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ABSTRACT

The Anglo-Australian Observatory has undertaken a design study for a 1000 fibre positioner for the prime
focus of the Giant Segmented Mirror Telescope (GSMT) as part of the MOMFOS (Multi-Object Multi-
Fibre Optical Spectrograph) instrument. To our knowledge thisis the first design study funded for a prime
focusinstrument for an ELT. It offers a particularly elegant and efficient solution for wide-field multiobject
spectroscopy on extremely large telescopes (>30m) for the acquisition of large scale high-redshift surveys
(1<z<10) with sufficient area (25 deg?), density coverage ( 2.5 million galaxies) and limiting magnitude
(R 26.5).

Closely based on the innovative Echidna positioner under construction for Subaru's FMOS system, the
MOMFQOS positioner uses piezoel ectric microrobotic actuators able to position accurately all 1000 fibres
simultaneously. The FMOS-Echidna design is extended to include a novel position feedback system
offering radical benefitsin cost and speed. We present positioning results for a design capable of a higher
packing density than that developed for FM OS-Echidna, providing ~1000 fibres across the 175 mm
diameter field of view (20 arcmin).
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1. SCIENTIFIC JUSTIFICATION

In general, large scale spectroscopic surveys are justified on telescopes such as the 30m GSMT only when
sensitivity becomes an overwhelming issue. Summarised in the scientific justification for the GSMT* are
two such science cases requiring a combination of large sky coverage and reasonable spectral resolution for
faint magnitude sources. The first survey probes the galaxy distribution from z = 0.5 to the epoch of
formation of thefirst galaxies (z 10) over angular scales 100 Mpc. This requires spectra of hundreds of
thousands of faint galaxies spread over arange of mass and over large areas (>5°x 5°). Spectroscopy at R =
1000-5000 is required to measure redshifts and to characterize the tracer population. Faint sources (R 26.5)
not only provide the necessary density to reveal the fine structure evident in the galaxy distribution but aso
enable a mapping of the structure at high redshifts (when galaxies were first formed).

The second is an accurate three dimensional mapping of the intergalactic medium (IGM). Thisis achieved
by observing the absorption features in the spectra of background sources such as galaxies or quasars,
where some of the light emitted by these objects is absorbed by the intervening gas. To achieve the required
angular scales (Mpc) with a high enough resolution one must have access to a sufficient number of
background sources provided only by atelescope of thissize. It is estimated the GSMT will have access to
over 5000 sources per square degree, corresponding to a magnitude depth of R 24.

2. MOMFOS: AN OVERVIEW

The wide-field Multi-Object Multi-Fibre Optical Spectrograph (MOMFOS)? forms part of the innovative
instrument suite for the 30m Giant Segmented Mirror Telescope (GSMT), since been amalgamated into the
Thirty Meter Telescope (TMT) project. The instrument isunique asit is a proposed prime focus instrument
for an ELT and, as such, is able to take advantage of a moderately sized focal plane similar in size to prime
focus stations on current 8m-class telescopes such as Subaru. Thisis extremely advantageous as it enables
virtually direct application of current fibre positioning technology. Specifications for the MOMFOS
instrument stationed at the prime focus of the GSMT are presented in Fig. 1.
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GSMT primary mirror diameter 30m

Focal ratio i1

Field of view (on sky) 20 arcmin

Field of view (actual size) 175 mm

Number of fibres Minimum of 700-800 to
be scientifically viable

Fibre size on sky ~0.7 arcsec

Fibre core diameter (with f/1 to /3 microlens) ~500mMm

Fibre positioning accuracy 0.08 arcsec

Radius of curvature of focal surface

Telecentric angle at edge of field of view 5.2°

Largest element diameter 500 mm

Fig. 1. Target parameters for the MOMFOS wide-field fibre positioner stationed at the prime focus of the GSMT

A detailed description of the MOMFOS instrument, including a justification and description of the
spectrographs and wide-field corrector, can be found elsewhere?, and only a brief summary is given here. A
schematic of the GSMT is shown in Fig. 2 with the MOMFOS positioner stationed at the F/1 prime focus.
To aid with scaling in the figure the distance from the telescope mirror to the prime focusis 30m, and the
outer diameter of the MOMFOS positioner housing is  3m.
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Fig.2. A rendered drawing of the GSMT with the MOMFOS wide-field fibre positioner stationed at the F/1 prime
focus. The seeing-limited instrument has 1000 optica fibres configurable over a 20 arcmin field of view, with the
collecting power of a 30m diameter mirror. A 60m fibre run is required to safely route the fibre from the positioner to
the spectrographs housed on one of the Nasmyth platforms'.

A simple schematic of the MOMFOS positioner is shown in Fig. 3. Light from the primary mirror first
passes through a set of risley prisms for atmospheric dispersion compensation (ADC). The image from the
primary mirror formsjust in front of the ADC. After passing through the ADC the light is collected by a 2
mirror 1:1 relay system (the two 2m-diameter mirrors form the image relay) and isreimaged at the



secondary location indicated in the figure. The mirrors alone do not produce the required imaging
performance and are complemented by two sets of correcting lenses located after the image relay.
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Fig. 3. A simple schematic of the MOMFOS positioner. The positioner contains of the order of 1000 fibres
configurable across a 20 arcmin field of view. The F/1 primary beam is corrected for awide-field application using a 2
mirror corrector, each mirror 2m in diameter. Atmospheric dispersion correction is provided by a set of Risley prisms
prior to the wide-field correction. To compensate for wind buffeting of the top end structure one of the corrector
mirrors will be adaptive. A fibrerelay is required to slow the F/1 input beam enough to overcome total internal
reflection limitations at the fibre/clad boundary.

3. THE FIBRE POSITIONER

MOMFQOS incorporates an Echidna-style positioner of the type designed by the Anglo-Australian
Observatory for the prime focus of the Subaru Telescope, part of the Fibre Multi-Object Spectrograph
instrument (FMOS)®. The fibre positioner is novel in design and results from the very tight space
congtraints enforced by the physical size of the field (150mm across and equivalent to 30 arcmin). To
populate the field with the required number of fibres (~400 for FMOS) a technique whereby each optical
fibre is cemented to the tip of atilting “spine” was successfully implemented”. Piezoelectric actuators, one
per positioner, are used to drive the spine tips for target acquisition.

The spine unit lies at the heart of an Echidna-style fibre positioner. It consists of atiltable composite tube,
or spine, inserted into a 3-point actuator mount, as shown in Fig. 4. The actuator mount contains a quadrant
tube piezoel ectric actuator (QTP) that, by a ratcheting mechanism, is able to position the fibre to within 10

m of any coordinate in the corresponding patrol area’. The 3-point mounts are cemented into a rectangular
section called the module base.

Thefield of view istiled with alinear array of identical modules, as shown in Fig. 5, each module
containing a module base populated with spine units. Each of the fibres therefore has a fixed "patrol” area
in the field of view, with a significant overlap between neighbouring spines. Electrical connection to the
actuator electrodes isimplemented at a module level using a multi-layered printed circuit board.

Two technical challenges were highlighted regarding the implementation of the MOMFOS fibre positioner.
Thefirst is the increased spine denisity required to make the instrument scientifically viable, taking into
account the already known serious space constraints within the current Echidna positioner. The second
challenge concerns the method of fibre position determination. In Echidnathisis achieved by back-
illuminating the fibres and directly imaging the output close to the focal plane using a camera mounted on



an X-Y stage. The position measurement is essential for this type of positioner as the spine positioning is
not accurate enough to be used in open loop form. An alternative had to be found and tested. These two
technical challenges form the basis of the MOMFOS design study and are described in detail below with
solutions presented.

Fig. 4. A rendered drawing of a spine and 3-point actuator mount, shown separated for clarity

3.1. TheMOMPFOS spine unit

The distance between neighbouring spines, called the spine pitch, determines the total number of spines for
agiven diameter field of view. In Echidna the specified total number of ~400 spines patrolling afield of
view ~150mm in diameter (=30 arcmin) was made possible by implementing a spine pitch of 7.2mm. The
MOMFOS instrument is scientifically viable with a minimum number of spines totalling ~800 patrolling a
field of view ~175mm in diameter (=20arcmin)’ This is equivalent to a spine pitch of ~6.2mmand is
significantly less than that chosen for the Echidna positioner. Space constraints are already a critical issue
in the instrument.

Fig.5. A rendered drawing of the 480 spine Echidna positioner (of which ~400 patrol the 30 arcmin field of view)



Fig. 6. Assembled MOMFOS spines prior to testing

After substantial optimisation of the spine unit dimensional parameters two designs for the MOMFOS
spine unit were selected for prototyping. The design referred to from this point forward as spine unit B
produces the specified ~800 fibres populating the field of view with a spine unit pitch of ~6mm. A higher
risk option, spine unit A, has a pitch of 5.31mm resulting in ~1000 fibres populating the field of view and
represents the highest packing density thought possible for such a fibre positioner. The MOMFOS spines
themselves are virtually identical to the Echidna spines. In the spine unit A design the pivot ball is reduced
to 4mm and the outside carbon fibre diameter is reduced to 1.7mm. In the spine unit B design the pivot ball
isreduced to 5mm. In al other aspects the spines are identical to the Echidna counterparts. A selection of
prototype spinesis shown in Fig. 6.

Fig. 7.  Prototype spine units shown in different stages of assembly.

The optical fibre implemented in both spine designs has a core diameter of 0.5mm?. The cladding thickness
is set by the maximum wavelength to be transmitted (~2nm resulting in a cladding thickness of at |east
20mm). A polyimide buffer was chosen over an acrylate buffer asit can be made thinner and, for want of a
better reason, copies the Echidna spine.



The reduction of the carbon fibre outside diameter in spine unit A has implications for the resulting spine
deflection due to gravitational sag. Though the theoretical increase in the spine tip deflection is acceptable
for this type of instrument it is recommended a deflection measurement of several such spines be
performed before spine unit A be accepted finally (this experiment falls outside the design study).

Theinclusion of a microlens onto the end of each spine tip can change the incoming beam F/ratio to a
suitable value for optical fibre transmission. As the resultant torque of such alens is negligible compared
to other spine component torques (assuming the taper required no additional mass to house the microlens)
the lens was not included in the spine assembly. It should be noted the design study did not include the
testing of a spine unit with incorporated microlens.

The 0.5mm core diameter fibre with polyimide buffer has a high stiffness and it was noted this may
severely affect spine unit performance. For this reason 1 of the 3 spines for each spine unit prototype design
had the optical fibre cut just above the counterweight as shown in Fig. 6 to act as a control.

3.2. Test procedurefor the spine units

The performance of a newly assembled spine, shown prior to testing in Fig. 7, can be measured very
quickly by performing an automated calibration test. In this test the spine is moved a known set of stepsin
each of the 4 possible directions of movement - +u, -u, +v and -v. After each movement the position of the
fibreisrecorded. The cycleis performed several times for each of the user-defined number of steps.

The calibration tests are identical for both spine unit designs and comprise the following:
1. The position of the back-illuminated fibre is measured

2. The drive signal, a 50-sawtooth waveform of 160V equivalent amplitude, is applied across one pair of
actuator electrodes so moving the spine 50 stepsin the +u direction.

3. The position of the back-illuminated fibre is measured
4. Procedure a-c is repeated for the -u, +v and -v directions
5. The number of stepsis reduced by 10 and procedure a-d is repeated until the number of steps =0

3.3. Performanceresultsfor the spine units

Shown in Fig. 8 are the step size results for the control spine unit of design B. The step size performanceis
excellent: the 4 directions of motion are clearly defined and the spacing between the 50, 40...10 steps
movements is evenly spaced along each direction of motion. The average step size for this spine unit is
~40mm, equivalent to ~2.8mm/s spine tip velocity using atrigger frequency of 70Hz. Thisvelocity is more
than adequate for fast field configurations (<5min for the correct positioning of al spines). In general, a
spine unit with this calibration would be successfully positioned within 4 iterations (or 5 attempts) asisthe
specification for the Echidna spine units.



Fig.8.  Cdlibration results for spine unit B control

The step size performance is significantly deteriorated in the spine units that have optical fibres attached, as
shown in Fig. 9. The deterioration is caused solely by the force imparted on the spine as aresult of the high
stiffness of the optical fibre. This spine unit would not be viable.

Fig.9. Cdlibration results for spine unit B (with fibre attached)

A similar trend is shown in the testing of spine unit A prototypes. Good performance is shown in the
control spine for this design shown in Fig. 10. The average step size of ~15mm equates to a spine tip
velocity of ~lmm/s at atrigger frequency of 70Hz, again perfectly adequate for fast configurations.



Fig. 10. Cdlibration resultsfor spine unit A control

The performance is catastrophically affected with the inclusion of the optical fibre as shown for one of the
spine unitsin Fig. 11. The test results for the second spine unit were similarly bad, even with an increased

amplitude equivalent to +320V.

Fig. 11. Cadlibration resultsfor spine unit A (with fibre attached)

3.4. Conclusons (M OMFOS spine unit)
The stiffness of the 0.5mm optical fibre affects (catastrophically) the step size performance of both spine
unit designs (and more than likely an equivalent Echidna spine unit made with the same optical fibre) The
control spines for both spine unit designs (that have the fibres cut hence there is no interference from the



fibre) have excellent step size performance. The conclusion is simple: to make a viable MOMFOS spine
unit the outside diameter of the optical fibre must be reduced. Possibilities include incorporating short
lengths of very high numerical aperture fibres (hence reducing the required core size) into the spines,
converting from polyimide to acrylate buffer (acrylate is a more flexible material) and/or using mini IFUs
at the spine tip that use a bundle of small diameter fibres of an inherently reduced stiffness. It should be
noted the Echidna spine units show acceptable poisoning performance and include polyimide coated fibre
of outside diameter 0.27mm.

4. INTRODUCTION TO THE SPINE TIP RE-IMAGER (STRIP)

A position encoding system is required to accurately locate the positions of the spinetips. The FMOS
design for Subaru achieves this with the use of a Focal Plane Imager (FPI)?, consisting of a camera
mounted on an X-Y stage immediately ‘beneath’ the focal plane, looking ‘upwards’ at the spinetipsin the
focal plane. The position of the camerais encoded viathe X-Y stage, and images of the back-illuminated
spine tips are analysed to derive the fibre positions to sufficient accuracy. The GSMT telescope design does
not lend itself to such a bulky mechanism immediately below the prime focus position, and so another
approach is proposed.

A camerawith a suitably long lens, placed nearby to the fibre positioner and looking directly into the
GSMT primary mirror, will image the spine tips when focused to infinity — hence the term ‘ Spine Tip Re-
imaging In Primary’ used to describe the system. If the field of view is selected to match the MOMFOS
field of view, the positions of all of the fibre tips may be captured with a single image.

Asthe STRIP system samples the plane wavefront generated by the GSMT corrector and primary, the
image quality will be determined by these optics and the STRIP camera, and this ensures that the spine tip
images will essentially have the same image quality as star images at the GSMT prime focus (actually
better than this, because of the relatively short atmospheric path), convolved with the STRIP imager optics.

4.1. Imaging requirements

The MOMFOS field of view is 20 arcminutes hence a camera imaging the focal plane from its reflection in
the GSMT primary should also have afield of view of 20 arcminutes. Fibre positioning constraints similar
to FMOS require spine position feedback accurate to ~0.1 arcseconds. Tests conducted for the Subaru-
FMOS design show the software used for analysis of the focal plane images can locate the spine tipsto an
accuracy of ~1/25 image pixels, provided each image has a FWHM of approximately 4 pixels. Given that
the entire STRIP camerafield of view is 20 arcminutes, that the positioning accuracy required is 0.1
arcseconds, and that the software provides positioning accuracy of 1/25 pixels, we find that the STRIP field
of view must subtend at least 20” 60, 0.1" . = 480 pixels. This requirement is well-matched to the

video signal from a frame-rate video camera similar to the types used for various purposes in the Subaru-
FMOS system.

A system imaging 1-arcsecond fibresin a 20-arcminute field resolved at 480 pixels resultsin spinetip
image sizes of less than half a pixel. To satisfy the centroiding software requirements, the images must
therefore be defocused to reach a FWHM near 4 pixels. Since this defocusing changes the intensity profile
of the images, tests were conducted with the Subaru-FMOS FPI prototype which confirmed that the
software would correctly locate the spine tips when the images were defocused a similar proportion (to a
FWHM of 40 pixels from afocused size near 4 pixels).

Note that thisimaging specification is unable to resolve spines at separations of less than 8 pixels, or 20
arcseconds. The mechanical design allows spine tip separations to approach approximately 3 arcseconds,
however a differential backillumination system similar to that used in FMOS will overcome this difficulty,
allowing all spinesto be distinguished with a set of three images (or possibly more) in which different sets
of spines are illuminated.

The types of video camera likely to be selected for this application typically have silicon CCD detector
arrays of size order 6 by 8 mm. In conjunction with the required 20 arcminute field of view, this dimension
determines arequired STRIP camerafocal length near 950 mm.



4.2. Experimental verification of the STRIP system

The primary issue with regard to the feasibility of the STRIP system isthat of sufficient light throughput.
Thisisthe most demanding requirement because the light emanating from the backilluminated fibresis
attenuated as r? from the spine tip to the GSMT primary mirror, 30 metres away, compared with 92 mm for
the Subaru-Echidna FPI. An experiment was designed to confirm that a simple camera system with a
relatively small aperture would be sufficient to image the backilluminated fibres. This simple calibration
allows design of an imaging experiment to simulate the light received by the STRIP system from an array

of backilluminated spines on the GSMT by positioning the calibration target a distance of % = 2.9 metres

from acamera

It was desired to simulate the light intensity of the MOMFOS backilluminated fibres as viewed by the
STRIP system, reflected inthe GSMT primary. To do this, a calibration target was imaged from a distance
such that the brightness of the target could be directly compared with a backilluminated fibre.

Calibration target

Imaging lens

Fig. 12. STRIP camera experimental setup, showing the target, lens and camera used to simulate the intensity of the
backilluminated spine tipsin MOMFOS on the GSMT.

The Subaru-FMOS FPI uses a Pulnix TM-62EX monochrome TV frame rate miniature CCD camerato
record spine tip images. This camera produces continuous interlaced video at aframe rate of 50Hz (CCIR
format). Video output from the cameraisfed in to an input on the DT3155 frame grabber located in the
FMOS-Echidna control computer. To calibrate the test target used in this experiment, the Pulnix camera
was set up with asingle lens of aperture 45mm and focal length 210mm to view a single backilluminated
fibre at a range of 450mm. A frame capture card was used to allow capture of images from the camera for
guantitative analysis.

The experimental setup chosen was to use an inexpensive, frame-rate video camerawith alens of 125 mm
aperture and 770 mm focal length to image the calibration target at a range of 3 metres, as shown in Fig.
12. The light intensity at the lens from each target spot is the same as that expected at the STRIP objective
from each backilluminated fibre on the GSMT. Two video cameras were used, the Pulnix previously used
for target calibration and a Watec WAT-902H (CCIR) ultralow light high resolution monochrome CCD
camera. The Watec camera also produces continuous interlaced video at aframe rate of 50Hz (CCIR
format). It has a minimum illumination of 0.0003 lux f1.4 (AGC Hi) and has arated operating temperature
of —10 to +40° Celsius. The Watec, with an inherent high gain, is significantly more sensitive than the
Pulnix.



Although appearing faint on the monitor, the image collected by the Pulnix proved quite suitable for
centroiding the calibration images by the software used for the Subaru-FMOS FPI. The image collected

using the Watec was significantly brighter, and analysis showed it to have at least double the usable signal
of the Pulnix.

Video camera Watec WAT-902H
Effective sensor resolution after digitising 768 by 576 pixels
Detector size 6 by 8 mm
Imaging lens aperture 125 mm

Imaging lens focal length 950 mm

Fig. 13. Suggested components for the STRIP fibre re-imaging system

4.3. Conclusions (STRIP)

The STRIP system as proposed for position encoding of the MOMFOS spines collects sufficient light with
a 125 mm aperture for use with the Watec camera. A smaller aperture would also be expected to be
sufficient, however this study has shown that the system is feasible with a reasonably sized STRIP camera

and further optimisation is not regarded as a major issue and would more appropriately await alater GSMT
design phase.

REFERENCES

1. S.Stromet a., “Enabling a Giant Segmented Mirror Telescope for the Astronomical Community”,
published electronically by AURA/NOAO at http://www.aura-nio.noao.edu/book/ (2002)

2. S. Barden, “Wide-field optical spectrograph concept for a 30-meter spectrograph”, SPIE 4841, pp.
1760-1770, 2003

3. P.Gillingham et al., “The Fibre Multi-object Spectrograph (FMOS) Project: the Anglo-Australian
Observatory role”, SPIE 4841, 985-996 (2003)

4. P.Gillingham et a., “Echidna— A multi-fibre positioner for the Subaru prime focus’, SPIE 4008,
1395-1403, (2000)

5. A.Moore, P.Gillingham, J.Griesbach, M.Akiyama, “ Spine development for the Echidna fibre
positioner”, SPIE 4841, 1429-1439 (2003)



