset to the next as soon as the first iteration is completed on each subset allows the spine movements and the collection of FPI data to proceed in parallel, saving time while the time for spine repositioning is comparable with the time for FPI operation.  

Subsequent iterations:

It is probable, since the second and later moves of the spines to refine their positions should take very little time (with very few moves of more than about 1 mm needed) that these iterations will be best performed to finality for each subset of spines within an FPI field before the FPI moves on to its next field.  To ensure that all fibres are correctly positioned, it will be desirable to make a final inspection of the whole field with the FPI after all spines are believed to have been set.  This will check that no spines in subsets set to completion have been displaced by collisions with spines being positioned later.  

In summary, each re-configuration is likely to entail three stepwise traverses of the whole field with the FPI: the first to measure the results of the first spine moves, the second controlling the second and subsequent iterations of each subset before moving on to the next subset, and the third, after all driving is complete, to confirm no spines set correctly on the previous pass have been disturbed by driving other spines later.  From this traverse, the redundancy provided by observing many spines more than once allows a check on the FPI accuracy.  

1.1.3 Echidna modules

For ease of assembly and especially to aid in maintenance, it is very important to design Echidna with the spines mounted in modular units which can be interchanged with a minimum of delicate operations so such an interchange can be done safely at the telescope.

The nature of the modules recommended is illustrated in Figure 5.1.  All modules are nominally identical so they are completely interchangeable.  There are 42 spines in two rows of 21 on each module.  One spine at each end of the module carries several fibres (probably in a close packed bundle of seven) to be set on offset guide stars and used for controlling telescope tracking.  Just beyond the drivable spines at each end of the module is a fixed post carrying a fiducial fibre which is parfocal with the spine tips and which is used as a position reference for calibrating and checking FPI performance.  Figure 2.23 illustrates how twelve modules cover the 30 arcmin field.  Of the 480 single fibre spines, 400 are connected through to the spectrograph.  The other 80 are at various distances outside the field and are not used.  Of the 24 spines with guide fibre bundles, 14 are close enough to the periphery of the field to receive images with sufficiently small aberrations and vignetting to be well suited for guiding.

Each module would be attached by a screw at each end, clamping it down to a base plate having a rectangular hole through which the spines project.  

Very careful consideration is necessary in laying out the modules to allow for reasonably straight forward mechanical assembly and for making all the electrical connections between the spine actuators and the electronics drive units.  

1.1.4 Interfacing of Echidna fibres to spectrographs

As noted earlier, the optical fibres leaving Echidna will be filled close to their maximum capacity - a numerical aperture of about 0.25, equivalent to f/2.  There will have to be a separable junction between these fibres and those leading to the spectrographs so that the FMOS top end can be removed from the telescope.  The focal ratio on the spectrograph side of this junction (to be decided by those responsible for the fibre run and the spectrographs) is expected to be about f/5.  

To be compatible with the modular nature of Echidna, it is recommended that the fibre junction be made modular in a matching way.  Assuming each of 12 Echidna modules carries 40 fibres suited for coupling to the spectrograph, the fibre junction should readily allow the interchange of each set of 40 Echidna fibres.  Only 400 of the 480 fibres would be coupled to spectrograph fibres at any time.  With the proposed layout of modules on the focal plane, the complement of modules feeding fibres to the spectrographs would be as follows:

4 off 
with 40 
fibres each

2
39

2
35

2
28

2
18 

total:
   400

For the sake of providing coded backlighting as discussed in an earlier section, it will be important to agree on a very specific correspondence between the position of a spine centre in the focal plane and the destination of its corresponding fibre on the spectrograph slit.  Contiguous spines along the length of a module should have contiguous destinations on the slit.

1.1.5 Benefits of Echidna and fibre connector modules 

With the scheme recommended above, it will be possible to remove an Echidna module if it is faulty, extracting it from the focal plane and removing its fibre connecting plug from the fibre junction box.  Any complete spare module could then be put in its place.  To maintain correspondence between spine positions in the focal plane and fibre destinations on the spectrograph slits will require only that a module inserted into a given location in the focal plane has its fibre connector plugged into the corresponding socket at the fibre junction box.

In the event that one of the central Echidna modules, on which all 40 spines are used, was faulty, and no spare was to hand, it would be possible to exchange it with one of the modules previously at the edge of the field, where only 18 fibres are used.  Depending on the location within the module of the faulty spine(s) this might restore full functionality.  As indicated in the previous paragraph, it would be necessary only to interchange the plugs from the two modules at the fibre junction box to maintain proper spine to slit correspondence.

1.1.6 Further features of the Focal Plane Imager

As well as providing CCD imaging of the backlit fibres with the spine camera, the FPI is to have a slow scan cooled CCD arranged so a direct image of the sky is formed on it (with no change in scale from the prime focus field).  The arrangement will be such that the centre of the sky camera field will correspond, within assembly errors, with the centre of the spine camera field.  After calibration of the offsets between the two field centres and of the scale and distortion of the spine camera, it will be possible to check directly whether spine tips are accurately aligned with targets in the sky.  This capability will be especially useful for fine adjustment of the telescope setting when acquiring guide stars onto the fibre guide bundles.

The output ends of the guide fibre bundles will be carried to where they can be viewed by the sky camera when the FPI carriage is set to its park position, at which all FPI components are clear of the optical path between the corrector and the Echidna focal plane.  Then the sky camera will be used to collect guiding data.  

For its function in controlling spine positioning, it is not necessary that the FPI carriage be positioned precisely to predetermined positions, so long as the X and Y coordinates at which it dwells during the CCD exposure are known to the required accuracy of 5(m or better.  Adjacent spine viewing fields will overlap by about 3 or 4 mm so the dwell positions could be irregular by as much as about 1 mm without losing overlaps.  This may allow a considerable relaxation in the mechanical and electronic provisions for moving the FPI carriage quickly between its dwell points.

1.1.7 Shack Hartmann and offset guiding functions

It is understood that a Shack Hartmann (SH) system used to refine the primary mirror active control system must be accommodated so that it can periodically collect light coming to the telescope focus.  The combined SH system and offset guider (OG), as fitted to the existing Suprime Cam top end, occupies so much space that it is very unlikely a unit following this design could fit together with the FPI in the FMOS top end.

The offset guider, of necessity set several cm ahead of the telescope focal surface, so it can collect the full f/2 beam and reflect it into the guider relay optics, is bound either to suffer bad vignetting and poor images through being well outside the 30 arcmin field or to cast a shadow over many of the Echidna spines.  Considering that the Echidna guide bundles can provide guiding with no vignetting of the 30 arcmin field, it is strongly recommended that the offset guider as fitted to Suprime Cam not be fitted to the FMOS top end.  

We assume that the X, Y, and Z motions provided for the SH/OG are primarily for the OG function and that the SH function requires only that the device be capable of being placed to collect light on the telescope optical axis.  If so, the SH instrument could be mounted on a relatively simple slide which has two alternative positions: on axis and parked out of the way.  It may be worth considering the alternative of carrying the SH optics and CCD on the FPI carriage; however, it’s likely that this would cause an undesirable increase in the mass to be carried and also cause space conflicts.  AAO have not had sufficient detail of the SH/OG assembly to be able to decide between these options.  

1.2 Prime focus corrector and atmospheric dispersion compensator

A set of performance goals for the prime focus corrector and atmospheric dispersion compensator (ADC) was refined as part of these Design Studies.  These goals are at the head of the section dealing with the corrector optical design (section 4.3.1).

It has been decided that FMOS will be used initially only with near infrared (0.9 to 1.8(m) spectrographs.  However, to allow for a possible future feed to optical spectrographs, the prime focus corrector has been specified to give reasonable performance in the optical as well as the infrared range.  This considerably increases the difficulty of the design as well as making an ADC necessary – for the near infrared range it could be omitted with no significant loss in performance.

1.2.1 Alignment of prime focus corrector

Late in the design study, questions were raised from the Subaru side about the sensitivity of the corrector to lateral displacement and tilt.  There were concerns that gravity induced sag of the Subaru top end might give as much as 2 mm displacement and 0.1( tilt at 65( zenith distance.  As was noted in our reply, the aberrations introduced by mis-alignment of a corrector are not, to first order, dependent on its design.  The quickly changing comatic aberrations of the bare primary mirror determine this.  If imaging performance is not to be significantly degraded, the corrector alignment with respect to the primary mirror needs to be maintained to better than about 0.5 mm and 0.02 degrees in lateral position and tilt respectively.

 If the top end flexure is indeed as much as indicated, then it will be essential to mount the corrector in such a way that this is compensated.  A much simpler mechanism than a computer controlled platform with several degrees of freedom should suffice.  No effort has yet been applied to considering such a design.  

2 Echidna Fibre Positioner

2.1 Introduction

The following chapter summarises the design and performance of the proposed spine for the Echidna multi-object fibre positioner.  The spine is a modified version of an early design called Prototype 2, the successful operation of which prompted the present study.  Several alterations to this spine design were required.  In order to fulfil the specifications set by the Subaru telescope optics the length of the spine needed to be increased to more than double that of Prototype 2 (the spine cannot tilt more than (2.9o due to the ensuing misalignment of the axis of the spine with that of the f/2 Subaru prime focus beam).  A successful method of routing the optical fibre from the spine, without affecting the performance, was also required.  
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Figure 2.1
The 3-spine assembly during testing.
The main contractual specifications of the present study can be summarised as follows

( Design and test a full-length Echidna spine prototype, with optical fibre connected that can be driven to a target anywhere within a field of 14mm diameter with a radial error less than 10(m.  

( The prototype spine is to perform satisfactorily in both horizontal and vertical attitudes.  

( The prototype spine must be shown to operate successfully for as many moves as would occur in the lifetime of the instrument (10 years assumed).

( Three such spines are to be assembled and tested.  The spines must show satisfactory operation when operated simultaneously as well as individually.  When driven in simultaneous mode they must be spaced at the required separation set by the packing density of the Echidna system (7mm separation is required between the spine centres that are arranged in a hexagonal configuration).  

The set of three prototype Echidna spines is shown in Figure 2.1 The three spines are identical and comprise a 7 mm ball bearing at the centre that is connected on one side to a quadrant tube piezoelectric actuator (QTP) and counterweight mass.  A length of carbon fibre tube exits the ball bearing on the opposite side and supports the optical fibre in the focal plane, located 140mm below the centre of the ball bearing.  Each Echidna spine must position its tip anywhere in a 14mm diameter field of view allocated to each spine, with an accuracy of 10 (m.  A sawtooth voltage applied across two opposite electrodes of the QTP provides the driving signal for spine stepping.  The signal results in the QTP bending slowly in one direction then quickly in the other producing a net tilt of the spine if the friction between the 7mm ball bearing and its 3-point mount is sufficient to allow selective rotation.  

The spines shown in Figure 2.1 achieve 100% target allocation in less than 9 iterations, with over 99% of targets successfully acquired within 5 iterations.  The performance is not affected by orientation angle.  The spines have been tested over many thousands of operations and show no deterioration in performance after a number of object allocations equivalent to the lifetime of the instrument.  The driving frequency, at just over 1kHz combined with a step size typically 10(m, results in a fast-moving spine capable of speedy configurations. 

The following sections can be summarised as follows.  The structure and components comprising a single Echidna spine are discussed in Section 2.2.  Also included is a description of the mount and the fibre-fixing layer, used to locate the optical fibres above the spines.  The dynamics of a single spine are covered in Section 2.3.  The section explains in more detail how a sawtooth voltage applied across opposite electrodes of the spines quadrant tube piezoelectric actuator induces small step movements of the spine tip.  

A materials study is reported in Section 2.4.  It is shown that high grade chrome or stainless steel ball bearings, coated with a thin layer of titanium nitride, provide suitable materials for the contacting surfaces such that little wear is evident even after 100,000 steps.  .  

In order to satisfy the above specifications it was first necessary to develop a test facility for accurate performance testing of the spines.  This is summarised in Section 2.5 together with a description of the rotating optical rig used to mount and view the back-illuminated fibres.

Performance results are discussed in Section 2.6.  A single spine is shown to obtain 100% allocation performance after testing with 10,000 targets.  A frequency analysis of the spine is also presented.   

2.2 The structure of an Echidna spine

A cross-section of the proposed Echidna spine is shown in Figure 2.2.  The spine consists of a 3.2mm outside diameter (OD) quadrant tube piezoelectric actuator (QTP) cemented into a 7mm stainless steel ball bearing.  The necessary rigid connection is obtained using epoxy adhesive (Araldite 2004A and B), in a hole bored by electro-discharge machining (EDM).  In order for the spine to operate successfully a mass is attached to the opposite end of the QTP, also using epoxy adhesive.  The mass increases the angular momentum of the top section of the spine so that, during the fast voltage drop of the sawtooth, friction between the large 7mm ball of the spine and the 2mm balls mounted in the spine base is overcome.  The mass also serves as a counterbalance for the spine when operating away from the vertical position.
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Figure 2.2
A schematic of the 7mm Echidna spine.
During the EDM of the 7mm ball bearing a second, 2.6mm diameter, hole is eroded for the insertion of a length of carbon fibre tube.  The tube provides a connection between the optical fibre, which must be positioned in the focal plane of Subaru, and the centre of the 7mm ball bearing located 140mm above the focal plane.  The large stiffness to weight ratio offered by carbon fibre material enables the use of a small diameter spine, in this case 2.2mm OD, while introducing negligible sag of the spine tip when it is reorientated from the vertical to horizontal position.  The carbon fibre tube stops a few cm short of the focal plane so that neighbouring spine tips are allowed to come into very close proximity.  A short length of silica tube supports the fibre from the end of the carbon fibre tube to its position in the focal plane.  Once again the length of silica tube is restricted so that sag of the spine tip is kept to less than 10(m, the tolerance on the position of the fibres in the focal plane.  A thin brass tube, inserted over the outside diameter of the carbon fibre tube, serves as a fine tuning method for the overall balance of the spine.  

2.2.1 The 3-point mount

Two mounts were used during the testing of the three-spine assembly.  The mounts are virtually identical except for the resulting spacing of the three spines: for one mount (Mount B) the spacing is approximately equal to the required spine separation of 7mm, for the other (Mount A) the spacing at 14mm is much larger.  Both mounts, made from brass plate, contain 12 bored holes to allow for insertion of the carbon fibre tubes and disk magnets of the three spines under test.  Mount A was used extensively in the testing of a single spine whereas Mount B was used to test the performance of a spine when positioned at the correct distance from its nearest neighbours.  

For both mounts there are 3 bored holes for the insertion of the 3 spine tubes, oversized to allow the spine to tilt.  Surrounding each of these central holes are 3 smaller holes of diameter 3.1mm, allowing insertion of the disk magnets that provide the required preload between the contacting surfaces.  Glued to the surface of each stack of magnets is a 2mm hemisphere, ground from a 2mm diameter ball bearing.  There are 3 hemispheres per spine arranged at 120o intervals around the centre of the supported 7mm ball bearing.  The normal to the contact patch between the 7mm ball bearing and hemispheres is approximately 45o from the spine axis, as shown in Figure 2.4.  The hemisphere was chosen instead of a sphere as it provides a stronger magnetic coupling between the magnets and spine.  

Figure 2.3 shows three 7mm Echidna spines positioned on Mount A.  The optical fibres can be seen exiting the spine counterweight that is attached to the end of the corresponding QTP.  
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Figure 2.3 
Mount A with three Echidna spines in place.
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Figure 2.4
A schematic of Mount B showing relative positions of 2mm diameter hemispheres (black) and 3mm diameter rare earth magnets for one of the three spines (spines not shown).
The orientation of the 12 bored holes is shown in Figure 2.4 for Mount B.  Shown also are three magnet stacks with corresponding hemispheres.  

2.2.2 Symmetric and Anti-symmetric movements of the Echidna spine

The spine is positioned in the focal plane by applying sawtooth signals across each pair of opposite QTP electrodes, first to one pair then the other.  As each pair of electrodes is orthogonal to the other the spine moves in two orthogonal directions in the focal plane until the target position is acquired.  The directions were initially named X and Y however it became evident in early prototype spines that the character of the spine movement in each direction was slightly different.  This is thought to be related to the difference in friction between the two cases and the directions were subsequently named symmetric, or S, and anti-symmetric, or A.  The relationship between the directions and the orientation of the 3-point mount is shown in Figure 2.5.  Subsequent sections make reference to spine movement in the S and A directions.
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Figure 2.5 
The relationship between principal axes of spine movement and 3-point mount.
2.2.3 The Fibre- Fixing Layer

The fibre-fixing layer resides above the spines.  It is required to locate each optical fibre so that negligible torque is transmitted to the corresponding spine while operating.  It also serves as a physical barrier between the spine and the fibre end: the fibre exiting this layer can be moved easily without any transferral of force to the spine.  The fibre-fixing layer for the 3-spine assembly is shown in Figure 2.6.  It contains five nut and bolt pairs that are secured in slots on either side of the H-shaped fibre-fixing layer.  The slots allow for easy removal of each spine and associated fibre.  As the fibre is prevented from rotating about an axis parallel to the length of the spine this simple arrangement provides a way of preventing the spine from rotating while operating.
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Figure 2.6
The fibre fixing layer for the 3-spine assembly shown mounted above a 7mm spine.

2.3 Dynamics

The following presents a summary of the dynamics of a single Echidna spine.  It is shown that a sawtooth voltage, applied across opposite electrodes of the quadrant tube piezoelectric actuator (QTP), produces bending of the QTP.  During the slow voltage rise of the sawtooth, the QTP displacement is proportional to the applied voltage and friction between the spine and mount is sufficient to prevent tilt.  This is not the case during the fast voltage drop of the sawtooth and net tilt of the spine results in the direction parallel to the orientation of the active quadrant electrodes.  A similar sawtooth applied across the remaining pair of electrodes produces spine movement in the orthogonal direction and the spine can be positioned at any point in the 14 mm diameter field of view allocated to each Echidna spine tip.  

2.3.1 The QTP

A QTP is a cylindrical tube of piezoelectric material that, in the case of Echidna, is a modified man-made ceramic called lead zirconate titanate (PZT).  The tube has four silver electrodes deposited onto the outside surface that are electrically decoupled.  The entire inside surface is also coated and acts as a single electrode.  The QTP of the 7mm spine, with soldered electrodes clearly on display, is shown in Figure 2.7.
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Figure 2.7
The quadrant tube piezoelectric actuator (QTP) with soldered connections on electrodes.  

A piezoelectric material produces an electric field when the material dimensions are changed, for example, when an external force acts on the material.  The phenomenon is called the piezoelectric effect and such materials are known to be piezoelectric.  Conversely, an applied electric field can cause such a material to change its dimensions and this is known to be the reverse piezoelectric effect or electrostriction.  It is this mode in which the Echidna QTPs are operated.  

Both effects are caused by the reorientation of molecular dipoles in the crystalline structure of a piezoelectric material.  In the case of a QTP the dipoles are roughly orientated to be cylindrically symmetrical about the centre of the QTP, as shown in Figure 2.8a.  Let us assume the same voltage is applied to all four outer electrodes of the QTP, then the resulting material change is the same as that of a tube piezo with one continuous external electrode as shown in Figure 2.8b.  Depending on the direction of the applied electric field the molecular dipoles either cause the material to shrink or expand in the radial direction, and in the case of  Figure 2.8b, the material is shown to expand resulting in a shortening of the tube piezo.  It is found that the change in length of the tube is proportional to the strength of the applied electric field.  .  
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Figure 2.8a and b 
The dipole orientation of the molecules in a cylindrical piezoelectric tube with single outer and inner electrodes only.  The initial semi-random orientation of the dipoles is disturbed by the application of an electric field across the material.  Depending on the direction of the electric field the piezoelectric material either shrinks or expands in the radial direction, causing an expansion or shrinkage of the tube in the longitudinal direction respectively.
Returning to a QTP with four external electrodes, a net bending of the tube can be produced by applying an electric field across a single quadrant only while applying no electric field across the remaining three quadrants.  In this case the deflection of the tube is proportional to the applied electric field.  To increase the bending the voltage can be applied across two opposite quadrants, such that one quadrant expands in the longitudinal direction while the other contracts.  It is in this voltage configuration that the Echidna QTPs are operated.  

The theoretical deflection of a QTP of length L, inside diameter D and thickness t in this voltage configuration is given by 
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where y is the linear deflection of the QTP, V is applied voltage (such that the voltage across one active quadrant is V) and d31 is the piezoelectric coefficient of the material
.  The proposed Echidna spine incorporates a QTP with the following values: inside diameter D = 2.2 mm: thickness t = 0.5 mm: length L = 15 mm and: piezoelectric coefficient d31 = -210(10-12 mV-1.  Given that the Echidna spine is operated at an applied voltage of 160 V, the theoretical deflection of the Echidna spine QTP is 3.1 (m.  

2.3.2 The “stick-slip” Principle

The 7mm ball of the Echidna spine is placed on three small hemispheres that are firmly attached to a brass plate, as discussed in Section 2.2.1.  Rare Earth magnets located underneath the hemispheres provide a method of keeping the spine firmly in contact at all orientation angles and, more importantly, of increasing the static friction between the surfaces.  The importance of the value of static friction between the surfaces is explained in the following step by step summary of the dynamics of an Echidna spine during a single sawtooth cycle. Figure 2.9 should be referred to in the following discussion.  Only one pair of quadrant electrodes is considered, the remaining pair is assumed unconnected.  The sawtooth is assumed to rise slowly from zero to maximum voltage then decay quickly to zero.  
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Figure 2.9 
Step by step guide to the “stick-slip” principle adopted by the Echidna spine.

Step 1: No applied voltage across the quadrants.  The spine remains stationary and the QTP is straight.

Step 2: The applied voltage rises linearly from zero to 160 V during the slow rise of the sawtooth signal.  The QTP bends as a function of voltage.  As the mass is accelerated from rest a force is imparted on the 7mm ball by the base of the QTP.  As the force is relatively small, friction between the balls prevents movement.  

Step 3: The sawtooth voltage rapidly decreases to zero.  As the decay time is much smaller than the response time of the QTP-mass system, the QTP displacement does not follow the profile of the sawtooth.  Instead the QTP starts to perform damped simple harmonic motion.  During the first oscillation the force imparted on the 7mm ball is sufficient to overcome static friction and the ball rotates in the opposite direction to the motion of the QTP-mass system.  

Step 4: The carbon fibre tube, which is attached to the 7mm ball, is accelerated so that the angular momentum of the ball and tube is equal to the angular momentum of the QTP-mass system.  Angular momentum of the spine as a whole must be conserved after the rapid change in sawtooth voltage.  

Step 5: The 7mm ball is brought to rest by friction.  Both the QTP-mass system and the carbon fibre tube continue to oscillate until damping of the respective systems reduces the oscillation to zero.  In reality the damping coefficient of the carbon fibre tube is much greater than that of the QTP-mass system.  

This is where friction becomes important: due to the low damping of the QTP material, slippage of the 7mm ball must not occur when the QTP-mass system is decelerated for the first time as it continues to oscillate.  If friction does not prevent the ball from slipping during this deceleration, the spine as a whole will step forward and then backward hence producing an almost zero net tilt of the spine.  The limiting frictional torque must be within a certain range for the spine to operate successfully.  

2.3.3 Measurement of the Spine response during a single sawtooth cycle

An inductive proximity sensor (Kaman KD-2310 series) was used to measure the response of the QTP-mass system and fibre tube during a single sawtooth cycle applied across one pair of quadrants.  The results for an early prototype spine are given, in this case those of the shorter length spine named Prototype 2.  The results for this spine apply equally well to those of the full-length spine incorporating the 7mm ball.  The sawtooth frequency is deliberately chosen to be much lower than the normal driving frequency for this spine.  This is to allow a reasonably long duration for the QTP-mass to oscillate therefore allowing a clear comparison between the movement of the QTP-mass system and the lower fibre tube.  The sensor was positioned relative to the counterweight and the lower tube in such a way that a positive voltage swing represents movement in the same lateral direction for both, ie it represents rotation in opposite senses.

The sensor, with a measurement range of 0.25mm and resolution 0.1(m, was positioned with its tip close to the mass of the spine Prototype 2, with the spine located on its three-ball mount.  The applied sawtooth voltage and sensor output voltage were measured by a storage oscilloscope.  The sensor output voltage, over the 0.25mm range of the sensor, is directly proportional to the distance between the target, in this case the surface of the mass, and the sensor tip.  The sawtooth voltage was used to trigger the capture of both signals.  The two signals are displayed in blue in Figure 2.10.  

As the sawtooth applied across the QTP (shown in blue) rapidly increases from zero to maximum, the mass is shown to move towards the sensor and start to perform damped simple harmonic motion.  The mass continues to oscillate about the position of the QTP that is in turn governed by the applied sawtooth voltage.  This explains the gradual rising of the midpoint of the oscillation.  The net tilt of the spine can be seen by comparing the position of the counterweight before the rapid voltage change in the sawtooth, to the position at the end of the slow ramp of the voltage.  These points are marked A1 and A2 in Figure 2.10.  There is a slight change in voltage between these points that would not occur if the spine were prevented from slipping.  This voltage change represents the overall tilt of the spine.  

2.3.4 High frequency driving of the spine

Due to the low damping of the QTP material interference between the QTP oscillation and sawtooth driving frequency occurs as the sawtooth frequency is increased.  Given that it takes approximately 12 ms for the QTP amplitude to decay to half its initial value, with sawtooth frequencies of several hundred Hertz required to produce the necessary configuration times, the QTP is far from stationary when accelerated by successive sawtooth signals.  

This effect leads to a variation in the step size of the spine as a function of frequency, however the value of the step size is stable and repeatable for the majority of sawtooth frequencies below the natural resonance of the QTP-mass system.  More importantly, certain frequencies result in consistent step sizes for the symmetric and antisymmetric directions, and it is one of these frequencies that is chosen for optimum spine operation.  The frequency response of the prototype spine is presented in Section 2.6.1.1.  If required, the frequency dependence of the spine can be reduced by damping the QTP oscillation or by custom designing the profile of the driving signal.  Preliminary tests have shown this latter point at least is possible, though further investigation of both suggestions will occur during the preliminary design stage.  It should be noted that the prototype 7mm spine, driven at a sawtooth frequency of approximately 1kHz, achieves 100% allocation within 9 iterations, with 99% targets acquired within 5 iterations.  The spine has no added damping of the QTP and no custom generated driving signal.
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Figure 2.10
Low frequency response of the QTP-mass (blue) and carbon fibre tube (yellow).

The net tilt of the spine can be seen more clearly in the displacement of the steel tube (that is used in Prototype 2 instead of the carbon-fibre tube) shown coloured yellow in Figure 2.10.  The displacement of the tube mimics that of the mass, clear evidence that the lower part of the spine rotates to compensate the angular momentum of the QTP-mass system.  The tube initially slips in the same direction as the mass, then continues to oscillate until damping overcomes the motion.  As the damping coefficient of the tube is much greater than that of the QTP material the tube is brought to rest within a few cycles.  

The QTP-mass oscillation frequency is calculated from the oscilloscope to be approximately 500Hz, the natural resonant frequency of the Prototype 2 QTP-mass system (note this is much lower than the equivalent resonant frequency of the 7mm QTP-mass system at approximately 1.2kHz).  The damping coefficient of the QTP material, also calculated from the oscilloscope response, is approximately 0.15Kgs-1.  This corresponds to a time of 12ms for the amplitude to decay to half its initial value.  This value, together with the spring constant of the QTP and mass of the QTP-mass system, can be used to estimate the appropriate friction required for the spine to operate successfully.  

2.4 Materials selection for contact surfaces

During the testing of early prototype designs it became apparent that wearing between the main ball bearing at the centre of the spine and the 3-point contact surfaces was occurring.  The ball bearings used at this stage were Grade 40 Chrome steel (see Table 2‑1 for definition of Grades).  Further investigation suggested that the onset of wear between the surfaces occurred extremely quickly, such that new ball bearings showed evidence of wear after only a few hundred steps of operation.  Though it was unclear as to whether the immediate performance of the spine suffered because of the wear, it was thought prudent to investigate the performance of different surfaces under the same loading, that could replace the low grade ball bearings used in the early prototype spines and mount.  

Grade


Surface finish (Ra)

3
0.012(m

5
0.020(m

20
0.040(m

28
0.050(m

40
0.080(m

Table 2‑1 
Relationship between Grade number and surface finish of ball bearings.
2.4.1 Experimental Apparatus

In order to replicate the conditions experienced by the spine during operation it was decided that a selection of identical spines would be assembled using various materials easily available for the central ball bearing.  These spines would be tested on a range of similar materials selected for the 3-point contact support.  Given the cost and delivery time of the QTPs, together with the expense of eroding holes in the spine ball bearing, a “detachable” spine was designed and constructed specifically for this project.  Shown in Figure 2.11 the large ball and the entire lower section are easily detachable from the piezo.  In Prototype 2 it was necessary to EDM holes into the 6mm ball in order to fix the piezo tube to one side and a short length of steel tube to the other.  This is not necessary in this experimental apparatus since the parts to be attached are fixed by direct gluing to the ball.
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Figure 2.11 
Schematic of the “detachable” spine assembled specifically for the materials testing.

2.4.2 Material selection for balls

It was believed that the wear was primarily caused by the relatively high surface roughness of the contacting balls.  Preliminary tests were carried out on balls of a much higher grade (hence lower surface roughness) to determine if this were so.  A range of Grade 3 and 5 chrome and stainless steel bearing balls were readily available and were incorporated into several spines and 3-point mounts.  

In addition it was thought that coating the balls in a harder material might be beneficial.  Dr.  Phillip Martin
 and his team suggested that the balls be coated with a thin layer of titanium nitride (TiN).  Titanium nitride is a much harder material than chrome steel or stainless steel and also possesses a much lower wear rate.  This is evident in Figure 2.12 that shows a comparison of the Rockwell hardness of the materials used throughout the testing procedure.  The nitriding process itself is relatively straightforward and inexpensive if coating a large number of balls at once.
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Figure 2.12
Rockwell C hardness for materials used in testing.

2.4.3 Results and Conclusions

For each combination of spine and mount under test, spine movement in the symmetrical and anti-symmetrical directions was performed in sequence while noting the number of steps taken.  After a predetermined set of steps the surfaces of the balls were examined under a microscope to detect any evidence of wear.  If no wear was evident the number of steps was increased until wear was evident.  The results are summarised as follows.

The high grade uncoated bearing balls, incorporated into both the spine and mount, were tested initially.  Slight wear on the surfaces of two of the Grade 3 mount bearing balls was first noticed after the spine had performed just over 30,000 steps.  The second test again used a spine with uncoated high-grade ball bearing but now placed on a 3-point mount incorporating three high-grade stainless steel balls with TiN coating.  Over 100,000 steps were completed without any sign of wear on the balls.  The same performance was obtained using all coated ball bearings, though it was noted that the magnetic field strength was reduced in this configuration due to the thin coatings of the non-magnetic TiN.  In conclusion, it is recommended that the Echidna spine to be perfected during the Preliminary design should include a central high grade chrome steel or stainless steel ball bearing that is uncoated, contacting three high grade stainless steel surfaces coated with a thin layer of titanium nitride.  

2.5 The Echidna Test Facility

The Echidna spine test facility was assembled at the commencement of the project in order to provide a thorough performance evaluation of the developed spines.  Up until this point the spine performance was investigated by manual control of the frequency and voltage of the sawtooth driving signal via a basic software interface, and measuring the distance moved using a frame-grabber and centroiding software.  Though this gave satisfactory step size repeatability results for Prototype 2 it did not investigate thoroughly the performance of the spine when ordered to acquire a target anywhere in the14mm field of view allocated to the spine.  
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Figure 2.13
The optical set-up of the Echidna test facility.

The optical set-up of the test facility is shown in Figure 2.13.  The backlit spine under test is positioned on the 3-point mount that in turn is connected to a rotatable optical bench.  This rotating bench allows testing of the spine at any orientation angle between 0 and 90o with virtually no effort required.  The backlit fibre in the spine tip is imaged onto a Pulnix video camera detector using a 0.25 magnification objective.  The camera and objective lens are mounted on a translation stage also attached to the optical bench.  

The test facility is completely automated using the Labview graphical interface programming language.  Labview is able to control the sawtooth voltage to the spine QTP as well as control the Data Translation framegrabber that digitises a frame of data from the Pulnix video camera focussed on the spine tip.  The following programs are available for spine testing.

( The performance of a single spine can be investigated using a program called Random_move.  The program first calibrates the step size of the spine in the symmetric and anti-symmetric directions (discussed in Section 2.2.2).  It uses this information to position the spine on randomly generated objects in the field of view of the spine.  There is no restriction on the number of objects.  The centroiding accuracy is approximately (1-2(m.

( The frequency response of the spine can be investigated using Freq_analysis.  It is found that the spine step size depends greatly on the value of the sawtooth frequency applied across the spine QTP.  This program automatically checks the performance of the spine for every frequency interval across a bandwidth selected by the user.  This indicates the most suitable driving frequencies for the spine under test.

The Labview interface to the program Random_move is shown in Figure 2.14.  There are several parameters displayed to inform the user of the performance of the spine during a test run.  As well as the initial data variables, such as the peak to peak amplitude of the sawtooth voltage and frequency (for historical reasons this is 1.3 (smaller than the actual sawtooth frequency), the distance to target and current step size in both directions are displayed.  A 2-d plot representing the focal plane is shown in the top right of Figure 2.14 that is updated with a coloured square representing the position of the target as well as the iteration number required for target acquisition.  In the case of Figure 2.14 the spine under test performed very well with the vast majority of targets acquired within 4 iterations, hence most squares displayed are coloured blue or darker.
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Figure 2.14
The software interface of Random_move.
2.6 Performance Results

The following section presents performance results for single and multiple spine operation at horizontal and vertical orientation.  Due to the optical set-up a 10mm diameter field of view was used during all tests presented.  This does not result in a limited testing of the spines: during the testing the targets are randomly generated across the 10mm FOV. The average distance a single spine has to cover is therefore 5mm. Statistical simulations described earlier ( reference 1) indicate that only about 1 in 10 spines will need to be moved more than 7 mm in repositioning from one configuration to the next. The average distance travelled is comparable to that resulting from the randomly generated targets in a 10mm FOV. 

2.6.1 Target Acquisition

One of the three spines was selected for single spine performance evaluation.  The spine was placed on one of the 3-point contact positions of Mount A with no near neighbour spines in place.  With the fibre connected to the fibre-fixing layer above the mount the program Random_move was initiated.  As summarised in Section 2.5 the program randomly generates positions of targets and attempts to position the spine within 10(m of each one successively.  The program first calibrates the step size of the spine tip, which is back-illuminated using the opposite end of the fibre, in both the symmetrical and anti-symmetrical directions.  These values are used to calculate the step sizes and directions necessary to place the spine tip at the target position.  The program is allowed to perform up to 10 iterations until the attempt is classed as a failure.  The program is also allowed to update the current step size based on the previous data, though the initial iteration per target uses the same values acquired from the initial calibration.

In total approximately 10,000 object allocations were performed with this spine.  The results from 8,400 of these are presented.  The tests were carried out successively over a period of 1-2 weeks in batches of 200, 500 and 2000 object allocations at a time.  A continuous 2000 run lasts approximately 8 hours, given the relatively slow time it takes Labview to import a CCD frame of data.  Driving frequencies ranging from 1.086kHz to 1.143kHz were used during the tests that were selected using the frequency analysis routine summarised in Section 2.5.  The peak to peak driving voltage varied slightly between the tests at 140 to 160V.  

Figure 2.15 shows the percentage allocation per iteration number for a continuous test covering 2000 target allocations.  The results for vertical orientation show that all targets are acquired in 6 iterations or less with 98.4% acquired within 4 iterations.  Similar results can be seen for the spine orientated in the horizontal direction with all targets acquired within 6 iterations or less, and 98.4% acquired within 5 iterations.  There was no noticeable deterioration in spine performance during the 16 hours of continual testing.  
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Figure 2.15
Results for a 2000 continuous target allocation test for spine operating in vertical and horizontal orientations.

The results for all 8400 target allocations (2600 horizontal orientation and 5800 vertical orientation) are presented in a similar format in Figure 2.16.  The results are almost identical to those obtained in the 2000 continuous test.  No significant difference is noticed between the operation of the spine when oriented vertically or horizontally.  In summary, the statistics for all 8400 are 93% allocation within 4 iterations, 99% within 5 iterations and 100% within 9.  There were no failures.  

The remaining two spines were tested separately over a 200 and 500 target allocation respectively.  The results were similar to those of the first spine under test.
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Figure 2.16
The allocation results for all 8400 targets, separated into horizontal and vertical spine orientation.
2.6.1.1 Frequency Response

As discussed in Section 2.3.4 the spine performance varies considerably as a function of sawtooth driving frequency.  This is due to the low damping of the QTP-mass system such that, at driving frequencies above a few tens of Hertz, the QTP is far from stationary when receiving the impulse from the driving signal.  The result is a variation of spine step size in the symmetric and anti-symmetric directions as a function of frequency.  Importantly the numerical value of step size at a specific frequency remains repeatable, though the difference between the values for each direction can be very large.  

A frequency analysis of the spine was performed using the Labview program Freq_analysis discussed in Section 2.5.  The spine is moved backward and forward a user defined number of steps, in this case 10, and the step size is estimated for each trip.  The data are saved and two more round trips are completed in order to check the stability of the step size at that particular frequency.  The frequency is increased by 1Hz and three round trips are again completed.  The frequency ranged between 1Hz and 1.2kHz with a frequency interval of 1Hz.  

The purpose of the analysis was to find a frequency interval for which the step sizes in both the symmetrical and anti-symmetrical directions, as well as the forward and backward step sizes for each direction, were most similar.  The data corresponding to 20 Hz of this interval is shown in Figure 2.17.  The 100 Hz frequency interval, at around 1KHz, results in a uniform step size for the spine moving in any direction.  It should be noted that in Figure 2.17 there are in fact three points per forward and backward motion for the two directions.  This results in 12 points on the graph for each frequency value, showing the step size stability of the spine at a particular frequency and direction.  All results discussed in 2.6.1 onwards were obtained using driving frequencies in this interval. 
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Figure 2.17
Step size dependence on sawtooth driving frequency is shown for a 20Hz  interval (1.08kHz and 1.1kHz)

2.6.1.2 Step size versus step number

It is found that the step size varies slightly when the step size number is small.  This is found to be the case in all working spines so far tested, including Prototype 2.  As the software is capable of detecting this change, the performance is not much affected by it and is presented here for information only.  
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Figure 2.18
Step size versus step number.
Figure 2.18 shows the step size variation with step number for the forward and backward spine movement in the same direction (either symmetrical or anti-symmetrical).  The corresponding results for the orthogonal direction are similar in that the step size decreases with step number, for step numbers smaller than 10.  

2.6.2 Spine Durability

The testing of the single spine resulted in approximately 10,000 object searches.  Given that the average spine movement during a single object search was 5mm, or around 500 steps, the spine was in total subjected to 5 million steps during the course of the testing.  There was no performance degradation noticed over the duration of testing.  Assuming FMOS Echidna is scheduled 100 nights on Subaru per year with 1hr duration observations per night, 10,000 object allocations corresponds to 12.5 years of service.  It should also be noted that the vast majority of tests were performed in continuous mode so that, for the longer tests of 2000 object allocations, the spine was moving continually for approximately 8 hours.  

2.6.3 Multiple spine performance

The three spines, when placed at the 14mm spacing resulting from Mount A, suffered no performance degradation when operated in simultaneous mode.  In fact some of the results presented, as part of the 8,400 results, were obtained with all three spines operating.  It was also found that the position of a spine, with no applied voltage across the QTP electrodes, was not affected by the movement of the neighbours.  Limited testing of the three spines positioned on Mount B, hence at the required 7mm spacing, was possible due to time restriction however initial results suggest  that the performance reflects the results obtained from the Mount A arrangement. 

2.6.4 General Handling

The spine is a relatively robust device that can withstand quite rough handling before breaking.  Several of the spines have survived drops from 1-1.5m heights without suffering any damage.  The most delicate component of the spine is by far the wire connection to the QTPs, though no serious damage occurs if a wire is broken.  The three spine assembly summarised above will be suitably packed and transported to Japan in March 2001. 

2.7 Conclusions

This prototype study has shown that a full-length spine, incorporating the optical fibre, can provide the necessary accuracy to acquire targets in the focal plane of Subaru.  Of the three such spines assembled one was selected to show that 8400 targets, equivalent to approximately 12.5 years of service, could be acquired within 9 iterations, with 93% of targets acquired within 4 iterations and 99% within 5.  Both horizontal and vertical orientation of the spine was tested and resulted in negligible performance change.  The spine was shown to suffer no performance degradation as a function of time.  

A frequency analysis of the spine provided information on the step size over the frequency range up to 1100Hz and it was shown that, in the frequency interval of 1.08kHz to 1.1kHz, the step sizes in all directions were virtually identical.  All spine testing was carried out within this range of frequencies which provides a fast moving device capable of quick configuration.  

A satisfactory method of locating the fibres above the spines was demonstrated and adopted during the entire testing.  

2.8 Electrical

2.8.1 Overview

The information in this section describes the proposed electronics control system for driving the FMOS/Echidna Fibre Positioner.

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

2.8.2 Control Electronics 

The electrical design of Echidna includes all of the electrical and electronic components required to interface the FMOS/Echidna Control Computer system to the Echidna Fibre Positioner spines.  A block diagram of the Echidna Fibre Positioner electronics control system is shown in Figure 2.19.  Analog input signals will be generated by the control computer, and these will be sent to the amplifier array.  The amplifier array will amplify these signals to voltage levels which are capable of driving the spines.  These high level signals will be sent to a computer controlled switch network which will route the signals to appropriate connectors on the chassis.  Cable assemblies will connect the chassis to the Echidna board.  Twelve module boards, which are connected to twelve spine modules, will plug into the Echidna board.  Each block in the Echidna electronics control system will be discussed in greater detail.  
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Figure 2.19
Top-level block diagram of Echidna Electronics.
As shown in Figure 2.19, the Echidna Electronics control system has three input/output ports.  The first, the Analog Input Signals port, has already been discussed.  The second, the Digital Control Inputs port, is used for controlling relays in the Amplifier Array, Power Supply, and Switch Network sections.  The third, the Status/Diagnostic Signals port, is bidirectional.  It consists of four analog inputs and one digital output line.  The Status/Diagnostic Signals port can monitor (using the analog outputs) and control the power supplies or any amplifier in the amplifier array, depending on which device is selected by the digital input signals.  Due to the remote location of the instrument, it is highly desirable to provide some telemetry and status feedback of the Echidna Fibre Positioner Electronics to the user.

2.8.2.1 Power Supplies

The power supplies provide power to the amplifiers and to the status/control electronics.  Figure 2.20 illustrates the power supply circuitry.  Two power supplies are needed.  The high voltage power supply will supply voltage to the positive and negative rails of the high voltage amplifiers.  This power supply will likely supply +/-150V, 1A.  It is likely that this power supply would be purchased off-the-shelf.  The low voltage power supply will provide power to the other electronic circuitry, such as current monitoring electronics, and will likely supply +/-15V, 1A.  It is likely that this will also be purchased off-the-shelf.  Both power supplies can be shut down by computer control, and both are monitored so the control system software can remotely verify their operation.  If DigPS is high, the four buffered outputs and control input are active.
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Figure 2.20
Power supply circuitry.

2.8.2.2 Amplifier Array

The amplifier array is a group of n amplifier subcircuits which can accommodate n analog inputs, where n is the number of spines in an electrical subgroup which can be positioned simultaneously.  Currently, 24 is the favoured choice for the number of amplifier subcircuits.   Figure 2.21 is one such circuit.  The circuit is built around a high voltage op amp such as the PA42 by Apex.  The op amp will amplify the low voltage analog input to levels around 50-200Vpk.
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Figure 2.21
High Voltage amplifier circuit.

The remaining circuitry in Figure 2.21 is needed for remote diagnostics and fault protection.  Diagnostic capabilities include monitoring the amplifier output voltage and output current.  The output voltage level will verify that the amplifier is working and is producing the desired output.  The output current is directly related to the load impedance.  Changes in load impedance could be caused by a short in the cabling, a broken (open circuit) wire, an overheating piezo, a depoled piezo, and even oscillations in the piezo.  If there is a break in the cabling, the current level will help determine where the break is.

If the output current exceeds a preset level, the power to the amplifiers will be shut off automatically.  If there is an imbalance between the output and return current, the amplifier power will again be disconnected.  This feature is especially important if there is any possibility of a human coming in contact with the high voltage output.  The remote user can check to see if either the overcurrent circuit protection or the current imbalance protection has been activated.  The protection circuitry can be remotely reset.

All of these diagnostic/control lines are enabled by a single digital input, which is named DigA1 (Digital Amplifier 1) in Figure 2.21.  One such digital input will be required for each amplifier subcircuit.

2.8.2.3 Switch Network

The amplifier outputs must be switched to each group of spines.  If n is the number of amplifiers, n is also the number of spines in a group.  If N is the total number of spines to be controlled, then there will be N/n groups.  Assuming 24 amplifier outputs and 408 total spines, there will be 17 such groups.  Note that the electrical grouping does not coincide with the physical, modular grouping of the spines.

Given the above arrangement, there will be N/n switching circuits needed to route the amplifier outputs to the correct group.  One possible layout of such a switching circuit is shown in Figure 2.22.  The amplifier outputs are bussed to the circuit, and four solid state relays are assigned to each amplifier output.  A single digital input, DigG1, enables the entire group.  A second digital input, DigXY, selects either the X or Y outputs.  
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Figure 2.22
Switching circuit.
2.8.2.4 Chassis Connectors and Cable Assemblies

From the switching circuits, the amplifier outputs will be wired to connectors on the back panel of the electronics chassis.  Cable assemblies will connect the chassis to the Echidna board.  

Naturally, the cable assemblies will be grouped in some logical manner.  Ideally there would be one cable assembly for each switching circuit, resulting in N/n cable assemblies.  In actuality there may be two cable assemblies per switching circuit, but that is yet to be determined.

The connectors that would most likely be used for this design are double-density D-sub (2D) connectors in a 50-pin or 100-pin shell.  Higher density connectors exist, but such connectors may not be able to handle such high voltages at high altitudes.  These 2D connectors would be used on the back panel of the chassis and on the Echidna board.

The cabling will be twisted pair cabling with foil shields over each pair.  The foil shields will prevent capacitive coupling of signals from one pair to another.  24-pair cabling is readily available.  One 24-pair cable with a 50-pin 2D connector on each end is capable of accommodating 12 spines.  If each switch circuit can address 24 spines, then two such cable assemblies will be needed per switch circuit.

2.8.2.5 Electronics Implementation

The electronics will be mounted in a 19-inch (483mm) rack, using circuit boards in a 6U high standard length Eurocard format (220mm high by 160mm deep), plugging in to a common backplane using DIN41612 connectors.  It is likely that there will be three types of boards used – an interface/control board, an amplifier board and a switch network board.  This arrangement will assist with trouble shooting and replacement of faulty boards.  The board front panels will have connectors for the computer interface, status LEDs, and a master power switch.  The status LEDs will be switchable so as to not to cause light pollution in the Telescope environment and interfere with night viewing.  All cable connections to the Echidna Fibre Positioner will be made through a back panel on the rack chassis.  It may be necessary to mount one or both of the power supplies externally from the rack, depending on space constraints.

2.8.3 Echidna Board/Module Architecture

Based on the current design of the Fibre Positioner, the Echidna spines will be divided into 12 rectangular modules, with each module containing two rows of 21 spines.  Figure 2.19 shows the spine/module arrangement.  The large circle is the ~140mm diameter field of view, and the spines which contain active fibres are designated with a small circle.
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Figure 2.23
Spine array divided into rectangular modules.

In the above arrangement, there will be 12 modular circuit boards attached to the bottoms of the 12 modules.  The 12 modules will plug into a single circuit board, called the Echidna Board.  Figure 2.24 is a side view of this arrangement.  Six spines are shown, with each consisting of a pivot ball, piezo tube above, and carbon fibre stem below.  The angle-hatched piece is a portion of the module which supports the spines.  Immediately under this module is a circuit board with pins extending from it.  This is the module circuit board, and it is attached to the module.  The piezo electrodes will be connected to these pins.  The Echidna board is shown below the module board, and it has sockets to receive the pins of the module board.  Please note that the spine and module dimensions are for illustration only and may not reflect the current design.
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Figure 2.24
Module and circuit board mating into Echidna board.
The next stage of the design is routing traces from the sockets on the Echidna board to the perimeter of the board where connection can be made to the cable assemblies.  Figure 2.25 and Figure 2.26 show how this is possible.  In Figure 2.25, the blue traces connect to one quadrant (+Y) of the first six spines in a row.  The blue traces will all be on one layer in the Echidna board.  These traces are 0.2mm wide and 0.2mm spacing between each trace.  The next layer of the board, shown in red, connects to the opposite electrode (-Y).  The green traces, visible only to the right of the figure, are on the third layer, and they connect the +Y electrode of the next five spines.  The brown traces, even further right in the figure, are on the fourth layer.  These traces connect to the –Y electrode of those same spines.
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Figure 2.25
Section of Echidna board showing trace routing.

Figure 2.26 shows how this method can be used to connect to all of the + and – Y electrodes of all the spines in each row with only four layers in the Echidna board.  By this same design, connection can be made to all four electrodes (+X, -X, +Y, -Y) of each spine with only eight layers in the Echidna board.  An eight layer board with 0.2mm trace widths and spacings is easily manufacturable and will be able to handle the voltages needed to move the spines.
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Figure 2.26
Larger section of Echidna board.

2.8.4 Spine Driving Configurations

There are four basic methods of driving the spines, and these are shown in Figure 2.27.  The spine driving mechanism is a four-quadrant piezo tube which bends when a voltage is applied across opposing electrodes.  Piezo actuators add a capacitive load to any electrical driving circuit.  In the case of a four quadrant piezo tube, there is a capacitance between each quadrant and the centre electrode of the tube.  Figure 2.27 shows cross sections of a piezo tube with four different driving configurations.
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Figure 2.27
Spine driving configurations.

Figure 2.27a shows a tube being driven differentially.  +V is applied to one electrode, and –V, which is equal in magnitude and opposite in polarity, is applied to the opposite electrode.  The centre electrode will float at a virtual ground, half way between V+ and V-.

Figure 2.27b is a tube being driven with a single-ended signal.  The advantage of using a single-ended signal is that it requires half the amplifiers, switches, and cabling.  The disadvantage of this driving method is that the centre electrode now floats at some voltage, so there is an electric field between the centre and right electrode.  When this spine is driven in the Y direction, it will also movement in the X direction.  This performance degradation cannot be tolerated.  

Figure 2.27c shows a switching arrangement where the X electrodes are both switched to ground when the Y electrode is active.  This configuration prevents the tube from bending in the X direction as it is driven in the Y direction.  Unfortunately, there is still an electric field between the centre electrode and two side electrodes, which will cause the tube to expand or contract in length.  This movement could possibly cause the spine to hop as it is actuated.

The electronic/electrical layout of Echidna has been designed according to Figure 2.27d.  In this configuration, both side electrodes are disconnected and a single-ended voltage is applied to the top electrode.  Since the side electrodes are disconnected, they will float at the same voltage as the centre electrode.  There will be no side motion, and no longitudinal expansion or contraction of the piezo.  This method requires the full number of switches and cabling connections, but half the amplifiers of the differential method.

2.8.5 Risk Summary for Echidna Electronics

The electrical design of Echidna is complex in that there is a very large number of connections, switches, and traces, carrying high voltages, in a very small area.  Each piece of the electronic design is not difficult – there are just a lot of pieces.  As a result, the overall risk of the electronic design is fairly low.

A few risk areas should be addressed.  The first risk is the danger of voltage breakdown.  Since the electronic interconnections are carrying high voltages, and since the wires and traces are so close together, there is a danger of arcing between traces or contacts.  This risk is heightened by the fact that Echidna will be operated at a high altitude where corona discharge between conductors is a possibility.  A number of techniques can be used to prevent this, such as increasing trace spacing, using more printed circuit board layers, applying conformal coating over connector terminations, and using different dielectric materials in board manufacturing.  These treatments make the overall risk of voltage breakdown fairly low.

A second risk area is that a reliable, manufacturable method needs to be developed for connecting the module boards to the spine electrodes.  Several options have been considered, including using fine wires, wipers, springs, and conductive foam.  More development will be needed to prove out one of these methods.

2.8.6 Electrical Prototype Development

An electronic control system has been designed and built which is capable of controlling multiple spines by switching between two subgroups.  Sawtooth waveforms are generated by a PC ISA Bus D/A card made by Nanotechnik.  These waveforms are sent to the control electronics, which are a group of circuits connected by a common backplane.  The control electronics are responsible for amplifying the sawtooth signals and switching them to the correct spine.  The control electronics were also designed to receive digital control signals from a digital I/O card.  These digital signals are needed to route the high voltage sawtooth signals by switching a number of solid state relays.  There was a Windows 95 operating system compatibility problem with the digital I/O card and Nanotechnik card which prevented them from being used together in the same computer.  The digital I/O card has since been replaced with a row of logic switches which provide manual control of the solid state relays.
Figure 2.28 is a schematic of the prototype electronics.  It shows the eight sawtooth signals from the Nanotechnik card which are sent to eight amplifiers.  Eight amplifiers is sufficient to differentially control two spines simultaneously.  The switching arrangement is different from that which was described earlier in this report, but it is sufficient to control two spines, and then to switch control to two other spines.

The amplifier subcircuits (shown as eight amplifier symbols in Figure 2.28) are designed around PA42 operational amplifiers by Apex Microtechnology.  A schematic of the subcircuit is shown in Figure 2.29. The amplifier subcircuits are capable of 175V pk, 120mA pk, low noise, and linear frequency response to 100kHz.  Their performance is quite excellent and is more than adequate for this application.

Control of the spines has been demonstrated while being driven through the switching system.  The switching system determines which spines are active.  The prototype system can accommodate up to four spines, and two of them can be controlled simultaneously.  As stated previously, the control lines to the relays must still be switched manually, but further developments will include controlling the switching system using a computer.
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Figure 2.28
Echidna prototype electronics.
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Figure 2.29
Prototype amplifier subcircuit.

2.9 Software

2.9.1 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 3.5.  The Software associated with the ADC is described in section 4.11.3.  The major software component is the System control software that is responsible for configuring all the spines in the correct position and provides communications with the Subaru Telescope OBCP.  The system control software is described in section 5.3.

2.9.2 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.

There will be approximately 400 echidna spines.  To minimise cost, these will be controlled in sub-sets of up to 12 spines (24 piezo channels) via a switching arrangement.  A digital I/O card will be used to control selection of these sub-sets.

Spine waveforms are generated by software using Digital to Analog circuitry.  The software must write about 12 data points to each channel for each cycle.  The Echidna spine prototype system uses this approach (within a commercial laboratory system).  Waveforms have a frequency of about 1KHz.  This gives a maximum data rate of about (24 x 12 x 1KHz) = 288K words per second, for only a few hundred cycles at a time.  This should be achievable using modern computer systems.  To ease software development effort, it is expected that a Digital to Analog card that provides FIFO’s and possibly special support for waveform generation will be provided.  This will dramatically reduce the peak data rate required.  

Analog to Digital circuitry will be used to allow monitoring of various telemetry elements, such as the high voltage supply lines.  This will allow the software to perform various self checking functions.

3 Focal Plane Imager

3.1 Introduction

The Focal Plane Imager (FPI) is positioned over the Echidna spines and an exposure is made while the fibres are backlit.  The FPI will measure the positions of spine tips and provide feedback to allow their re-positioning after a few iterations to the required accuracy.

The FPI has two CCD cameras.  One is set to observe the sky while the other can simultaneously observe backlit fibers in the focal plane.  The pair of CCDs and their optics can be accurately repositioned anywhere in the focal plane, maintaining correspondence between the sections of the field observed.

By comparing the two images, alignment of fibres with particular targets may be confirmed.  The FPI is desirable also to assist in calibration and commissioning.

3.2 Optical

Figure 3.1 illustrates the FPI optical layout. In early notes on the Echidna concept, it was expected that a custom optical system would be needed to relay the images of spine tips onto the spine camera CCD.  Also it was envisaged that this relay would be at 1:1 so that the scales of the spine camera and sky camera would be identical.  However, providing considerable demagnification to this CCD will allow the use of a much smaller and less expensive CCD for the spine camera, while still providing sufficient accuracy in determining spine positions.  Critically checking correspondence between spine images and star images on the sky camera will still be straightforward with scale and offset calibrations applied by computer.

An off-the-shelf lens now appears to be suitable.  A particular requirement was that the lens be telecentric, at least on its input side, so that the apparent positions of fibre tips is not affected significantly by their departure from a plane surface as they tilt.  The lens that appears most suited is from Sill Optics, of Germany.  Two models, S5LPJ2299 and S5LPJ2399 have been considered, with magnifications of 0.24 and 0.33 respectively.  With a 2/3 inch (8.8 x 6.6mm) CCD, the second lens has a field at the spine tips’ plane of 26 x 20mm.  This should be adequate for the purpose and this lens should give a little better accuracy in centroiding than the first.  This is the lens assumed in the mechanical layout of the FPI and in later considerations of the FPI’s coverage of the spine field. 
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Figure 3.1 
Layout of components to be carried on FPI carriage.
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Figure 3.2
CAD model of FPI optical assembly.

3.3 Mechanical

The constraints placed on the mechanical portion of the FPI are shown below;
· position to be known to better than 5 µm 

· relocation resolution between neighbouring viewing patches – 1mm or better

· position stability – remains firmly in place after repositioning

· positioning speed of optical components – 100 mm/s

· restricted space for the FPI (120mm between spine tips and corrector)

3.3.1 Evaluation of options; Linear motor or servomotor and screw

From the ideas generated in the initial phase two sources of motion and two driving systems were chosen for further analysis.  Each of the proposed ideas met the accuracy and speed requirements.

3.3.1.1 Linear motor 

The linear motor is connected directly to the moving load, eliminating screw, nut, bearing blocks and couplings.  Therefore, there is no backlash and practically no compliance between the motor and the load.  The motor moves the load instantly.  The non-contact design offers advantages in speed, acceleration, and cleanliness, being maintenance free and having a very long life.  The main limitation for a linear servomotor is obtaining the required force - a very heavy motor is required.  Additionally the costs are far greater than for commercially available AC brushless rotary servomotors.  Linear motors also require moving cables, posing the need for additional cable chains.

3.3.1.2 AC brushlesss rotary servomotor and screw

AC brushless rotary servomotors provide fast response and are designed to ensure maximum in-field durability and reliability.  They offer very high acceleration, cleanliness (no brushes) and very high torque in a relatively compact package.  However, they require screws, couplings and bearings to perform the same tasks as the linear motor.

3.3.1.3 Lead screw or ball screw for transmitting power

Ball screws possess a very high efficiency and very low wear rate and are maintenance free.  They are very precise and exhibit repeatable accuracy throughout the life of the screw.  However, if ball screws are used, an auxiliary brake will have to be applied to the drive to prevent the load from descending when the telescope is away from the zenith while no brake torque is required to prevent the load from descending for lead screws.  

The backlash in lead screws can be easily minimised by turning the adjustable nut for the desired preload.  

3.3.2 Conclusions

The AC brushless rotary servomotors with lead screws were chosen for the following reasons;

· easy to keep in position (non-reversing)

· relatively small size 

· simplicity

· costs

· meet the space envelope requirements for the FPI system.

-
no brake torque is required to prevent the load from descending for lead screws.  

The proof of concept was performed by designing the XY positioning system and modelling the main optical components in Mechanical Desktop (CAD) and MathCAD.  The purpose of this phase was to verify calculations and ensure that the power and torque capabilities of the motors would not be exceeded.  Putting the initial design together helped us to obtain an idea of the size of the system in relation to its range of motion.

3.3.3
Component masses
Components carried on Y carriage
qty
mass total (kg)

Lenses
1
0.5

Mirror
1
0.5

Sky Imaging Camera
1
1

Fibre Imaging Camera
1
0.2

Optical box assembly
1
1

Y Bearing Carriage
4
1

Read head
1
0.1

Water hoses with coolant
2
4

Cables electrical
1
3

Fasteners & fittings
50
2.5

Miscellaneous hardware
1
4

Total Y-axis masses moved by Y-axis motor

17.8

Total force required for Y axis (one motor) 

175 N





Components carried on X carriage
qty
mass total

Y axis moveable components (from above)

17.8

DC Rotary Servomotor
1
1.64

X Bearing Carriage
4
1.2

Y axis Rail
2
2.26

Y axis Lead screw assembly
1
1.4

Read head
2
0.2

Carrier
2
2.4

Cables electrical
1
3

Cable chain
1
0.3

Fasteners & fittings
50
2.5

Miscellaneous hardware
1
1.6

Total X-axis and Y-axis masses moved by X-axis motors

34.3

Total force required for each of 2 X axis motors

168 N

Table 3‑1
3.3.3  Description of other mechanical components

 Figure 3.3 and Figure 3.4 show the general layout of the focal plane imager.

3.3.3.1 Linear motion

X – axis 

Crossed roller linear bearings will be used.  Very high rigidity and large load capabilities in all directions normal to travel motivated this decision.  Additionally these systems are characterised by very high straight-line accuracy.  They have higher load capacities than ball bearings of the same size due to the increased area of contact with the rail.

Y – axis

Linear bearings LM (THK Ltd) series will be used with the same load ratings in all directions.  The overall structure has a very low profile, which helps to contain it in the very restricted available space.
3.3.3.2 Motor – Lead Screw connection

Bellows couplings will be used to connect the shafts of the servomotor and lead screw.  These decrease the vibration and friction resulting from the shaft misalignment and are torsionally rigid.

3.3.3.3 Feedback sensors

Both X and Y carriage positions will be encoded using the Renishaw RG2 encoder system.  This is a non-contact, optical encoder using self-adhesive encoder tape and a scanning readhead.  In both X- and Y-axes encoders with 1µm resolution will be used.

3.3.3.4 Cable Management system

The electrical cables will be placed directly into a cable chain and will be secured with strain relief at both ends.  For flexibility of cables robotic cables should be chosen.  

3.3.3.5 
Water cooling system

This will provide adequate cooling to the Sky Imaging Camera.  The hose diameter will be determined by the amount of water needed to effectively maintain a safe temperature to the camera.  For example cooling 200 Watts, 4 mm ID hose will be required with the coolant speed of 0.3m/s for a temperature rise of 20°C.

3.3.3.6 Miscellaneous hardware

Other mechanical components include end stops that restrict travel, shock absorbers to dissipate energy during a crash, and way covers that protect against dirt.  Any components that move will affect a system’s response by changing the amount of inertia, damping, friction, stiffness, or resonance thus their masses will be kept to a minimum.

3.3.4 FPI construction

The main concern during design of the X,Y positioning system was to attain extremely low flexure and very high stability in the X,Y carriage system since it must operate at all attitudes from zenith down to ~ 65 deg ZD.  To accomplish that two identical X axis systems; X1 and X2 and one Y-axis system were built to drive the FPI.

Two X- axis drive mechanisms are required to guarantee system accuracy and stiffness and to reduce motor torque requirements.  All optical components are placed on the Y carriage.

When they are to be repositioned in the Y direction they traverse along LM linear ball bearing guides to bring the camera to the required position.  At the same time the encoder and other elements of the electronics motion controls are constantly monitoring the system’s position and direction of travel.  The feedback from the encoder is then processed by the motion controller amplifier which delivers appropriate current to the motor windings.

The motor produces torque proportional to the supplied current and sets the load in motion.

After relocation the new position is measured with accuracy close to encoder resolution (1µm).  

The camera will measure the position of spine tips and provide feedback to allow their re-positioning after a few iterations to the required place.  Then it moves to the next field of view.  The limits for FPI positions will be established by limit sensors fixed along encoder strip backed by a mechanical stop mechanism capable of arresting the FPI motion without damaging its elements.  As the Sky Imaging Camera requires adequate water for cooling purposes flexible water hoses will be placed in both cable chains (along with electrical cables) to maintain a continuous supply of water while travelling in X and Y directions.

3.3.5 Addressing the risks

3.3.5.1 Not enough space to fit FPI

The overall structure of X and Y linear bearings are characterised by a very low profile while retaining rigidity and accuracy.  Design of the box that contains the mirror is also very compact.  The only problem that may occur is the presence of Shack Hartman/offset guider, which will interfere with the proposed design of the FPI.

If it must share the restricted space with the Shack-Hartman and autoguider system, the mechanism to support the FPI will be seriously compromised in performance and made much more complicated.
3.3.5.2 Misalignment of linear bearings guides

The FPI assembly is referenced to a flat surface on the base plate.  Straightness of travel is then a function of how accurately a reference rail conforms to this mating surface.  

The system will work like this: the carriage of one of the linear bearings is rigidly attached to a translating carrier and forces a second floating carriage into parallel alignment with the fixed one.  The screw assembly floats laterally with two degrees of freedom at each end.  The lead nut (fixed to the carriage) forces the screw to centre during assembly.  Once aligned, the screw ends are bolted in position.  When set up properly, the carriage will run parallel to the reference edge without binding.

3.3.5.3
Longitudinal clearance of the lead screw
For the lead screw assembly, the precision ground screw will be used supported at one end by a back-to-back arrangement of angular contact ball bearings and at the other end by a deep groove ball bearing.  This will provide a very high stiffness and eliminate longitudinal clearance.

3.3.5.3 Water leakage

Water supply systems will be capable of being drained down and be fitted with an adequate number of servicing valves and drain taps so as to minimise the discharge of water when water fittings are maintained or replaced.  Very flexible and highly abrasion resistant hoses will be used.
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Figure 3.3
View under FPI assembly with prime focus corrector and Echidna omitted.
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Figure 3.4
Details of FPI mechanisms (with whole assembly inverted).

3.4 Electrical

3.4.1 Overview

The information in this section describes the proposed electronics control system for controlling 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 Slow Scan Cooled CCD Detector which views the sky through the telescope (the Sky Camera).  The Sky Camera is also used for Acquisition and Guiding.  Both cameras, which are interfaced to the control computer system, are mounted on an XY positioning system which can be moved under computer control.  The Spine Camera is used to provide positional feedback on ball spines during configuration.  The Sky Camera is used for calibrating the spines against object positions and for autoguiding the telescope when the XY Positioner is in its “park” position.

3.4.2 XY Positioner

The Focal Plane Imager XY positioner system will require a two axis servo motion controller.  This may be a standalone device with an RS232 interface to the control computer or it may be an internal computer bus based device located in the control computer itself.  The servo controller implements a servo loop, most likely based on a Proportional Integral Derivative gain control function for best performance.  The servo controller sends analog position command outputs to the servo amplifiers driving the motors on the X and Y axes.  The servo controller accepts incremental encoder inputs from the X and Y axes which it uses for position and velocity feedback.  It also accepts limit switch inputs from each axis.  The end of motion limit switches will notify the servo controller that the axis has been driven to the end of its operational range.  There may also be a home position limit switch on each axis.  Limit switch inputs will be galvanically isolated.

Two Servo Amplifiers accept position command inputs from the Servo Controller for the X and Y motion axes.  The servo amplifier may use velocity feedback from a tachometer driven by the motor if the amplifer is operated in velocity mode (e.g.  for high system response or good low speed stability).  For the FMOS/Echidna XY Positioner, it is intended to use standalone dual servo amplifier units with an integrated power supply which is compatible with the motors selected for the X and Y axes.  Most likely the servo amplifiers will be a Pulse Width Modulated type, in order to keep the heat dissipation low and the physical size small.  The servo amplifiers may also require over travel limit switch inputs to shutdown the drive to the motors in order to prevent physical damage should the servo controller limit switches fail to act quickly enough to stop the motion.

It is possible that the motion controller and servo amplifier could be an integrated standalone package.

The servo loops will be tuned to give optimal operational performance of the XY positioner, in terms of speed and accuracy.

3.4.3 Servo Axis Description

Each XY servo axis mechanism consists of a motor, an encoder, one or two sets of over travel limit switches and a home position switch.

3.4.3.1 Motors

The exact type of motor used in the servo axis depends on the mechanical requirements of the system.  Most likely, the motors will be brushless AC servo motors, with integrated resolvers for control feedback to the amplifier.  

3.4.3.2  Encoders

The encoders used in the servo axes will be incremental A/B quadrature encoders, possibly with an index or home pulse.  Encoder signals will be differentially driven back to the motion controller to reduce the possibility of noise and interference causing false encoder readings.  The encoders will be powered from the motion controller supply.

3.4.3.3  Limit Switches

Each servo axis mechanism (X and Y) will have two pairs of limit switches at each end of the mechanism physical travel.  The limit switches will be normally closed switches with current flow broken when the switch is activated.  Limit switches will generally be implemented using contactless proximity switches.

The first limit switch activated at each limit of travel are “soft” direction overtravel limits which cause the motion controller to stop motion on that particular axis in that direction of travel.  The second limit switch at each end of travel are “hard” overtravel limits and are connected to the amplifier.  If a “hard” overtravel limit is activated, the amplifier is disabled and the motor is braked.  If the amplifier used does not have an over travel limit switch function, these limits will be connected in series with the amplifier enable signal from the motion controller to the amplifier.

If proximity switches are used to implement the limit switch functions, they will be supplied with power from the motion controller analog circuitry.

3.4.4 Spine Camera

The Spine Camera is a monochrome TV frame rate miniature CCD camera mounted on the FPI XY positioner.  This camera produces continuous interlaced video at a frame rate of 50Hz.  Video output from the camera is fed in to a frame grabber device located in the control computer.  The camera is used to acquire images of the back illuminated ends 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.

3.4.5 Sky Camera

The Sky Camera System needs to be a slow scan, cooled, integrating CCD camera system to achieve the low noise and sensitivity for imaging faint night sky objects.  This camera is used for calibrating the Echidna spines with object positions, and for autoguiding the telescope.  Ideally the Sky Camera System would be of a type that is the same as those already in use on the Subaru Telescope, assuming that these are both hardware and software compatible with the Echidna control computer system.  In addition, the camera head must be compatible with the space envelope of the XY positioner.  If such a system is not readily available, or if it cannot be easily interfaced to the FMOS/Echidna Control Computer, the Sky Camera System could be purchased off-the-shelf from a manufacturer such as Roper Scientific (Photometrics), Apogee or SBIG.

It is likely that the Sky Camera System will consist of three parts – the camera head, a camera control unit and a computer interface.  The camera control unit may need to be mounted quite close to the camera head, depending on the system design.  The camera head is likely to be cooled using a thermo-electric device, with heat exchange implemented using fan forced air cooling or re-circulating cooled liquid.  The camera controller may have an integral power supply, or it may require an external source of DC power.

3.5 Software

3.5.1 Software Overview

The FMOS/Echidna control software is broken up into several units.  The low-level spine control software is described in section 2.9.  The low-level FPI X/Y Gantry control software and Camera control software is described below.  The Software associated with the ADC is described in section 4.11.3.  The major software component is the System control software that is responsible for configuring all the spines in the correct position and provides communications with the Telescope OBCP.  The system control software is described in section 5.3.

3.5.2 FPI Gantry Software

There are three components of interest on the FPI Gantry.  An X/Y gantry provides motion over the focal plane.  This gantry contains two cameras, one a simple CCD looking down at the focal plan and used to view back-illuminated fibres.  By combining the image observed in this camera and the current position of the FPI Gantry, the actual position of a fibre end, within the focal plane, can be determined.  The normal mode of operation (controlled by the system control software) is to move a number of spines and then use the FPI fibre camera to check the position of those fibres, whilst at the same time moving the next set of spines.  The position of the first set of fibres can then be adjusted and checked again.

The second camera is a cooled camera looking at the sky.  It supports field acquisition and autoguiding.  There should be a well-defined offset between the centre of this camera and the centre of a back illuminated fibre, allowing fibre positions to be checked against sky positions.

3.5.2.1 X/Y Gantry

The X/Y gantry is likely to be controlled by a servo motor/encoder system.  Home marks and limits switches will be provided.   The gantry must position its cameras to an accuracy of several microns, which should be easily achievable, as many modern servo systems are accurate to the micron level.  Likewise, the required speed is well within the capabilities of modern servo systems.  Software control of the servo system is likely to be via a serial line (such as RS232).  The servo system will be tuned sufficiently that the software need normally simply request a given position.  It is important that an accurate indication of motion command completion be received, to avoid unnecessary polling or waits.

There will be a well-defined “park” position for the X/Y gantry – where it will not vignette the focal plane field of view.  When at this position, the Sky Camera will view the output end of the guide fibre bundles, allowing the Sky Camera to be used for autoguiding.

3.5.2.2 Fibre Camera

This camera is likely to be a simple frame rate CCD system feeding to a frame grabber interface card, similar to an existing device currently used in the AAO’s 6dF instrument.  The AAO has an existing Linux driver for this arrangement and little software effort should be required to obtain images from this device.  The major area of work is the effort required to port the driver to later versions of Linux, which should be minimal.  

3.5.2.3 Sky Camera

This camera is likely to be similar to an existing Subaru Telescope technical CCD device.  If this is the case, then existing Subaru Telescope software can be used to control this device and provide images to the observer.  The major software effort involved will be to provide autoguiding, which is covered in section 5.3.7.

If a camera that is new to Subaru Telescope is to be used, then additional software effort will be required to operate this camera and interface it to Subaru Telescope systems such that images can be displayed and the results used for acquisition.  

4 Prime Focus Corrector and Atmospheric Dispersion Corrector

4.1 Introduction

The functions of the Prime Focus Corrector and Atmospheric Dispersion Corrector (ADC) are to correct the off-axis aberrations at a flat focal surface and to annul the atmospheric dispersion.  The design comprises an assembly of five lenses, two of which are oil-coupled doublets.

The atmospheric dispersion corrector (ADC) function is provided by the pair of doublets, which rotate about the axis of the corrector.  The interfaces between the elements of these doublets are inclined to the optical axis, producing dispersing prisms.  The resulting dispersing effects of these are vectorially added to produce a total dispersion, which nullifies the atmospheric dispersion.

4.1.1 Comparison with the 2dF corrector

The mechanical design for the proposed corrector is similar in many respects to that of the 2dF corrector, which has functioned satisfactorily for seven years on the Anglo Australian Telescope.  The ADC elements will be suspended on large diameter thin section ball bearings, and o-ring seals will retain the coupling fluid between doublet elements.  The lenses will be mounted against compliant gaskets to limit the stresses imposed on the glass.

The 2dF corrector’s ADC was driven by a pair of five-phase stepper motors.  While these have operated satisfactorily, finding suitable drivers proved difficult.  For the corrector under consideration here, we propose using AC servomotors as used in the existing Subaru corrector, with resolver feedback.  This commonality will allow interfacing with existing telescope control electronics, and simplify spares inventories.  However, as the existing Subaru ADC uses a different operating principle, a new algorithm must be implemented in the control software.

4.2 Operating environment

The corrector will operate on the FMOS top end at the prime focus of the Subaru telescope located near the summit of Mauna Kea in Hawaii.  The corrector will operate in a range of orientations as the telescope is pointed to various regions of the sky.

4.2.1 Temperature and pressure

The design temperature range is taken as +30 to –15 degrees C.  These temperatures are not extreme and are well within the operating range for the o-ring seals.  The atmospheric pressure is assumed to be 62 kPa.  (The US Standard Atmosphere 1962 gives temperature as –11deg C and a pressure ratio of 0.62 at 13 000 ft.) All proposed materials for the corrector are routinely used in such conditions.

4.2.2 Desiccators, breathing

The corrector assembly, although not regarded as airtight, will ‘breathe’ as atmospheric pressure changes both from transport between summit and sea level and with normal daily variations.  To ensure that there will be no condensation within the corrector, a pair of desiccators will be fitted to the shell.
4.3 Optical design

4.3.1 Optical Functional Requirements

This is a formal description of the design goals for the FMOS Prime Focus Corrector.

4.3.1.1 Field of View

The Sky Field of View (FoV) is to be 30 arcminutes in diameter.

4.3.1.2 Wavelength Ranges

The two wavelength ranges of interest are 400 to 900 nm and 900 to 1800 nm.  Refocussing and resetting of the ADC are allowed when changing between the two ranges.

4.3.1.3 Geometric Image Quality without Atmospheric Dispersion

This, in other words, is performance at zenith.  This is specified as 80% EE (encircled energy) within 0.5 arcsec diameter in the short wavelength range and 80% EE within 0.4 arcsec diameter in the long wavelength range.

4.3.1.4 Geometric Image Quality with Atmospheric Dispersion

This is performance at non-zero zenith angles or zenith distance (ZD).  This is specified as 100% EE within 0.8 arcsec in the ZD range 0 to 45 degrees and as 100% EE within 1.0 arcsec in the ZD range 45 to 65 degrees.

4.3.1.5 Lens Transmission

Allowing for glass internal transmission and for reflection losses with an appropriate coating on each air/glass interface, the lens transmission is to be not less than 75% for any wavelength from 400 to 900 nm and not less than 82% for any wavelength from 900 to 1800 nm.
4.3.1.6 Back Focal Distance

This must be no less than 120 mm.

4.3.1.7 Exit Pupil and Fibre Feeds

Ideally, the exit pupil needs to be coincident with the centre of curvature of the image surface (at infinity for a plane surface) for maximum fibre feed efficiency.  This is sometimes referred to as telecentricity which is not strictly true unless the exit pupil is actually at infinity.

4.3.1.8 Final Focal Ratio

To allow efficient collection of the beam by a bare silica/silica fibre, even one made from a preform providing the highest available numerical aperture, the focal ratio should preferably be 2.0 or greater.

4.3.1.9 Size of corrector

To suit the mechanical constraints of the Subaru top end, the working diameter of the first element must not exceed 550 mm.
4.3.2 Optics Development

4.3.2.1 Background

Prime Focus Correctors have evolved from the early doublets (e.g.  the Ross Corrector at Mt.  Palomar) to many variants of a nearly afocal conventional triplet form, mainly due to C.G.Wynne.  This configuration can be adapted to primary mirrors of paraboloidal and hyperboloidal shape down to focal ratios of just under 2.  The AAT's 1dF and 2dF are good examples of the evolution of complexity in these systems to deal with larger fields and atmospheric dispersion.

4.3.2.2 Achromatism, Glass Choice and Wavelength Range

The ever-expanding wavelength-range capabilities of optical fibres and detectors, coupled with the greater light gathering power of larger and faster telescopes and the need to probe into deeper red-shifts, has imposed extreme demands on refractive optics.  These demands can only be satisfied by using glasses that are extremely well-matched in their relative partial dispersions (RPDs).  Some of these pairs are: BaF2/SF6, CaF2/LLF6 and UBK7/FK54.  Quite obviously, the fluoride materials are unsuitable for the large elements necessary in a PFC and the transmission characteristics of UBK7 are unsuitable beyond about 1600 nm.

This forces the use of a single glass for all the high-powered elements.  One material with suitable transmission and mechanical characteristics is fused silica.  Quite recently, OHARA Corporation have successfully made large blanks of their “FPL” series glasses.  In this context, FPL52 is the most appropriate material with which to experiment, because its refractive index closely matches that of fused silica.  This pair would therefore be a candidate for the construction of an atmospheric dispersion corrector (ADC).

4.3.2.3 Basic Configuration

A nearly afocal, conventional (pos - neg - pos), triplet configuration is the basis for all modern prime focus correctors (PFCs).  This form was pioneered by C.G.Wynne and further evolved for a variety of telescopes (the AATs 2dF is a good example).

The ever-increasing demands of modern astronomy have led to many variants of the triplet.  One element, at least, (there is no hard and fast rule for which one) is split for aberration control.  Splitting becomes mandatory if Atmospheric Dispersion Correction is required.  Beyond one, and at the most two, splittings a region of diminishing returns is entered.  For this, and other pragmatic reasons, PFCs are usually restricted to four components.

4.3.2.4 Atmospheric Dispersion Correctors (ADCs)

Atmospheric Dispersion Correction is commonly achieved using "Direct Vision Doublet Prisms" (DVDPs).  A DVDP is a zero deflection prism where the dispersion occurs at a tilted buried interface between two materials dissimilar in dispersive power but similar in index.  Two such prisms arranged in series can have an additive or a null effect depending on their relative rotation around the nominal optical axis (usually coincident with a central or chief ray).

It is possible to transform adjacent singlet elements of a typical PFC into doublets with some prismatic power by tilting the internal surfaces.  These can then counter-rotate around the principle optical axis to provide varying amounts of compensation.  In some cases, it may be necessary to split a component in a PFC so that there are two adjacent components available for the ADC.

In rare cases, it may be necessary to include a completely separate ADC assembly, although I have never found this to be necessary.

4.3.2.5 Integral ADC

A PFC with an integral ADC (one whose components are merged with the basic components of the PFC) is a preferred solution to that employing an ADC as separate components.  The principle reason is that of greater simplicity and thus an implicit reduction in the number of air/glass interfaces.

2dF's ADC is a modern example of this form.  The original choice of materials for the DVDPs was UBK7 (the underlying material of the compound triplet) and LLF6, which has a closely matched refractive index and RPD.  However, it became evident that F2 could be used, despite the mismatched RPD and refractive index, because the focal ratio of the primary mirror was f/3.3.  In the case of SUBARU, the incoming focal ratio is 1.8, which necessitates the use of very well-matched materials.

Fortunately, fused silica is matched very well in refractive index with an OHARA glass, S‑FPL52, which is very similar to Schott's FK51 series of glasses.  The small difference in RPDs can be accommodated by allowing the S-FPL52 elements to have small, but opposing, powers, thereby virtually neutralising any adverse effects.  In fact, the differential in RPDs can be exploited to further improve the system's chromatic correction.

In the event that the silica/FPL52 pair does not provide a good enough match to the atmosphere then it may be necessary to experiment with alternative materials.  Some possibilities are: UBK7/LLF6, OHARA BSM14/Schott F5, OHARA BSM16/Schott F2 and BaK1/LF5.  

4.3.3 Final Optical Designs

4.3.3.1 First Design, P4G type

The basic triplet corrector can be used as a conceptual basis for a 4-element version with the potential for incorporating an ADC.  The trade-off here is the distance from the focal plane (in inverse proportion to the internal tilts of the ADC) versus the overall size of the ADC components, keeping in mind that S-FPL52 will be difficult to make in large pieces.  In view of this, the only component that can be practically split is the middle, or negative, one.

Thus we "split-off" a low-powered "corrector plate" from the middle lens.  The plate is positioned just behind the middle lens in such a way that its leading surface contacts (a computational convenience: this would not be stipulated mechanically!) the trailing surface of the middle lens at a stipulated minimum aperture determined by the marginal ray heights.  This eliminates any possibility of surface overlap, which could easily happen here (see Figure 4.1).  This is the basic P4F form.

The two components are now converted to S-FPL52/Silica doublets and the system allowed to equilibrate to the P4G form.

As expected, the extra component acts as a low-power "corrector" and the two S‑FPL52 elements in the doublets have small, opposing, powers.

A typical system layout is shown in Figure 4.2 with spot diagrams in Figure 4.3.
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Figure 4.1 
Corrector Layout.
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Figure 4.2 
Corrector Layout.
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Figure 4.3 
P4G Corrector Spot Diagrams  [Circle is 1 arcsec in diameter, EER units are arcsec 400 nm (left column), 690 nm (middle), 1800 nm (right) 15 arcmin (top row), 10.4 arcmin (middle), axis (bottom)] .

It is evident that the imagery is mostly within specification except near the long-wavelength end of the range.  This is caused by sphero-chromatism, and it is nothing short of extraordinary that the effect is so small here.

4.3.3.2 Aspherization of the P4G design

There is little to be gained from aspherization of the P4G design because most of the image degradation is caused by spherochromatism.  An examination of the spot diagrams demonstrates this and the high level of correction achievable at a narrower band of wavelengths (here centred around 690 nm).

4.3.3.3 ADC Design

An integral ADC at maximum compensation in a focal corrector will, in general, bring only the two extreme wavelength images together.  Images at other wavelengths will "straddle" a mean image position.  This is because the RPD of the ADC prism system does not match the RPD of the atmospheric "prism".  The "middle" wavelength image position is essentially found after one design cycle and it is best to set this at the position where the images would be formed (usually the axial image) without any atmospheric dispersion (or ADC).  The ADC therefore has to satisfy four criteria:

(i)
At maximum zenith angle (Z) the short and long wavelength images must coincide on the image surface.

(ii)
At maximum Z the middle wavelength image will fall some (small) distance from those at the extreme wavelengths.  We force these images to straddle the (central) point where those images would fall without any atmospheric dispersion (or compensation).

(iii)
At zero Z the same condition as at maximum Z for the extreme wavelengths (i) except that the displacements will be perpendicular to those at maximum Z.

(iv)
At zero Z the same condition as at maximum Z for the middle wavelength except that, again, the displacement will be perpendicular to that at maximum Z.

If (iii) and (iv) are not satisfied then the polychromatic image will "gyrate" as the ADC components counter-rotate.  The four degrees of freedom that can be used are the tilt of the two internal interfaces of the doublets and the tilt of one external surface of each doublet.  The latter two are necessary because the RPDs of the materials of the ADC will not (as a rule, and especially when only two materials are available) match the RPD of the atmosphere.

In practice, image gyration is not seen as a problem because modern telescopes have mechanisms to track small image movements that can be caused by a host of factors.  This means that the external surfaces of the ADC can remain normal to the optical axis and only the buried surfaces need be tilted.

4.3.3.4 An ADC for the P4G

The internal surfaces of the two P4G doublets can be tilted to compensate for atmospheric dispersion.  This design, P4GA, is tabulated in Table 4‑1 and the effect is shown in the spot diagrams in Figure 4.4.  The mismatch of the S‑FPL52/fused silica pair and the atmosphere is clearly evident.  There is also almost an arcsecond of image gyration, which is not shown because it is assumed that this would be tracked.
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Figure 4.4 
P4GA spot diagrams showing the effect of atmospheric dispersion and the ADC.  The circles are 2 arcsec in diameter and the outer spots follow the circumference of a 15 arcmin radius field.  The top set are at Z = 65( and the bottom at Z = 0.  Note the spread between the spots at Z = 65(: the extreme wavelengths have been made to coincide causing the centre wavelength to be separated.

 Surf Ident   z   Separation  xRot  Radius   Next  Aperture/ 

        mm     mm    deg    mm   medium   Term  

==========================================================================

  0  Sce   -inf     -    0.000  plane   AIR       

--------------------------------------------------------------------------

  1  PM    0.000   inf    0.000 -30000.000  AIR   8200.0  

                      -1.008300       cc   

--------------------------------------------------------------------------

  2  C1  -14137.856 14137.856  0.000  -387.028 SILICA   578.5  

  3    -14197.856   60.000  0.000  -403.550  AIR   523.1  

--------------------------------------------------------------------------

  4  C2  -14550.513  352.657  0.000  -954.337  FPL52   361.4  

  5 ADC1 -14570.513   20.000  1.707  -659.204 SILICA   361.4  

  6    -14590.513   20.000  0.000  -242.768  AIR   308.8  

--------------------------------------------------------------------------

  7  C3  -14649.404   58.891  0.000  3427.280  FPL52   308.8  

  8 ADC2 -14674.404   25.000  2.108  1328.534 SILICA   308.8  

  9    -14699.404   25.000  0.000  1163.405  AIR   308.8  

--------------------------------------------------------------------------

 10  C4  -14901.706  202.302  0.000  -381.043 SILICA   251.5  

 11    -14936.706   35.000  0.000  5009.852  AIR   251.5  

--------------------------------------------------------------------------

 12  I  -15056.706  120.000  0.000  plane   AIR   200.0  

--------------------------------------------------------------------------

Table 4‑1 
P4G specifications.  The ZEMAX sign convention is used.

4.3.3.5 A Better Match for the Atmosphere: P4K

It was found by experiment that the glass pair S-BSM14/F5 makes an almost perfect match for the atmosphere when used in this type of corrector.  The only problems are that these materials absorb a little too much near the ends of the waveband and that spherochromatic effects are slightly greater than with the fused silica/S-FPL52 pair.  Therefore, a way must be found to exploit the dispersive properties of the alternative glasses whilst using as small an optical thickness and as low a power as possible.

This can be achieved by splitting the afore-mentioned low-powered “corrector” element into 4 separate ADC elements whilst maintaining the fused silica “core” of the P4F.  The F5 elements can be made to have zero power (i.e.  plano-plano) whilst the power of the S-BSM14 elements can counter some of the spherochromatic effects that will be introduced by mismatching the fused silica core.

The two counter-rotating doublets of the ADC will now have to “mate” at a plane interface which can be oiled so that the two extra air-glass reflection losses can be avoided.

4.3.3.6 Marginal Ray Inclination (MrI) and the Final P4K Design

It is stipulated in the functional requirements that the focal ratio of the ray pencils incident on the fibre ends (image plane) be no less than f/2.  This coresponds to a MrI of 14.04(.  An extra 1( is allowed at the edge of the field.  The maximum MrI here is therefore set at 15.04(.

Unfortunately, the “natural” spherically surfaced solution leaves us with a MrI of a little over 16( at the edge of the field.  This tendency is circumvented by aspherizing the last surface.  This has the added benefit of reducing the residual spherochromatic effects which arise predominantly in this component.

A basic P4K system can now be derived with these hard limits in place.  A layout is shown in Figure 4.5 and spot diagrams for this system are shown in Figure 4.6.  It is evident that there is some imaging penalty near the edge of the field caused by enforcing the hard limits described above.

An ADC can now be created within the 4-element “corrector”.  The working system is tabulated in Table 4‑2 and the effect of the ADC is demonstrated in Figure 4.7 as before.  It can be seen that atmospheric dispersion is very closely compensated by this type of corrector.


[image: image40.wmf] 

ADC

 

500 mm

 


Figure 4.5 
P4K Corrector Layout.
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Figure 4.6
 P4K Corrector Spot Diagrams . Circle is 1 arcsec in diameter, EER units are arcsec 400 nm (left column), 690 nm (middle), 1800 nm (right) 15 arcmin (top row), 10.4 arcmin (middle), axis (bottom). 
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Figure 4.7
P4KA spot diagrams showing the effect of atmospheric dispersion and the ADC.  The circles are 2 arcsec in diameter and the outer spots follow the circumference of a 15 arcmin radius field.  The top set are at Z = 65( and the bottom at Z = 0.  Note the much smaller spread between the spots at Z = 65(.

 Surf Ident   z   Separation  xRot  Radius   Next  Aperture/ 

        mm     mm    deg    mm   medium   Term  

==========================================================================

  0  Sce   -inf     -    0.000  plane   AIR       

--------------------------------------------------------------------------

  1  PM    0.000   inf    0.000 -30000.000  AIR   8200.0  

                      -1.008300       cc   

--------------------------------------------------------------------------

  2  C1  -14138.000 14138.000  0.000  -383.521 SILICA   577.8  

  3    -14198.000   60.000  0.000  -402.321  AIR   522.9  

--------------------------------------------------------------------------

  4  C2  -14533.929  335.929  0.000  -662.065 SILICA   365.9  

  5    -14553.929   20.000  0.000  -263.955  AIR   326.4  

--------------------------------------------------------------------------

  6  C31 -14634.503   80.574  0.000  1470.700  BSM14   326.4  

  7 ADC1 -14646.503   12.000  0.990  plane    F5   326.4  

  8    -14661.503   15.000  0.000  plane   AIR   326.4  

--------------------------------------------------------------------------

  9  C32 -14662.503   1.000  0.000  plane    F5   326.4  

 10 ADC2 -14677.503   15.000  -1.032  plane   BSM14   326.4  

 11    -14697.503   20.000  0.000  1313.844  AIR   326.4  

--------------------------------------------------------------------------

 12  C4  -14892.431  194.928  0.000  -649.739 SILICA   253.5  

 13    -14927.431   35.000  0.000  1040.249  AIR   253.5  

                       0.000000       cc   

                      -9.622E-09       a 4  

--------------------------------------------------------------------------

 14  I  -15055.431  128.000  0.000  plane   AIR   200.0  

--------------------------------------------------------------------------

Table 4‑2
 P4K specifications The ZEMAX sign convention is used.

The ADC components are here separated by air.

4.3.3.7 Remarks on the Final P4K Design

It is clearly evident, from a comparison of the spot diagrams, that we have traded Atmospheric Dispersion Correction and “clamped” MrI for image quality.  Image quality is firstly degraded even without clamping the MrI because of the RPD mismatch between the fused Silica core of the P4F and the glasses of the new ADC: S-BSM14 & F5.  However, most (probably 80%) of the degradation is caused by “clamping” the MrI.  This is a requirement that may need to be relaxed.

4.4 Assessment of optical design against design goals

As part of the Design Study for the prime focus corrector, a detailed set of goals for the optical design was agreed between the AAO and the FMOS Principal Investigator, Prof Maihara.  All but one of the items in this informal specification have been listed in the section 4.3.1 “Optical Functional Requirements”.  The other item, relating to analysis of ghost imaging, is dealt with later in this section.  

The optical design described above – designated P4K – performs very well – almost certainly as well as is possible without considerable increase in complexity by adding further optical elements or employing more aspheric surfaces.  But it does not fully meet the goals.  Comparisons between the design performance and the goals are made in the following subsections.

4.4.1 Field of view and wavelength ranges

The design has adhered to the required field diameter of 30 arcmin.  In the following subsections, image quality is generally assessed on axis, at 15 arcmin radius and at an intermediate radius of 10.6 (=15/(2) arcmin.  

The design wavelength ranges are 0.4 to 0.9(m and 0.9 to 1.8(m.  Slightly greater stress has been placed on getting good performance in the infrared range.  For the raytracing analyses reported below, the visible images are a composite of 0.4, 0.55, and 0.9(m images with equal weighting while the infrared images are a composite of 0.9, 1.35, and 1.8(m spots, also with equal weighting.

4.4.2 Image quality at zenith

For the infrared wavelength range, 80% encircled energy diameters computed for the design are 0.15, 0.35, and 0.81 arcsec, on axis, 10.6, and 15 arcmin off axis, respectively.  The goal was 0.4 arcsec diameter; the images are worse than this beyond a radius of about 12 arcmin.

For the visible wavelength range, 80% encircled energy diameters computed for the design are 0.25, 0.66, and 0.62 arcsec for the three field positions.  The goal was 0.5 arcsec diameter; the images are a little worse than this over much of the field.

The main reason for setting these image size goals was for the possible future use of deployable Integral Field Units (IFUs) behind the corrector.  With IFUs, the residual atmospheric dispersion can, in principle, be compensated after the spectrum is recorded.  So it is the image size without atmospheric dispersion which determines the limit to the resolution of spatial detail.

4.4.3 Performance with ADC

For the infrared wavelength range, the diameters enclosing 100% energy for 45( zenith angle (ZD) are 0.27, 0.95, and 1.33 arcsec at the three field angles as above.  This compares with the goal of 0.8 arcsec.  At 65( ZD, the corresponding diameters are 0.44, 1.16, and 1.52 arcsec, compared with the goal of 1.0 arcsec.

For the visible range, the diameters enclosing 100% energy for 45( ZD are 0.45, 1.70, and 1.70 arcsec at the three field angles.  This compares with a goal of 0.8 arcsec.  At 65( ZD, the corresponding diameters are 0.51, 1.80, and 1.70 arcsec, compared with a goal of 1.0 arcsec.

These specification goals were set with the aim of spilling very little useful energy from a point source outside the core of an Echidna spine, when using the widest range of wavelengths in the spectrographs.

Goals were not specified for 100% enclosed energy diameters at the zenith, on the assumption that the performance there would be better than at 45( ZD.  However, it’s instructive to look at these results also.  For the infrared, the diameters at the three field angles are 0.19, 0.92, and 1.22 arcsec.  For the visible, they are 0.44, 1.64, and 1.64 arcsec.

Since the specification goals were set, it has been resolved that the Echidna fibre core diameters will be 100(m (~1.26 arcsec), while a 1 arcsec diameter was expected earlier.  Allowing for this, the performance in the infrared is such that observing efficiency is affected significantly only near the outside edge of the field.  Note that the performance over most of the field degrades only a little at the larger zenith angles compared with the zenith.

4.4.4 Lens transmission

The transmission of the corrector lens, allowing for single layer (/4 coatings of MgF2 optimised for ( = 1.35(m on all glass/air interfaces has been calculated to be:

Wavelength ((m)
transmission (%)


0.4
74.4

0.55
73.1

0.9 74.5

1.35 84.4

1.8 76.3

These fall a little short of the goals: 75% from 0.4 to 0.9(m and 82% from 0.9 to 1.8(m.  It’s doubtful whether any more complicated coating will give significant advantage over the whole wavelength range.  A useful improvement would be gained by having an oil matching the F5 refractive index fill the gap between the two plane faces of the ADC.  (The elements either side of this gap rotate with respect to each other, so sealing the oil in the gap would present some problems.) The transmissions could then be as follows, meeting the goals other than for a slight shortfall at 0.9(m:

Wavelength ((m)
transmission (%)

0.4 79.8

0.55 78.7

0.9 79.9

1.35 86.6

1.8 83.1

4.4.5 Ghosts

Amongst the design goals was the intention to raytrace all double reflection ghosts and assess their effect on performance.  There has not been sufficient time to do this analysis since completion of the designs P4GA and P4K.  

4.4.6 Numerical aperture needed in fibre to collect beam

On axis, the marginal ray is inclined at 14.54(, corresponding to a focal ratio of f/1.99.  The maximum inclination of a marginal ray is 15.28(; this occurs at about 70% of the maximum field radius and corresponds to a focal ratio of f/1.90 or a numerical aperture (NA) of 0.26.  This is satisfactory, being better than was implied by the goals set.

4.4.7 Clearance between last element and focal plane

This is 128 mm on axis and a little more at the edge of the field, since the last surface is slightly convex.  The specification was a minimum of 120 mm.

4.4.8 Size of corrector

The first element has a working diameter just under 548 mm compared with the specified maximum of 550 mm.  So it will suit the mechanical constraints of the Subaru top end.

4.5 General discussion of corrector design

The design P4K, compared with design P4GA, has an ADC with a better match to the atmospheric dispersion; it also has a better approximation to truly telecentric performance, partly through making the last surface an aspheric.  But in other respects it is inferior.  In particular, its aberrations at the edge of the field are worse.  Since the benefits of the ADC are almost negligible for the infrared range, and Ohara S-FPL52 glass was recently reported as being available in the required sizes, the P4GA design should also be carefully considered.

If only the infrared range was required, then a simpler 4 element design with no ADC would be recommended.  Such a design, with all silica elements and no aspheric, can give image quality from 0.9 to 1.8(m equal to or better than that of P4KA, even at 65( ZD.
4.6 Mounting optical elements

For the purposes of this section the lenses will be labelled, in order of passage of the light, lenses 1, 2, 3A, 3B, 4A, 4B and 5.  Lenses 3A and 3B are components of the first ADC element and 4A and 4B of the second ADC element.  

4.6.1 Singlets 

The typical mounting of the singlet lenses may be illustrated by Figure 4.8, which shows an exploded view of the cell for lens 2.  The steel mounting ring (yellow-green) supports the glass lens (blue) directly to provide the axial positional reference.  The lens is clamped by a steel retaining ring chamfered to match the slope of the edge of the clamped surface of the lens.  A compliant neoprene ring between retainer and lens limits the pressure on the glass.  

The recess at the upper rim of lens 2 accommodates the rim of the mounting ring.  This permits lenses 2 and 3 to be mounted closely.  Similar details are required at the edge of some surfaces of lenses 3B and 4A.
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Figure 4.8 
Lens cell – lens 2, exploded view.  For clarity, the mounting ring (yellow green) is shown in section.  The purple ring is a compliant clamp pad and the gold ring is a lens retainer.  Note the detailing at the upper rim of the lens.   Clamping bolts are not shown.

4.6.2 Doublets

Lenses 3A and 3B, which form a doublet, are mounted in a common cell, and the space between is filled with index matched oil to minimise reflections.  Lenses 4A and 4B also are a doublet and are similarly mounted, with the space between oil-filled.  The gap between the doublet elements will be established by spacers.  (Additionally, the space between lenses 3B and 4A is oil-filled.) 

The design of the mounts is further complicated by the need for bearings and gear rings to rotate the doublets.   This is discussed later.  Figure 4.9, an exploded view of the cell for lenses4A and 4B, shows the details required for mounting doublets.  O-rings seals are used to confine the coupling oil.  One o-ring is mounted against the edge of a lens.  The lower o-ring is the seal between the rotating lens groups.  Note that the compliant pad does not seal the coupling oil.

4.6.3 Coupling fluid 

To minimise reflections at the faces of the four glass elements in the ADC assembly we propose to use an index-matched coupling oil between the elements.  Since some of the elements rotate relative to one another, careful sealing is essential.

4.6.3.1 The fluid

A fluid with refractive index around 1.60 is indicated by the F5 and S-BSM14 glasses it contacts.  Suitable fluids should be available from Cargill.  The volume required is small, less than two litres.  Thermal expansion of the coupling fluid is accommodated using a small bellows screwed into one of the lens mounts.

4.6.3.2 Retaining the fluid 

A feature of the ADC design is the coupling fluid between elements that rotate relative to one another.   An o-ring face seal is used to provide the seal between the moving elements.  As the total movement required in the life of the corrector is quite small (100 nights observing per year ( 6 revolutions per night ( 10 years life = 6000 revolutions), the life will be long.  The seal between the glass elements and their mounts provided by o-ring seals on the periphery of one member of each doublet are static seals and not subject to wear.  Compatibility of o-ring material and fluid must be verified.
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Figure 4.9
Lens cell 4 – exploded view.  In order from the top: Ring gear (brown), lens retainer (gold), compliant mounting pad (purple), lens 4A (blue) with 0-ring (purple) around its periphery, lens 4B (blue), mounting ring (yellow), ball bearing (green), bearing retainer (gold), and the o-ring (purple) which seals between rotating lens groups 3 and 4.  Bolts used for assembly are not shown.

4.6.4 Centring lenses

For good optical performance it is essential that the lenses are well centred.  It is proposed to centre the lenses at assembly in their cell using radially inserted plastic screws then injecting RTV (room temperature vulcanising) elastomer which will cure and then keep 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.  
The RTV is not used to seal the index-matching oil.

4.6.5 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.

4.7 ADC

4.7.1 Bearings

4.7.1.1 Bearings

The ADC doublets are each suspended by an 18 inch diameter, four-point contact, thin (½ inch x ½ inch) section, ball bearing.  These are available from INA, Kaydon, FAG and other suppliers.  As the centre of gravity of the rotating components is close to the plane of the bearings the moment loads on the bearings are low and a single bearing of this style will adequately resist all the loads imposed by an ADC element.  The loads and speeds are extremely low compared to the capacity of the bearings so a long life can be expected.

4.7.1.2 Lubrication

Because of the light loading, the lubrication requirements in this application are easily met by grease lubrication.  At the low speeds, the grease will remain in place and long life can be expected from a very small initial charge.  

4.7.1.3 Seals

Because the unplanned presence of grease and oil on corrector optics is highly undesirable, the bearing area will be sealed.

4.7.2 Drives

4.7.2.1 Motors

ADC rotation will use a Baldor TS4503 AC servomotor for each ADC element.  These motors were chosen to provide sufficient torque to overcome seal friction loads.  The motors are from the same family as the motors proposed for the FPI.

4.7.2.2 Gear and pinion

To rotate the ADC elements the motors are coupled to the rotating doublets by gear and pinion.  The pinions on the motor shafts are 20 tooth, 2.5 mm module straight cut spur gears.  The gears with which they engage are 200 tooth rings, bolted directly to the ADC lens mounts.  

4.7.2.3 Encoding and references

Encoding of the ADC rotation is primarily by a brushless resolver mounted directly on the motor shaft.  The resolver is the same as that used in the existing ADC design.  To resolve the encoding ambiguity associated with the gear reduction, two Hall effect reference switches are used on each ADC element.  

4.7.2.4 Accuracy

A resolver can be read to better than one degree, thus contributing 0.1 degree error to the ADC rotation after transmission through the pinion and gear pair.  

If we assume a repeatability of triggering position for the reference switches to be 0.5mm (some are much better than this), and the targets to be mounted on a 200mm radius, the error in rotation is given by (180 / () x 0.5/ 200 = 0.143 degrees.

Allowing 0.1mm tangential backlash clearance at the 250mm meshing (pitch) radius we get a contribution of (180 / () x 0.1/ 250 = 0.023 degrees.

The RMS sum of the error contributions is 0.18 degrees.  An error as much as 1 degree would be tolerable optically.  
4.8 General construction

4.8.1 Materials and construction techniques

4.8.1.1 Steel and welding
The shell of the corrector is made of welded mild steel.  As the stress levels in the casing are very low, low carbon (‘mild’) steel is adequate and reduces the risk of cracking at low temperatures.  The weldment will be stress relieved before final machining of accurate features.  All welds may be carried out by simple manual methods

A cutaway view of the shell assembly is shown in Figure 4.10.  
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Figure 4.10
Corrector shell.  The shell is sectioned to allow viewing inside detail.  The bright green ring is the adaptor plate which attaches the corrector to the telescope prime focus centre body.  The olive green ring is the ADC plate, to which lens 2, lens 3 and lens 4 assemblies are bolted.  
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Figure 4.11
Exploded view of the corrector.  The modules, from the top, are: lens 5 assembly, the adaptor plate, the upper shell, lens 4 assembly, ADC plate, lens3 assembly, lower shell, lens 2 assembly, lens 1 assembly.   The bright blue objects are the ADC drive motors.  The shells, the adaptor plate, the ADC plate and the mounting ring for lens 2 are sectioned.

4.8.1.2 Machined components

The lens cells and most other components may be manufactured by conventional milling and turning processes.
4.8.2 Assembly

4.8.2.1 Modularity

The general construction is modular, as can be seen from Figure 4.11.  The corrector is assembled from five major sub assemblies; two lens assemblies, the ADC assembly, and two shell subassemblies.  The ADC assembly is itself comprised of the ADC plate and three lens assemblies.

This modular approach means that functional testing can be carried out progressively as the corrector is assembled.  It also reduces the amount of disassembly required during maintenance.

4.8.2.2 Order of assembly

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

Assemble lenses into their mounts,

Assemble lenses 3 and 4 with their bearings and gears,

Bolt lenses 2, 3 and 4 to the ADC plate,

Bolt shells to ADC plate,

Bolt motors to ADC plate,

Install lenses 1 and 5.
4.8.2.3 Methods of assembly

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.

The assembled corrector is seen in Figure 4.12.
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Figure 4.12
Assembled corrector.
4.8.3 Weight

4.8.3.1 Glass elements

The mass of the glass elements is tabulated below

Lens number
1
2
3A
3B
4A
4B
5
TOTAL

Mass (kg)
27.9
10.6
5.7
5.0
5.0
7.4
3.0
64.6

4.8.3.2 Body and lens cells

The steel components which comprise the body and lens cells have been estimated as shown below.

Lens 1 assembly
13 kg

Lens 2 assembly
20.5 kg

Lens 3 assembly
22 kg

Lens 4 assembly
21.8 kg

Lens 5 assembly
8 kg

ADC plate
27.4 kg

Lower shell assembly
22 kg

Upper shell assembly
38 kg

Mounting adaptor plate
24 kg

Miscellaneous components
30 kg

TOTAL of steel components
226 kg

This calculation is made on a design which has not been optimised for weight saving.  A saving of up to 20% of the steel mass may be possible at detail design.

4.9 Maintenance and failure modes

4.9.1 Failure modes

4.9.1.1 Motors

Failure of either motor will cause loss of ADC function.  Replacement of the motor driving lens 3 will require removal of the lens 1 assembly.  Removal and replacement of lens 4’s motor will not require disassembly.
4.9.1.2 Bearings


Failure of the bearings will result in the loss of ADC function.  The likelihood of failure is very low, as the loads are very much below the ratings.  However, should the bearings fail a major disassembly will be required to replace them.  These large diameter thin section bearings are subject to long lead times for supply and stocking spares may be prudent.

Given the very light loads and the very low duty cycle it is unlikely that the bearings will need re-lubrication.  However, should it be deemed necessary, disassembly will not be required as provision will be made for access for grease guns.

4.9.1.3 Seals

The static o-ring seals, sealing the doublets, should be very reliable as they are not subject to wear.  Failure of these seals would require dismantling of the corrector down to the level of dismounting the lenses of the ADC.  

The dynamic seal between the two ADC elements will be subject to wear, but the duty cycle of the ADC rotators is so low, at around one revolution per day, that a long life can be expected.  Replacing this seal requires dismantling of the ADC. 

4.9.1.4 Re-activation of desiccators

At the high altitude of the observatory humidity is expected to be very low, so reactivation of the desiccators should not become necessary.  If it is required they may be removed without dismantling of the corrector.

4.10   Interface with top end centre body

The attachment of the corrector to the telescope prime focus structure will be made through an adaptor plate, the dimensions of which may be trimmed to accommodate the build-up of tolerances in manufacture and uncertainties in knowledge at design.  The final definition of this interface should be the subject of negotiation between Subaru and AAO.

4.11 Electronics

4.11.1   Overview

The information in this section describes the proposed electronics control system for controlling the FMOS/Echidna Atmospheric Dispersion Corrector.

As far as possible, the electronics design of the FMOS/Echidna Atmospheric Dispersion Corrector control system will comply with any requirements defined in the relevant Subaru Telescope specifications relating to Subaru Telescope instrumentation.

The Atmospheric Dispersion Corrector consists of two optical elements, which must be driven under computer control while the telescope is tracking.

4.11.2   ADC Control System Description

The choice of motors and feedback devices determines complexity of the ADC Electronics.  If the motors and feedback devices are fully compatible with the existing Subaru Telescope ADC drive systems, all that is required is to provide cabling between the motors and feedback devices and the Subaru Telescope electrical services interface.

If the motors and encoders selected are servo motors with incremental encoders, a full two axis servo system will be required including a two axis motion controller, and two servo amplifiers.  A position switch to indicate the home position would be provided.  If possible, the same type of servo motion controller as that used for the Focal Plane Imager XY positioning system would be used.  The servo motion controller may be embedded in the FMOS/Echidna control computer system, or it may be a standalone unit interfaced to the control computer system using RS232 serial communications.

If the motors selected are stepper motors (with or without encoders), a two axis stepper motor control system will be required including a two channel stepper motor controller and two stepper motor drivers.  A position switch to indicate the home position would be provided.  The stepper motor control system may be embedded in the FMOS/Echidna control computer system, or it may be a standalone unit interfaced to the control computer system using RS232 serial communications.

4.11.3   Software

4.11.4  Software Overview

The FMOS/Echidna control software is broken up into several units.  The low-level spine control software is described in section 2.9.   

The low-level FPI X/Y Gantry control software and Camera control software is described in section 3.5.  

The Software associated with the ADC is described below.  The major software component is the System control software that is responsible for configuring all the spines in the correct position and provides communications with the Telescope OBCP.  The system control software is described in section 5.3.

4.11.5  ADC Software

Software is required to position the ADC elements appropriately for the telescope position at any given time.  It is currently proposed that a similar motor/amplifier/servo system to that used on the existing Subaru Telescope ADC be used for the FMOS ADC.  If this is the case, then the only software effort involved should be the modification of the existing Subaru Telescope software to support the new ADC.  This could be done by provision of the new ADC’s model by the AAO, with integration of this model handled by Subaru Telescope staff or contractors responsible for maintenance of the existing ADC software.

If drive electronics that do not allow easy integration with the existing Subaru Telescope are to be used, then considerably more effort is required.  A system that tracks the telescope position and allows other control as required must be implemented.  A user interface may be needed and a specification will be required before detailed design.

5 System Considerations

5.1 General

This section will deal in more detail than in the Introduction with some aspects of the fibre positioning system that involve more than one of the individual sub-systems.

5.1.1 Design of Echidna modules

As outlined in the Introduction (section 1.1.3), it is envisaged that the Echidna spines will be mounted in modules each accommodating 42 deployable spines (including 2 guide fibres) and 2 fixed fiducial spines. Figure 5.1 indicates such an arrangement.  The main structural member of each module is a bar about 12mm wide, 8mm deep and 200mm long, probably machined from a stable aluminium alloy.  It supports an overhead bridge (actually at a greater height than shown, so the curvature of fibres from tilted spines is less and they exert less side load on the top of the spines).  The bar has holes machined in the upper face to receive the small balls which contact the spine’s spherical surface and to fit the rare earth magnets which provide preload between the spine and the support balls.

Figure 5.2 shows some of these details.  With spine spheres as big as 7mm diameter (the size adopted for the spines that have been demonstrated to work very well) there is very little space to share amongst the support balls, the preload magnets, and the feed throughs for the wiring to the piezo actuators.  In the model illustrated here, the outer magnets are shown as rectangular, cemented into slots and the support balls are cut away to become ¼ spheres.  Contact of the 7mm spheres with their neighbours (at 7 mm centre to centre separation) is not, in principle, a problem since the spheres can have much of their non-functioning surface ground away to a cylinder, as illustrated.

The four wires carrying the high voltage drives (at up to about 100V with respect to earth) to each piezo actuator will be led through fine insulated bores in the module main bar to where they can be soldered to the upper of the two circuit boards shown in Figure 5.2.  This board simply allows connection of these wires to pins which directly pierce the board and mate with sockets in the lower circuit board.  It may be possible to dispense with the intermediate board and attach the pins directly to the main module bar.  With 168 pins connecting into the lower circuit board from each module, it will be necessary to provide a way of smoothly connecting and reconnecting the pins.  This can be done by having the two screws which clamp the bar to the main frame captive in the bar so they can be used for extraction as well as driving the pins into engagement.  Posts which engage the module and guide it over the last few cm as it approaches engagement are also indicated in the figure.  They would run into the bore of the cylindrical columns joining the main bar and the overhead bridge.  

It is confidently expected that spines can be made to drive with good repeatability with spherical surfaces of smaller radius.  Even a reduction in diameter from 7 to 6mm will significantly ease the problem of fitting the necessary components into the restricted space.


[image: image48.wmf]bridge anchoring

optical fibres

this distance

not to scale

30 arcmin

diameter field

fixed

fiducial

fibre

3 tilted spines

one of 12 modules

guide

posts for

attaching

modules

main (Echidna)

circuit board


Figure 5.1
Illustration of proposed arrangement of Echidna, showing just 1 out of 12 modules fitted and 3 driveable spines out of 42 on the module.
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Figure 5.2
Detailed view of part of Echidna assembly.  Circuit boards are shown separated from module for illustration. Electrical connection pins and sockets are shown for only a few spines.

[image: image50.wmf]1

2

3

4

5

6


Figure 5.3 
Relationship of FPI fields to spines when exposures are made to control re-positioning of spines.  The sequence of exposures might begin as shown by the numbers 1 through 6, with the outline of the field emphasised for exposures 1 and 6.  The 400 small circles represent the central positions of all the spines which are connected to the spectrographs (covering the 30arcmin diameter field).  The 14 large circles represent fixed backlit fiducial fibres which are used for confirming the FPI position during re-configuration.  The 14 circles of intermediate size represent the spines with fibre bundles which are re-imaged onto the FPI sky camera for acquisition and guiding.  The field of the FPI spine camera is 26 x 20mm while the steps between exposures are 22.5mm in X and 17.3mm in Y.
5.1.2 Operation of FPI spine camera

Figure 5.3 shows how the FPI spine camera could cover the Echidna field in 51 exposures with the CCD and lens specified earlier (section 3.2 ).  There is a nominal overlap of 3.5mm in X and 2.7mm in Y between fields.  As noted in the Introduction, the re-positioning of the FPI carriage to the field centres need not be very accurate so long as reasonable overlaps are retained and the positions are read off accurately.

The encoding resolution will be 1(m in both X and Y.  The AAO has had very good results on recent critical applications with Renishaw encoders like those specified here.  Care has been taken in the concept design and care will also be needed in detailing the design to ensure that flexure between the encoders and the optical components on the carriage does not degrade the accuracy to worse than about 5(m.  It should be quite feasible to determine the centroid of the image of each backlit spine within about 5(m or better judging from recent AAO applications using similar CCD cameras.  This leaves a useful margin in hand to meet the requirement for positioning all spines relative to each other with an accuracy of 10(m, since the mechanical and CCD measurement errors will be uncorrelated and add quadratically.

5.1.3 Operation of FPI sky camera

The sky camera comprises a CCD camera mounted to receive images from the telescope via a 45 degree flat mirror.  The opposite side of the flat mirror is used to direct light from the backlit fibres into the spine camera.  The sky camera will not have a field as large as the spine camera (with its 3:1 reduction between the plane of the spines and the CCD).  But for any duties in which it is desired to directly compare a star image position on the sky camera with the position of a spine tip, it will be quite satisfactory to move the FPI carriage so the relevant images are near the centres of both CCDs.

When the FPI carriage is driven to its parking position clear of the Echidna field, the sky camera will come into alignment with an optical relay system which produces virtual images of the output ends of the guide fibre bundles in the same plane as the telescope focal surface.  Figure 5.4 shows how the images of the guide bundles might appear.  For proper centring of an image, all six outer fibres in each set of seven will be equally illuminated.

[image: image51.wmf]
Figure 5.4
Arrangement of images of 14 active guide fibre bundles on sky camera.

5.2 Electronics

5.2.1 Overview

The system considerations include the control computer system, mounting of the electronics, cabling and connection to the telescope.

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

5.2.2 Control Computer System

The FMOS/Echidna System requires a control computer mounted in the FMOS/Echidna top end assembly to provide intelligent remote control for the following functions:

· Echidna Fibre Positioner

· Focal Plane Imager XY Positioner

· Focal Plane Imager Spine Camera

· Focal Plane Imager Sky Camera (including Telescope Autoguiding)

· Atmospheric Dispersion Corrector (if the motors are not compatible with the Subaru Telescope).

A block diagram of the FMOS/Echidna electronics control system is shown in Figure 5.5.

The main requirements of the control computer system are that it must:

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

· Have adequate interface expansion capacity for the installation of all the interface boards needed for controlling the FMOS/Echidna system.

· Be capable of being mounted in a standard 19-inch rack.

· Be able to run a real-time operating system, preferably without a locally connected disk drive.

· Be powerful enough to carry out the desired functions of the FMOS/Echnida system without compromising the desired system performance.  

· Be able to be connected to a Local Area Network (possibly Gigabit Ethernet) and be able to be remotely operated and maintained via the Local Area Network.  

· Have at least two RS232 serial ports for connection to standalone devices.

The control computer system will include the following interfaces:

· A programmable multi-channel (e.g.  24) digital to analog interface to generate the spine piezo drive waveforms, under software control.

· One or more digital input/output interface(s) to control the spine drive switching, provide amplifier power supply control, read back amplifier status, and possibly control telemetry analog multiplexors/switches).

· A multi-channel analog to digital interface for telemetering the high voltage power supply voltage and currents, and the amplifier output – voltage and current).

· A monochrome frame grabber for the Spine Camera.

· The camera controller interface for the Sky Camera System.

· Either a two axis servo motion controller or two RS232 interfaces to two standalone servo motion controllers for the FPI XY Positioner.

· Either a two channel motion controller (Servo or Stepper) or two RS232 interfaces to two standalone motor motion controllers for the ADC element drives.  (Required if the ADC motors are not compatible with the Subaru Telescope ADC system).

· A Gigabit Ethernet interface.

A block diagram of the FMOS/Echidna Control Computer System is shown in Figure 5.6.

There are three possibilities for the type of control computer system which can used to fulfil these requirements:

1. An Intel x86 system running a diskless version of an embedded or real-time Linux.  This would not be a standard desk-top PC, but instead, would be housed in an industrial PC chassis, with a large number (~10) of PCI bus slots and possibly some ISA bus slots.  The Linux operating system would be loaded and run out of a Flash disk and/or using network file system disks (the disks being located on the OBCP workstation).  It would have sufficient memory to support the use of RAM disks.

Advantages:

· There is a wide availability of interface boards for the PCI bus (including Gigabit Ethernet if required).

· The cost of PCI bus interfaces is relatively low, and while the cost of industrial PC systems is higher than desktop systems, they are less expensive than VMEbus or CompactPCI bus systems.

· Low cost for operating system and development tools.

· Development can be done using low cost desk-top PCs, and can be more easily shared by multiple developers.

· Linux device drivers exist for many interface devices (eg Frame Grabbers, 

· Digital I/O interface).

Disadvantages:

· There could be some effort required to get diskless real-time Linux operational.

· Device drivers may need to be developed for some interface boards.

· Adapted from desktop use to industrial use.

· Long reliability may be an issue.

2. VMEbus or CompactPCI system running the VxWorks real time operating system on a single board computer (which may be PowerPC or UltraSPARC based).  This system would boot VxWorks over the Local Area Network from a Sun host computer (e.g.  the OBCP).

Advantages:

· Proven real-time architecture and cross development environment.

· Cross development is carried out on the Sun host computer system.

· Proven operating system reliability and performance.

· Proven diskless/network architecture.

· Probably more reliable in long term.

· Specifically designed for industrial use.

· Adequate expansion capability for all required interfaces.

· May be able to procure device drivers for some devices.

Disadvantages:

· Higher cost for hardware and software.

· Potential problems sourcing some interfaces (e.g.  Gigabit Ethernet I/F)

· May require more space (6U rack + 1U Fan Tray).

· May need to develop device drivers for some devices.

3. A VMEbus or CompactPCI system running diskless Linux.  This system combines the high reliability of engineered industrial hardware with the low expense of Linux.

In summary, it is felt that at this stage of the project it is not necessary to make a final recommendation on the type of computer system to be used.  Should the project proceed to a Preliminary Design Review, a firm recommendation will be made after consultation with Subaru Telescope and further development work and testing by AAO to configure a PC system running diskless real-time Linux during the Preliminary Design Phase.  Such a decision would also need to take into account compatibility issues with Subaru Telescope spares inventories, and the on site support skills base.

5.2.3 Electronics Mounting

There are likely to be several chassis units which need to be accommodated within the FMOS/Echidna top end assembly.  These include:

· Control Computer System

· Echidna Fibre Positioner Electronics

· Focal Plane Imager Servo Controller and Drives

· Focal Plane Imager Sky Camera controller

· ADC Motor Controller and Drives (if required)

It is likely that these chassis would be 19-inch rack mountable units which would be mounted in a suitably configured rack above the Echidna fibre positioner.  It is proposed to mount the Echidna fibre positioner electronics as closely as possible to the spine assembly.  This is mainly to minimise the length of the cables between the electronics chassis and the spine assembly, and to make routing of the cables as easy as possible.  The electronics units may need to be fully enclosed and cooled to avoid temperature and light pollution.

5.2.4 Telescope Electrical and Data Connections

Connections to the Subaru Telescope mains power supply will be made using compatible connectors and cable.

If the motors and encoders selected for the FMOS/Echidna ADC are fully compatible with the Subaru Telescope ADC drive electronics, there will be connections for both ADC motors.

A compatible Local Area Network connection (probably using fibre optic cable) will be made between the FMOS/Echidna Control Computer System and the Subaru Telescope LAN service connection point.

5.2.5 Cable Routing

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 secured to prevent movement at varying telescope attitudes.

Provision will be made in the FMOS/Echidna assembly to run the following groups of cables:

1. Echidna Fibre Positioner Cables – these run from the control computer to the Echidna fibre positioner electronics, and from the fibre positioner electronics to the spine assembly.

2. FPI and Camera Cables – these run from the control computer to the FPI XY positioner electronics, and from the positioner electronics to the positioner motors, encoders and position switches.  The Spine camera cables run between the spine camera and the control computer.  The Sky camera cables run between the control computer and the Sky camera detector controller, and between the detector controller and the Sky camera detector head.

3. ADC Cables – if the motors and encoders finally selected are compatible with the Subaru Telescope, the associated cables will run directly from the motors and encoders to the Telescope top end service connection point.  If the motors and encoders are not compatible with the Subaru telescope, the associated cables will run from the motors and encoders to the ADC controller electronics.  The ADC controller electronics will be connected to the FMOS/Echidna control computer via cabling.

5.2.5.1 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.  This may require a fully enclosed actively cooled housing.  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.

5.2.5.2 Electro-Magnetic Compatibility

The FMOS/Echidna control system will be designed to meet international standards for Electro-Magnetic Compability 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.

Figure 5.5      FMOS/Echidna Electronics Control System Block Diagram [image: image63.png]
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 Figure 5.6     FMOS/Echidna Control Computer System Block Diagram
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5.3 Software

5.3.1 Software Overview

The FMOS/Echidna control software is broken up into several units.  The low-level spine control software is described in section 2.9.  The low-level FPI X/Y Gantry control software and Camera control software is described in section 3.5.  The Software associated with the ADC is described in section 4.11.3.  The major software component is the System control software that is responsible for configuring all the spines in the correct position and provides communications with the Subaru Telescope OBCP.  The system control software is described below.

5.3.2 Full System Overview

Figure 5.7 gives an overview of the full Echidna software system.  Note that at this stage, the correct relationship between the OBCP and the Mimic Display/MS Interface is unclear to the author.  This will be determined later.  Additionally, where hardware design choices are unclear, the preferred scheme, as described in the relevant text, has been assumed.
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Figure 5.7
5.3.3 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-

· Receiving commands from the Subaru Telescope OBCP via the OBCP Interface.

· Reading the spine to object allocation produced by the Observation Preparation Software (see section 5.3.4)

· Converting object positions to positions in microns on the focal plane (includes allowance for atmospheric effects, telescope model etc.)

· Sequencing control of the spines and FPI to ensure correct spine positioning through iteration

· Maintaining details of the current spine.

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

· Control of the FPI X/Y Gantry for acquisition purposes.

· Error recovery

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

· Access for debugging and maintenance purposes.

· Provision of a mimic for displaying the current configuration and other instrumentation details.

· System interlocking

None of the above issues raise conceptual design issues, as AAO instruments such as 2dF perform similar functions.  It is unclear at the moment how the mimic display relates to the OBCP interface.

5.3.4 Observation Preparation Software

In order to observe with Echidna, 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.  This tool is required as sometimes 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 might be devised over time to produce such an allocation.  Additionally, modification of an allocation by manual intervention may be required.

It is proposed to use a tool similar to, if not based on, the existing AAO Configure program used for the 2dF and 6dF instruments.  Whilst the actual spine to object allocation algorithm for Echidna is much simpler than with such instruments, much of the user interface required is 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 to be down-loaded for use on many platforms, allowing Observers to prepare observations well in advance.  

5.3.5 OBCP Interface

It will be necessary to provide an interface to the OBCP using the Subaru Telescope Data Acquisition Toolkit.  The OBCP interface will communicate with the Echidna control software (running on a Linux machine located on the top end).  Its role is to integrate Echidna/FMOS into the Subaru Telescope system.

Communications between the OBCP interface and Echidna PC will be using a pre-existing communications package, such as the AAO’s DRAMA package.  DRAMA is a strong possibility here due to its support for a wide range of computer hardware, ability to be integrated with other systems, such as the OBCP, and the large amount of internal knowledge about DRAMA within the AAO.  CORBA based systems or a simple RCP based protocol are other possibilities.

Subaru should indicate if a particular approach is preferred

5.3.6 Acquisition

There are two components to the field acquisition software.  Control of the Sky Camera is described in section 3.5.2.3.  The second component is the positioning of the FPI XY Gantry at appropriate positions.  The field acquisition software is supported by functionality within the Echidna Configuration Control Software (section 5.3.3) to both move the FPI XY Gantry and to access information about object locations on the focal plane.  An appropriate user interface/control module will be required to unite these functions.  Further investigation is required to determine how such a system will integrate into Subaru Telescope systems.  

5.3.7 Autoguiding.

Section 3.5.2.3 describes the Sky Camera mounted on the FPI Gantry, which is to be used for both Acquisition and autoguiding.  For guiding, the FPI Gantry is positioned in a park position that allows the output end of the guide fibre bundles to be observed by the Sky Camera.  Software is required to analyze the images and produce telescope corrections.  Telescope corrections must be feed to the Subaru Telescope control computer using the Subaru Data Acquisition Toolkit.  

The image analysis required here is very similar to what is currently done for the AAO’s 2dF Autoguider system and will be based on that system.

The main area of concern for this component concerns access to the FPI Sky Camera image in the (preferred case) of the use of a Sky Camera that integrates with the existing Subaru Telescope systems.  Some modifications to the existing Subaru Telescope systems may be required.  In this case, effort by and/or close interaction with Subaru Telescope staff or contractors responsible for maintenance of software for the Subaru Telescope technical CCD would be required.

5.3.8 Calibration and Maintenance Software

Past AAO experience suggests that calibration and maintenance software will be required.  This software will help debug the software and maintain the hardware.  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 indicates exactly what is required.  It is expected that all low-level operations will be possible, as well as display of the complete instrument status.  It is likely the mimic interface will be based on the standard Echidna mimic (section 5.3.2) with much common software used.

5.3.9 Data reduction Software

No mention has been made so far in any contractual documentation of a need for data reduction software and it is not included in the costings.  Clearly this is needed.  It may be possible for the AAO to provide a system based on the AAO’s 2dFdr data reduction system.  Data reduction for 2dF is introduced from this page http://www.aao.gov.au/local/www/2df/software.html#2dfdr.  This option can be investigated further if desired.

5.3.10 Support from Subaru to the Development process

Proper integration of FMOS/Echidna in to the existing Subaru Telescope environment will require ongoing support from the Subaru software group to help solve integration issues.  Past experiences (from ESO and Gemini involvements by AAO) suggest the following will be required

· Allocation of a member of the Subaru Software group as a prime contact for the AAO on software issues.

· Provision by that contact of a good turnaround time on questions asked (via e-mail or telephone) about integration issues that may slow progress.  The first response should be within 2 working days, and should at the least indicate the question has been received, if any further information is required and give an idea of when a complete answer is expected.  Of course – even quicker turnaround time can often dramatically improve progress, when possible

· If the AAO must arrange for translation of Japanese language documents into English, proofreading of the translation by a member of the Subaru Telescope Software group with good technical English, will be required.  

· A visit to Subaru facilities by AAO software staff during the PDR stage of the project.  This visit would be of about a week’s duration and intended to introduce the prime designer on the AAO team to Subaru Telescope systems and how they are used.  If appropriate, a course/tutorial session on how to integrate instruments into the Subaru Telescope software systems should be provided by Subaru.  The prime contact person should be available for most of this week to discuss issues.

· A possible second visit to Subaru facilities by an AAO software group member during the late FDR or early manufacturing stage of the project.  Again of about a week’s duration, this visit will help put lessons learned through the PDR and FDR in their correct context, and provide the opportunity to introduce a second AAO software group member to the Subaru systems.

· A visit by a Subaru Telescope software group member (the prime contact?) to the AAO, during late FDR or early manufacturing.  Past experience suggests that such a visit will ensure the AAO is providing the type of system the customer wants and that there is good communication between the AAO software group and the customer’s software group.  It also provides a good opportunity to solve particular integration issues.

Some of the above visits may be able to be combined with other meetings, such as attendance at a FDR.

5.3.11 Software Copyright Issues

Whilst it is expected that software and software documentation written specially for Echidna/FMOS would become the property of Subaru on completion of contractual arrangements, some mention must be made of software and its associated documentation not explicitly written for Echidna/FMOS, for which other copyrights may apply.

It is expected that some software the AAO would be likely to use in this project would be subject to one or more of the following licences

· The normal AAO copyright, being – “Copyright (c) Anglo-Australian Telescope Board.   Not to be used for commercial purposes without AATB permission.” Clearly use for the purposes of FMOS/Echidna is authorised as part of this contract.  But use of AAO software not purpose written for this contract, outside the FMOS/Echidna contract will be subject to this copyright.

· GNU or GNU compatible licensees – see http://www.gnu.org/philosophy/license-list.html#GPLCompatibleLicenses.

· Berkeley-based copyrights - see http://www.xfree86.org/3.3.6/COPYRIGHT2.html#5.

· The SLAlib C library – Copyrighted by “P.T.  Wallace”, e-mail ptw@star.rl.ac.uk .  Our current understanding is that use of this library would be available without charge, but confirmation is required.  No special requirements.

Use of software subject to the above licences reduces the software development costs and time scales.  It may impose other restrictions, such as restrictions on the ability to distribute binaries etc.  Probably the GNU licence is the most restrictive, but we believe is it unlikely to present problems in this case.

If Subaru has any problems in using software with the above copyrights, it should be raised during contractual negotiations, as it may impact development times and costs.

6 Conclusions

· Although it was not easy to progress from the first working Echidna ball-spine to a prototype which includes all the principal features required of a working version, this has been accomplished and we can be confident that a system can be built which will comply with Subaru’s instrument objectives.  Further careful attention is needed to package the spines into modules to cope with the very restricted space but this study has shown this is possible.

· The arrangement proposed here for assembling Echidna – with twelve rectangular modules – gives good access to the individual spines and will allow safe interchange of modules for maintenance or repair.  We believe it is compatible with practical arrangements for the fibre to fibre junction.

· A practical scheme for unambiguously distinguishing nearby spines from each other has been devised.

· The optical design of the prime focus corrector and ADC has been further refined. Although the image sizes do not meet all the optimistic goals set in late 2000, the overall performance of FMOS, especially in the infrared, would suffer little through these shortfalls.  

· The mechanical design for housing the lens elements and driving the ADC has been studied in depth and shown to present no special difficulties.

· There is a possibility that flexure of the Subaru telescope structure will require compensation in the mounting of the prime focus corrector to give satisfactory optical performance away from the zenith.   This is not perceived as a significant problem.

· Careful consideration has been given to the design of the Focal Plane Imager  with the conclusion that the required accuracy can be attained.  But this almost certainly requires that the guiding function of the offset guider/Shack Hartmann camera, as used on Suprime Cam, be dropped to avoid a severe space conflict.  An alternative solution for the provision of the Shack Hartman camera is presented.

· The electronic requirements for all the systems above have been studied with special attention given to the more demanding aspects.  Prototypes of the high voltage amplifiers and circuitry for switching the sawtooth voltages between sets of spines have been designed and constructed.  These electronics have been demonstrated to operate successfully with the prototype spines.

· The software design requirements have been assessed and there appear to be no major technical difficulties.  Fitting into the Subaru software environment may, however, significantly increase the effort needed.
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Notes:
1 - The Echidna Fibre Positioner Control  Electronics includes the Piezo Amplifiers, Piezo Switching, Telemetry and Power Supplies.
2 - The Focal Plane Imager XY Positioner Motion Controller may be embedded in the Control Computer System.
3 - The Corrector Motor electronics is only required if the motors selected for driving the ADC elements are not compatible with the existing Subaru Telescope ADC drive system.
4 - The Corrector Motor Motion Controller may be a Servo motor motion controller or a stepper motor motion controller, depending on the type of motor selected for driving the ADC elements.
5 - The Corrector Motor Motion Controller may be embedded in the Control Computer System�
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