PROCEEDINGS OF SPIE

SPIEDigitalLibrary.org/conference-proceedings-of-spie

Optical designs for the Maunakea
Spectroscopic Explorer Telescope

Will Saunders, Peter R. Gillingham

Will Saunders, Peter R. Gillingham, "Optical designs for the Maunakea
Spectroscopic Explorer Telescope," Proc. SPIE 9906, Ground-based and
Airborne Telescopes VI, 990638 (8 August 2016); doi: 10.1117/12.2234208

Event: SPIE Astronomical Telescopes + Instrumentation, 2016, Edinburgh,
SPIEo United Kingdom

Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 1/4/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



Optical designs for the Maunakea SpectroscopicdgplTelescope
Will Saunder§ and Peter Gillingham,
Australian Astronomical Observatory, PO Box 915rtRdrRyde, NSW 1670, Australia

ABSTRACT

Optical designs are presented for the Maunakeati®geopic Explorer (MSE) telescope. The adopte@lbasdesign is
a prime focus telescope with a segmented primarglof5m aperture, with speed /1.93 and 1.68ld-of-view,
optimized for wavelengths 360-1800nm. The Widedri€orrector (WFC) has five aspheric lenses, mostljused
silica, with largest element 1.33m diameter andltgkass mass 788kg. The Atmospheric DispersiomeCtor (ADC) is
of the compensating lateral type, combining a nmotdthe entire WFC via the hexapod, with a restrinotion for a
single lens. There is a modest amount of vignettawgrage 5% over the hexagonal field); this gyeatibroves image
quality, and allows the design to be effectivelyibgentric. The polychromatic image qualitydg<0.2253/0.448" at
ZD 0/60° over more than 95% of the hexagonal f@fldiew. The ADC action allows adjustment of thatglscale with
zenith distance, which is used to halve the imagéans caused by differential refraction. A simgksign is presented
for achieving the required ADC lens shifts andstilt

A two-mirror design was also undertaken for MSEt Was not selected. This is a 12.3m F/2.69 forw@agsegrain
design, with a 2.75m diameter M2, and three sikceses, of largest diameter 1.33m. The field-ofwis again 1.52

The f/0.95 primary makes the design remarkably @otpbeing under 10m long. The ADC action involeesmall
motion of M2 (again via a hexapod), and shifts &lid of a single lens. The design is effectivelypp-centric, with
modest vignetting (5.9% average). The image quaitgrtually identical to the prime focus design.

Keywords: Telescope optical designs, wide-field correcedmospheric dispersion corrector, atmospheric dsspe
correction, wide-field spectroscopy, multi-objepestroscopy

1. INTRODUCTION

The proposed Maunakea Spectroscopic Explorer (M8E$cope [1] has an@ of 117nfded, about twice that of the
most ambitious current wide-field spectroscopiesebpe projects ( DESI, PFS), and with a wider Vesnggh range too.
Hence any prime focus WFC design for MSE can beebgal to involve many large lenses, of multiplesgleypes, and
with strong curvatures and asphericities. Fusechsit the strongly preferred lens material, beeanfsts transparency,
homogeneity and availability in large sizes. ThenBspheric Dispersion Corrector (ADC) is especialhallenging for
large WFCs, because it traditionally requires detsband/or prisms of glasses other than fusedslée have recently
developed a Compensating Lateral ADC (CLADC) comdbpt allows an ADC action for almost any WFC, hwito
additional lenses [2,3,4]. The idea is that traimgipa lens laterally introduces a prismatic efferghich can correct for
atmospheric dispersion, but also adds wavefranaitl astigmatism; translating one or more othesds in the system
can correct for the tilt and astigmatism, leavinguse ADC action. The concept works for both prifoeus and two-
mirror telescopes, and (at least in principle) lasmpact on either throughput or monochromaticgenquality.

Prime Focus (PF) and Forward Cassegrain (FC) CLABSIgns were laid out for MSE in mid-2015. The RFADC
design concept was adopted by the MSE projecteofficOctober 2015. The compactness of the FC desamnot
needed, while the PF design was cheaper and allavesdaller etendue for equivalent survey speed lfende cheaper
spectrographs also); it also avoided the difficdfya large aspheric convex secondary. It was ssfakly externally
reviewed in February 2016. The design presented tsethe current evolution of that PF design. Tl@ design is
presented as an appendix.

2. MSE REQUIREMENTS
The relevant MSE requirements were as follows:
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- Asegmented M1, with hexagonal segments of sizém dorner-to-corner (as for TMT) or less.

- Focal length 21.66m or greater (to allow a choitcpasitioner technologies).

Total telescope length < 22m (to fit in the propbselotte enclosure ).

L1 no larger than 1.5m diameter, other lenses rgetahan 1.2m, including mounting allowance.
Wavelength range 370nm-1300nm as a requirement3@®aim-1800nm as a goal.

Required field diameter 1.52to give an area of 1.5dédpr the hexagonal field-of-view).

- dgp<0.35/0.45" at ZD 0/ZD 50 over 90% of the field radius, and no more than 2@8tse at larger radii.
- Maximum zenith distance at least’6@ith ‘graceful degradation in optical performahbeyond 50.

- Vignetting < 8% (requirement, with 5% goal) at 9@8dius, < 15% at full radius.

- Plate scale constant to £3%.

We included the additional requirements:

- The aperture diameter of L1 was fixed to 1.25-1.@1ith) sensitivity testing to size variations.

- The clearance in front of the focal surface wagired to be>100mm (to allow for a future IFU upgrade).
- Non-silica lenses were restricted to the maximuamblsize offered by Ohara with guaranteed homogenei

3. OVERVIEW OF PRIME FOCUS DESIGN

We started from a (reverse-engineered) versionhef3ubaru HSC design [5], which in turn derivesrfrearlier
Terebizh designs [6]. The HSC design has supergeémaality, but also has 7 lenses, three glasstypgnetting over
almost the entire field, and a flat but stronglyn+telecentric focal surface. Bothgand tilting-spine positioner systems
now allow curved focal surfaces [7, 8], so a flatdl surface is not a requirement for MSE. Theirgljdloublet ADC
was removed, silica was substituted as far as lplessind the lens sizes were increased to meeM8ie vignetting
specifications. The adopted design has just 5 gengith all the thickest and most powerful lensé$used silica, and
just two thin and weakly powered lenses of lightfl Various combinations of lens movements weredtifor the
CLADC action, and a solution was found that recdijrest one mechanism in addition to the alreadymda hexapod.

WFCs for fiber use should in principal be pupil-teén so as not to cause geometric FRD at fibeutnplowever, if
there is vignetting at large field radii, this daa creatively used to clip light that would othesavienter the fibers at the
fastest speeds, allowing effectively pupil-centt&signs (in the sense that a fiber and collimgteed which suffices at
the center of the field suffices everywhere), ewren the chief ray is not orthogonal to the focaface. This idea has
been independently proposed elsewhere [9].

In the course of this work, it was realised that @LADC action readily allows small changes in @latale. Differential
refraction causes image motion over time for widdftelescopes, with a shear pattern dependenéieldrposition. By
adjusting the plate-scale with zenith distance,nlaimum image motion can be halved, without angitawhal cost or
complexity. The CLADC action also introduces change the distortion pattern of the telescope, whach strongly
dependent on the detailed CLADC design. The optitton minimized the combined image motion from beffiects.

4. OVERALL LAYOUT

Figure 1 shows the layout of telescope and WFCchbfisists
of 60 segments, with overall diameter of 11.25m. NHs
focal length 18.770m, and is conic wikh= -1.113. The
overall length of the optics (M1 vertex to focalrfage
vertex) is 19.03m. The effective focal length is6Bn. The
focal surface is convex toward M1, with 10.24m Rea@d
diameter 583.5mm. The global plate scale is 30&/6 (focal

surface diameter divided by field-of-view diametewith

+2% variations. The final focal ratio is f/1.926-aris, which
allows direct use with high Numerical Aperture (lstitl pure
silica cored) fibers. The total effective telescapea (without
allowance for vignetting by top-end or spiders)8&81nf,

for an effective diameter of 10.14m.

%JJ)

~

Figure 1. Layout of the telescope and WF
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5. WFC DETAILS

Figure 2 shows details of the WFC design. The theases L5 L4 L3 L2 L1
with significant power (L1, L2, L4) are all fusedis, while E\\
|
\
l

L3 and L5 are of PBM2¥ Each lens has an asphere, as shown
(*). The total lens thickness is 325mm of silicadladl10mm of =
PBM2Y. The total glass mass, including allowance fo
mounting, is 788kg. The total length of the WFQ@.35m. —H 1|

L1 is fused silica, with aperture diameter fixedl@00Omm. It Z}
*

]

-

is mildly aspheric (max aspheric slope 4mrad). wifiés to ¥ e *
eliminate the asphere were unsuccessful.

L2 is fused silica, with 915mm aperture diametdre Toncave L. *//
surface is very strongly curved (RoC 601mm) andyve _
strongly aspheric (max aspheric slope 49mrad, 2emowed Figure 2. MSE WFC design.L3 and L5 are PBM2Y; all

material), but it is almost a pure conic for easésting. gtshp‘erlr;ﬁgses are fused silica. Surfaces marked witn* are

L3 is of PBM2Y, with 790mm aperture diameter, andxm
aspheric slope 7x10 Efforts to dispense with this very weak lens wemeuccessful.

L4 is fused silica, with 789mm aperture diametehne Tirst face is strongly curved (RoC 706mm), asdheric with
maximum aspheric slope 33mrad. The closeness ts fallows a loose tolerance on the aspheric figuhéch would be
tested in reflection, through the lens.

L5 is of PBM2Y, with 683mm aperture diameter, asg meniscus shape, and max aspheric slope 43mréued®
surface. The closeness to focus again allows & ltmdsrance in the figure.

6. CLADC OPTICAL ACTION

Figure 3 shows the Compensating Lateral ADC actbrzD

60°. The ADC action is achieved k) a shift and tilt of the
hexapod, giving a rotation of the entire WFC abauorizontal
axis just behind the focal plane; afiyy a compensating rotation
of L2, giving a counter-rotation about almost tlaene axis. So
L2 stays in almost the same place, while all théeot
components move. The required hexapod motion araotmt
7.2mm at L1, and the required motion of L2 is -6m&nT he total

resulting change to the telescope pointing'is 8

The CLADC allows a deliberate change of plate-scadte

partially correct for distortion changes due to fatiéntial )

refraction (Section 8). This is vic) an axial shift of L2 of F'gure . fADCl action, aL ﬁDl.GO’ Exaggehratedl by

0.5mm towards M1, an¢d) a compensating axial shift of thdactor 10 for clarity. Dashed line shows the telesco
axis. There is a rotation of the entire WFC about

hexapod by 0.75mm away from M1 (to preserve ovéoalls). horizontal axis behind the focal plane (red arrow ad

The tilt and lateral offset of L2 scale linearlytiwvthe differential dot), with a compensating movement of L2 leaving
refraction (i.e. roughly asan(zD), with a small correction for@most unmoved (blue arrow and dot).

atmospheric curvatutg10]). The optimal axial offset of L2 has a quairalependence otan(ZD). The L2 offset
would be via an encoded actuator, while the prelseseapod motions would be generated automaticallyhb active
optical system. A proposed mechanical arrangenoegite the required motion of L2 is presented intiea 14.

2 Schott LF5 or LLF1 could be used instead, but wiiime doubt about the homogeneity that can beratai

® The Zemax atmospheric model is incorrect for wieéls, because the same dispersion is appliedvalt the field.
Instead, we directly included a simple model atrhesp in the telescope model. This consisted ofifanm atmospheric
shell, of density, temperature and inner radiusabtpu the values at the telescope (0.609ATM, 10858km), and of
thickness equal to the scale height (8km). Thisgawswers almost indistinguishable from actual nmegsent [10].
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7. VIGNETTING

The principal vignetting losses come from the urgleing of L1, which causes significant vignettimgthe outer parts
of the field, as shown in Figure 4(a).

Figure 4(b) shows the ZEMAX vignetting plot at z&niThe scale includes the effect of the non-caciil. The loss
due to WFC vignetting is 11.8% at the edge offiblel, with area-weighted average (over the hexagjarea actually
used for data-taking) of 5.0%. The ADC action cawse&ery small additional vignetting, at the togedf the field.
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Figure 4. (a) Beam profiles on L1 for each of the 12 field mitions used. Dark red, pale blue and purple beamare all for
targets at the edge of the field. (b) Overall vigrténg, as calculated by ZEMAX, i.e with respect toa circular M1. Top-end
and WFC vignetting are both included. There is progessive vignetting by L1 beyond ~0.% and by L3 beyond ~0.73

8. DIFFERENTIAL REFRACTION AND DISTORTION CHANGES

In any wide-field telescope, differential

refraction causes a variable ZD-dependent
distortion, mostly a compression of the field in
the elevation direction, i.e. a combination of
monopole and quadrupole terms (Figure 5(a
The CLADC action introduces additiona
changes to the distortion pattern of the
telescope, of a typically smaller amplitude
(depending on the detailed design) but more
complex pattern. However, the ADC action
also allows changes to the plate scale. This can

gﬁf:rsee :ti;? (;g;::gttict?\r t2§ ?}Zn?()ptgle éﬁ;r:]\ gcg tilh—%ure 5 Distortic_;n change betwe_en ZD_ 0 ano! ZD 60 (g) just due tc

. . ' &fferentlal refraction and (b) combined differential refraction and ADC
distortion can be. almost halved from th%tt:tion. The maximum distortion change is reduced fsm 153um to 7€
caused by differential refraction alone. pum. The top of the field is nearest Zenith, and the vectors ar
In practice, the optimal ADC action wag§xaggerated 250-fold.
determined by allowing L2 to shift axially
along with translation and tilt, along with hexapaghdjustment, and optimising the entire desigrh lie resulting
distortion changes minimised. Figure 5(b) showsrésalting combined effect of differential refrastiand ADC action.

The largest residual image motion during a 40 neirfftame at ZD<50(and hence the largest open-loop fiber position
correction ever normally required) is +#8.
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9. IMAGE QUALITY

Figure 6 shows the polychromatic enclosed energisgor (a) zenith and (b) ZD 50°. The lines shbe tequirements,
in each case, both over the central 90% of thd fiatlius (green), and at all radii (red). The desigsily meets all four
requirements, with the image quality over the wiigkl meeting the requirement within the centr@¥®field radius.
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Figure 6. Cumulative geometric enclosed energy plstfor (a) ZD 0 and (b) ZD 50. The blue lines show the 80% level, tt
green lines show the requirement for the inner 90%f the field of 0.3% and 0.43 respectively, and the red lines show tt
requirements (20% greater) beyond this. The desigmeets all four requirements.

Figure 7 shows the spot diagrams for wavelengtils1B®0nm, for (a) zenith and (b) ZD 50°. The ciscége 10Qm
(0.95"). diameter. It can be seen that the monochronratge quality remains good at ZD*%@he polychromatic image
quality degradation is mostly caused by secondpegtsum from the ADC action. Figure 8 shows theyplatomatic
rms image radius (in mm) over the field, at zeaitld ZD 50°, showing the asymmetry caused by the ABi@n.
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Figure 7. Spot diagrams for (a) ZD 0, (b) ZD 50°, 10360, 370, 400, 500, 650, 850, 11000@41800nm.The circle
are 10Qum (0.99') diameter. The three worse fields (#6, 10, 12) aedl at the full field radius of 0.76".
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Figure 8. Rms image quality maps for (a) ZD 0 andh) ZD 50°. The black circle indicates the 1.52field. Typical spot
rms radii are 15um (0.14') at ZD 0, and 2@um (0.19") at ZD 50°, but showingthe asymmetry caused by the ADC action.
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10. TELECENTRICITY

The design is not formally pupil-centric, with tbeief rays being up to 22Jaway from the normal to the focal surface at
ZD 0, and up to 25away at ZD 60. Normally this would cause geometric FRD, with solight entering the fibers at
greater angles than required for use on-axis atzdrowever, the vignetting at L1 very efficienttyts out these fastest
rays. Figure 9 shows the far-field illumination tbe fibers, for (a) ZD 0, and (b) ZD %0The circle is the minimum
speed required to enclose all rays for the cerftéreofield at zenith. The same circle enclosesmaly all the light at
all field positions and zenith distances. This ntakee design effectively pupil-centric, i.e. theefi and collimator
acceptance speeds required for use on-axis ahzgitlitalso suffice at all other field positionsdmenith distances.

0.3600 0.3600
€000 (deg) eg)  OB3: 0.0

oBT: 0.00

& 0.

Surface 26: Exit pupsl Surface 26: Bust pupil

Figure 9. Far-field illumination of the fibers, for the 12 fields used in the optimization, at (a) Z0D and (b) ZD 5C. The
circle represents the telescope speed on-axis atndé (F/1.926); it also suffices at all field posibns and zenith distances.

11. COATINGS AND THROUGHPUT

The WFC anti-reflection (AR) coatings are a magsuie for MSE, because of the huge (5-fold!) wagtenange, and
because of the strong curvature of some of theegeridone of the multilayer hard coatings that wafered had good
performance. However, an excellent alternativeffisred in the form of spin-coated solgel, espegialer Mgk, with
binding, cleaning and hydrophobic layers as neg¢tled Varying the design thickness of the two caatsws tuning of
the two wavelengths with least losses, a strongfitelor MSE which is S/N limited in both the blfor stars) and far-
red/NIR (for faint galaxies). The thickness of il determined by surface tension, and so shoatidiary greatly with
surface slope. The MgRhickness does depend on slope, but masking carsdé to minimize the variations. L1 is
somewhat larger than the largest optic solgel cbtmelate (the Keck ADC at ~1.2m); the other lersgesall smaller.

The broadband AR performance of solgel+MgFexcellent, and the glass transparency is exuelith only 110mm of
glass other than fused silica. Figure 10 showshéeretical throughput of the WFC, for center addeeof the field, and
the average over the hexagonal FoV. Included ageetiing, glass transmission, and coatings. Therétieal average
throughput is better than 90% at ~500nm and ~100@meah is > 80% for 400nm-1500nm. Not included aeedffects of
binding, cleaning and hydrophobic layers, or angticg thickness errors or variations.

1.00
‘g_o.go ( —r — -y
g 0.80 N " \\
4 — \\
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= 1 center of field \
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Figure 10. Theoretical WFC throughput, including les vignetting, glass transparency, and AR coatings
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12. VARIANTS

Earlier versions of this design had L1 closer twufoby about 150mm, which, for fixed L1 apertuigeg less vignetting
(by ~2% on average). However, moving L1 away fraouk improves the image quality dramatically, beeafa) the
image quality improves even at fixed vignetting.(iwith larger L1), and (b) it increases furtherantthe vignetting is
increased (i.e. restoring L1 to its original siZzEhe WFC image quality is one of the major compdser the Facility
Image Quality (FIQ), and the superb natural seeiagands the best possible FIQ. A better FIQ alkwalsmaller
fibers, reducing the (very large) spectrographsost

The imaging and vignetting specs could be justwiit a somewhat smaller L1, of ~1200mm aperturé abthe cost of
~30% worse image quality, as well as even stroagehericities and radii of curvature. An L1 of 1400 aperture
would have ~10% better image quality and slightntier asphericities and RoCs.

Bernard Delabre has provided strikingly simple aat$ of this design, using the same CLADC pringipat with only 4
or even 3 lenses, and of weaker asphericitiesyatidmuch better back-focus. Simpler designs hakiden benefit, in
that the image quality is likely to be closer te themax model than for a more challenging designwéver, to date,
none of the simplified designs meet the imagingcHigation. They also have very powerful lenses obfused silica,
raising issues of availability and homogeneity.

13. TOLERANCING

With its ambitious performance specifications, fgatarly as regards aperture and field diametedsvaavelength range,
this WFC was always bound to be challenging to rfasture. A very preliminary tolerancing analysisafnly using the
Zemax provisions for this) was performed on a ®45 version of the design. Since then there haenlseveral
detailed changes but none that should significaalthr the conclusions reached then.

Tests were made in which tolerances on all suréaggatures, glass thicknesses, surface and eledeseintres were
iteratively adjusted so almost all made roughly aoeontributions to image degradation. Focal s@féip and tilt
compensation was allowed. Compensations (mainlcdovature errors) were allowed by adjusting allthicknesses,
and also the RoC of surface L4/2 (which is in ftsery tolerant to RoC error). Glass inhomogensitguivalent to
refractive index ranges of + 2 x P0for the first two elements (equivalent to Schotiisd Ohara’s second highest
qualities) and + 10 x IBfor the final three (twice as great as for thedtiighest qualities) were simulated with Zernike
polynomials on one surface of each element.

Figure 11 shows the effect on the rms radius maph®worst Monte Carlo result out of ten. It iglshg that the worst
degradation is at the edges of the field, wheregbse of the hexagonal field-of-view) it has lesf§éct. The overall
degradation in image size, over the inner 90% efftald radius, is ~11% on average and ~16% inwbest case,
representing (assuming quadrature) additionaldalgng errors of 648 in rms radius, odgy, ~ 0.07-0.10'.

0.0280

0.0225

0.0200

0.0175

0.0150

0.0128

0.0100

0.0075

0.0050

0.0025

0.0280

0.0225

0.0200

0.0175

0.0150

0.0125

0.0100

0.0075

0.0050

0.0028

0._0000 0.0000

Figure 11. RMS radii maps for (a) the nominal errorfree design and (b) the worst of 10 Monte Carlo tals.

The nominal tolerances on curvature remain verpggnt, +107/mm for L1/L2/L3, and twice this for L4/L5. The
resulting sagitta tolerance is e.g. ~20pm on LZEyT¢ould be significantly relaxed if re-optimisatiof other curvatures
was allowed after measurement of the achieved tunv@n the most critical surfaces during the mactufring process.
Similarly, the tolerances on eccentricity could tedaxed if compensating adjustments during assentidged on
accurate measurements, were assumed.
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Errors in the asphericities (beyond spherical atierm and astigmatism), were not included in thelysis described so
far. Insofar as the greatest polishing errorstenaspheric surfaces are likely to be axisymmeipigles in the radial
profile, the aspheric errors were simulated by gipglthe Zemax surface type “extended cubic splo’dne surface of
a dummy thin element (otherwise a plane parallatedinext to L2. Since the slope departure ofahgheric surface
from the best fitting sphere is bound to be greatdarge radii, the radial error profile was siateld as a quasi-sinusoid
with pitch diminishing linearly from a maximum dtet centre. The plot of rms image radius vs radiughé field was
slightly degraded when the simulated ripples hadimam slopes equivalent to fifad. It was proposed that this slope
be adopted as the nominal tolerance for the asplsemiface on L2. For the surface on L1, allowing ifs greater
distance from focus, an equivalent tolerance waeld §irad. For L3 it could be + 18ad and for L4 and L5 * 0ad.
These are extremely tight tolerances and they halle to be re-visited thoroughly in the more corhprsive
tolerancing study that is to begin shortly.

14. PROPOSED ADC MECHANISM

We have found a compact, robust, and versatile arési for controlling the required L2 offsets faetCLADC. The
support against gravity is provided by three 25 diameter cam followers with needle roller bearings,shown in
Figure 12. These run in slots allowing as muchekas needed for lateral offsetting of the lensiyp to 6.6 mm at ZD
600).

Two similar mechanisms would control the positioigle of the lens, and a linear actuator with irdaégncoding would
drive the lens offset, giving the required six doaisits on the lens position. The layout is showfigure 13.

As modelled here, the slo#s, B, andC have circular profiles constraining the lens ttate around a fixed horizontal
axis as it is offset laterally, as suggested inuFédl4. By changing the slopes and curvatureseo$lot profiles, an axial
shift can be introduced at the same time. Thiss&rdble to partly compensate for the change obspneric distortion

with changing elevation during an observation (Bec8).

Figure 13 . Figure 12. Center General view of lens L2 in cell with support agaist gravity provided by
Commercial three cam followers (A, B, and C) in short tracks ad control in position angle by two similal
cam follower arrangements (D and E). The cam follower shafts arassumed to be rigidly located inhe

main WFC structure. Left and Right: Close up viewsof the roller supports at A and B

Figure 14. Elevation view (with telescope at the néh). The radial guide and roller at E are made invisibleso as to sho
the arrangement at A more clearly. The two dashedrcs have their centres at the desired axis of rot@n of the lens
element for the ADC action. The angle of the ramptaA is roughly twice that of the ramp at B. By adjusting the profile
of the guides, an axial motion can be added to thetation.
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APPENDIX. CASSEGRAIN DESIGN

The first design we laid out for MSE was a somew
larger (12.3m) two-mirror design, inspired by t
VISTA telescope [12]. We have revisited this desi
in the light of experience gained from the PF desly
also includes a CLADC, as also proposed (but
adopted) for 4AMOST [3]. Because a two-mirror desi
gives good aberration correction even without a \\V
the WFC can have fewer lenses and glass types.
found a very satisfactory all-silica 3-lens desigith

an asphere on each lens. To get a focal surf

physically small enough for wide-field correctiorithv

available lens sizes, drove the design to a vesy 1

speed, f/2.69, with a primary of f/0.95, and a fard+ j/
Cassegrain focus, in front of M1. P

Like any 2-mirror telescope, Cassegrain and top-e o /
baffles are required to prevent sky light reachihg
focal surface directly (Figure A2(a)). The Cassagra Figure Al. Layout of 2-mirror telescope. M1 is segented, ~f/1,
baffle costs no light, and serves to protect thimary with ghameter 12.3m. .M2 has working aperture.2.75m.The
when working on the instrument or WFC. The top-en ffective focall length is 36.565 m, and focal ratldiz.fa?. The
baffle vignettes M1 directly, and the larger M2 tise ocal surface is _~1.4 m ahead of the M1 vertex, haameter
! . 896mm, and radius of curvature 7.5m.

larger the top-end baffle required. Hence the best
throughput is achieved for a slightly undersized @#&yure A2(b)), and this also reduces the eterahg consequent
spectrograph costs. The adopted M2 diameter w&sr2.@nd 3.6m for the baffle. The resulting losarfpared with the
segmented primary) is 4.5% on-axis and 13% at tiye @f the field, with average 5.9% over the hexaddield-of-

view. M1 and M2 are both aconic, closektie -1.043 andk = -8 respectively. The focal surface has diame8dmén,

RoC -7.5m (concave as seen from M2), and the feagth is 33.34m, for an average plate scale ofir@2

0.8
L2
2 ¢ °
079 ¢——A § O
- M py| —o—Center
0.78
] == Edge
0.77 Average
0.76 T .
2.6 2.8 3

Figure A2. (a) M2 baffles (thick black lines) to pevent direct sky light (red arrow) reaching the focal surface. (b) Overa
throughput (compared with circular primary) as a function of M2 size, combining the effect of M2 overdiing and
obstruction by the baffle.

The WFC is shown in Figure A3. All three elemente af fused silica , with diameters, including 15madius
mounting allowance, of 1330mm, 1201mm, 1193mm f&rfLR/L3. The total lens mass is 602kg. Each lens &a
concave asphere, of maximum aspheric slope 20r@8adrad, 1.6mrad for L1/L2/L3.

The ADC action consists of moving L3 laterally (e gravity), by up to 29mm, combined with a 6k 35 (in the
sense of following the curve of the lens). Therals an axial motion of up to ~1mm, to compensatalifferential
refraction (see below). There is also a small (<3mmvement of the M2 hexapod, which would be geeerfrom a
look up table generated, itself by the active gpsigstem, and a large (but deterministic) pointiffget, of up to 3 The
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motion of L3 causes additional vignetting of up28, affecting just a'3wide crescent at the lowest edge of the field.
The effect on the overall average throughput idigisde.

T

i

R\

Figure A3. Details of WFC (a) at zenith and (b) aZD 60°. All three elements are of fused silica. Asgnes are marked as *.
The maximum aspheric slope is 20mrad, 28mrad, 1.6rad on LI/L2/L3. At ZD 60°, L3 is rotated about theaxis identified by

the red circle clockwise through 35 making the displacement of its vertex ~29mm. It ab has a ~1mm axial motion to
compensate for differential refraction.

The image quality is as least as good as the Prioceis design. Figure A4 shows the encircled endisfyibution; a
zenith, the image quality dyo < 0.21' over the 90% of the field radius.
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MSE 2 mirror plus 3 silica lenses MSE 2 mirror plus 3 silica lenses
17/06/2016 17/06/2016
Wavelength: Polychromatic Wavelength: Polychromatic
Data has not been scaled by diffraction limit. Data has not been scaled by diffraction limit.
Surface: 25 (Focal surface) MSE_2M_19.zmx Surface: 25 (Focal surface) MSE_2M_19.zmx
Configuration 1 of 4 Configuration 2 of 4

Figure A4. Cumulative geometric enclosed energy pis, for (a) ZD 0 and (b) ZD 50. The blue lines show the 80% leve
the green lines show the requirement for the inne®0% of the field of 0.38 and 0.43 respectively, and the red lines sho
the requirements (20% greater) beyond this. The dégn meets all four requirements.

The Figure A5 shows the spot diagrams, and A6 shbesms image quality maps, all for ZD 0 and ZD.50he
monochromatic image quality degrades at the eddleofield for large ZD'’s; this could be avoided &lgo moving L1,
by a few mm, as part of the ADC action.
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Figure A5. Spot diagrams for (a) ZD 0, (b) ZD 50°,dr 360, 370, 400, 500, 650, 850, 1100, 1400, 18Q0fine circles
are 1" diameter. The two worse fields (#5, 9) are at thll field radius of 0.76°.
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Figure A6. Polychromatic rms image radius maps. (a¥D 0, (b) ZD 50°. The highest value on the colot
bar is 30 um (0.18). The black circle shows the limit of the 1.52° dimeter field.

The vignetting makes the design effectively pupihitic, much like the PF design. Figure A7 shows tar-field
illumination of the fibers for ZD 0 and ZD 30Again, the fiber and collimator acceptance sfeedn-axis use at zenith
suffices everywhere.

0.3600 0.3600
0.0000 (ieg) GBI 0.0000, 0.0000 (deg)  OBO: 0.0000, 0.9000 (Geg)  0B3: 0.000
0.4000 .40
-2000 1.8000
0831 0.4000, 0.0000 (Geg) 083t 0.6 oas: 0.0000
a: 2 s 0,000, 0.000 em
Surtace 24: exit popal susface 24 exst pupsl

Figure A7. Far-field illumination of the fibers, for the 12 fields used in the optimization, (a) ZD Gnd (b) ZD 5C°. The
circle represents the speed just accepting all thkght on-axis at Zenith (F/2.8®). The same acceptance speed acce
essentially all the light at all field positions ad zenith distances.

The ADC action in itself introduces small changedhie distortion pattern, < between ZD 0 and ZD 80But, as
part of the ADC action, L3 can be moved axiallycttange the plate scale, with negligible changentage quality.
Hence image motion due to differential refractiam de halved, just as for the PF design.
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The Cassegrain design presented here has the sstheffview as the Prime Focus design, and evdtebénage
quality. A significant disadvantage is that it rega a larger primary and hence larger etendua fgiven survey speed
(because of the extra mirror and obstruction bytteend baffle and M2), increasing the alreadgdaspectrograph
costs; also the 2.75m diameter M2 is a significarst and risk. However, the design is so compaghfpshorter than it
is wide), that the enclosure can be very smaliygd cost saving for a new-build telescope. Alsogzen larger diameter
M1 could be considered. The limit comes from fusiida blank availability, at about 1.55m diamefEhnis would allow
a ~15m primary of the same design, or even lafgeeiFoV is reduced.
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