Head er for SPIE u se

MOS AIC

A Multi - Obj ect Sp ectrograph w ith Adap tive Image Correct ion

R.M . Sharple s a , R.M . M yers a , and N. A. W alton b a Department of Phys ics , Univers ity of Durham, South Roa d, Durha m DH1 3LE, UK b Royal Greenwic h Obse rvatory, Apartado 321, Santa Cruz de La Pal ma , E - 38780 Tenerife, Spain

ABSTRACT

We have proposed a new Nasmyt h i nstrument for t he Wil li am Herschel Telescope which expl oit s the potenti al of wide fi eld - of - view correcti on of atmospheri c turbul ence to produce a versat il e, hi gh spat ial resol uti on, hi g h effi ci ency, mul ti - object spectrograph and imager opt imized for the 0.7 - 1.6 micron region. Usi ng a low - alt it ude Raylei gh beacon guide st ar to correct t he boundaryl ayer t urbulence whi ch domi nat es t he atmospheri c seei ng at La Pal ma on more t han 25% of nigh t s,

MOSAIC combines t he angul ar resol ut ion gains of adapti ve opti cs wi th t he observi ng effi ciencygains of mult i pl e - object spect roscopy. Addit ional operat ing modes coul d i nclude a narrow - band tuneabl e fil ter and a fibre feed t o a bench - mounted hi gh resol ut i on echel le spectrograph. The i nst rument would provide a unique capabil i tyon 4 - met re t elescopes, opening up a wi de vari etyof new sci ent ific capabil it ies ranging from spectroscopi c studi es of crowded star fi elds t o resol ved st udies of t he ki nemati cs of di st ant galaxi es .

1. INTRODUCTION

The 1990’s have seen a si gnificant growth in t he devel opment of adapti ve opt ics (AO) systems t o reduce t he effect s of atmospheri c turbul ence on the deli vered i mage quali tyof ground - based tel escopes. Virt ual lyal l 4 - met re class t elescopes now have nat ural gui de star AO systems eit her under devel opment or in regul ar use. Some of the best est abl ished of these

(e.g. t he CFHT P UEO syst em 1 ) are i n use on a si gnifi cant number of night s (25 - 30%) bynon - speci al i st observers. The

Wi l li am Herschel Tel escope on La P al ma has been part of this growt h and wi ll see t he commi ssi oning of a common - user hi gh - order adapti ve opti cs syst em (NAOMI) wi thi n the next 12 mont hs. Exploit ing t he NAOMI adapt ive opt ics system wit h st at e - of - t he - art i nstrum ent s is seen as one of the i mport ant st rat egi c developments of the WHT facil it yi n t he next few years.

One of the major l imi t at ions of al l current adapti ve opt i cs (AO) systems is t hat the correct ed fi eld - of - view i s rel ati vel y smal l 2 . Typi cal l y, t he point - s pread funct ion (PSF) is sharpest in a smal l regi on around the reference star (l aser or nat ural) and degrades wit h angul ar di stance from the reference. The t ypical angul ar radi us over which t he image qual it ydegrades by a fact or of 2 can be <20 arcsec in t h e J - band, dependi ng on sit e condit ions, and even smal ler at short er wavel engths. There are t wo consequences of t hi s effect : (a) the usable fiel d - of - view over whi ch acceptable correct ion can be obtained is very l imi ted and (b) even over this small fiel d of view, there i s a vari at ion of t he PSFwhich l imi ts t he photometric accuracyof i mages and spectra, and signi fi cantl ycompl icates anyatt empt s at i mage deconvoluti on. The cause of the observed angular ani soplanati sm in AO is t he 3 - di mensional nature of at mo spheri c t urbulence (Fig. 1); regi ons of high opt ical t urbulent st rength occur i n layers di stri but ed at height s of bet ween 0 and 20km above t he t el escope. A singl e wavefront correct or can full ycompensat e for the t urbulence onlyal ong one direct ion of propa gat ion. The wavefronts from off - axi s sources undergo di fferent overall dist orti on, because t he l ight received at the pupi l has sampled l at erall ysheared versions of the layers at di fferent height s when compared wit h t he on - axi s beam.

One soluti on to t hi s problem is t o have mult iple wavefront sensors and mul ti pl e correctors which are opti cal lyconjugat e t o di fferent hei ght s above t he t elescope. This mul t i - conjugat e approach is now bei ng consi dered byt he Gemini Project for t he

Gemi ni South AO syst em at Cerr o Pachon 3 . It offers t he best long - t erm prospect for veryhi gh i mage qual it yover modest

(1 - 2 arcmi n) fi elds of vi ew, but requi res a signi fi cant increase in cost and compl exit yover exi sti ng AO systems, i ncl uding t he use of mult ipl e nat ural or l aser. An al t ernati ve, compl i ment ary, and less costl yapproach i nvol ves not tryi ng t o correct t he turbulence at all hei ght s , but onlythe t urbul ence whi ch is common to al l poi nts i n the field of view. In ot her words, one del iberatel ychooses not to correct t urbul ence at hi gh al ti t udes, since the effect of this t urbul ence on t he wavefront decorrel at es most rapidl ywi th angular offset . For such a ’rest ri cted conjugat e’ AO system, the residual perturbat ions are just t he nat ural seeing i n the uncorrect ed l ayers. These resi dual errors, alt hough producing i mages whi ch are i nst ant aneousl y di fferent at di fferent points i n t he fi el d of view, are t he same on average in al l di recti ons, and t hus a long - exposure i mage wi l l show no resi dual anisoplanat ism from t hese layers.

Fi gure 1. Restri cted conj ugat e adapt ive opt i cs uses a low - l evel Rayl eigh gui de star t o

i sol at e onl y t hose t urbul ence layers whi ch are common to a wi de range of fi el d angles.

The restrict ed conjugate AO concept depends crit icall yon the verti cal dist ri buti on of t urbulence at t he observing sit e. The

i deal st ruct ure is a domi nant l ow alt it ude layer wi t h anyresi dual t urbulence l ocated at a moderat el yhi gh alt it ude. This

all ows clean separati on of the seei ng layers byusing a l ow - alt it ude Rayl ei gh l aser guide star t o reject t he hi gh alt i tude

t urbul ence from the wavefront measurements. Art i fici al Rayl eigh beacons have been in regul ar use for AO si nce t he mid -

eight ies, mainlybyt he mi li tary 4 . Their efficiencydrops dramati call ywi t h beacon alt i tude but , i n t hi s part icu l ar appl icati on,

t hi s i s not a disadvantage. The JOSE si t e eval uati on programme at WHT 5 provides t he best i ndicat or of the verti cal

di st ri buti on of turbul ence at La Pal ma, and t he resul ts for the 1996 - 98 campaign (16 ni ghts) have been fit t ed wit h a simple

2 - l ayer model . Thi s fi t has been veri fi ed agai nst i ndependent SCIDAR data on at l east one occasi on. The 2 - l ayer model

i ndicates t hat during ~25% of night s t here was a domi nant sl ow - movi ng layer l ocated below an al ti t ude of 900 metres

(whi ch is t he li mit ing resol ut i on of the measurement s). In t he cal culat ions bel ow, we have assumed t hat t he layer i s act ual ly

l ocated at 900 metres on al l ni ght s, which i s a somewhat pessi mi sti c assumpt ion. The present model does not i ncl ude l aser

beacon project ion (cone) effec t s wit h respect to t he l ower l ayer, but a prel i minaryassessment indi cates that this cont ribut i on

wi l l be fairlysmal l because the Rayl ei gh beacon can be posi ti oned signi fi cantl yhi gher t han the upper layer (minimi si ng

l ower l ayer cone effect s). Poi nt spre ad funct ions have been model led for rest ri cted conjugat e correct ion at observing

wavelengths of 0.7 (R), 1.2 (J) and 1.6 (H) microns. At an i ntermediate off - axi s posi ti on 60´´ from the guide star, the

result ing FWHMs are 0´´.20, 0´´.18 & 0´´.15 respecti vel y, compared wit h an uncorrect ed val ue of 0´´.6 (Fi g. 2).

W hi l st restrict ed conjugat e AO does not result i n di ffract ion - l imi ted i mages, under the appropri ate condit ions (not

necessari lyt hose wi th t he ’best ’ uncorrected seei ng) it provi des a l arge gai n in spat ial resol ut ion and encl osed energyover a

much wi der fi el d (~5 arcmin) t han possi bl e wi th convent i onal , ’si ngle - conjugat e’ AO. The sci enti fi c capabi li tyof such a

system is t herefore compl ement aryt o convent ional AO syst ems (li ke NAOMI) which target hi gh - St rehl rati o imaging over

rel at i velysmall fiel ds of vi ew. To ful lyexpl oi t rest ri ct ed conjugat e correcti on over a wi de fiel d, one would al so l ike t o take

advant age of the tremendous gai ns i n effi ci encywhi ch can be afforded bythe use of mul ti - object s pect roscopytechniques.

Thi s is t he rati onale behind the MOSAIC proposal .

2. SCIENTIFIC CASE

The science case for adapti ve opt ics and it s expl oit at i on wit h imaging and spectroscopic inst ruments has been deal t wi th i n

numerous publi shed reports 6 . Whi lst t he possi bi li t yof a wide fiel d of vi ew is not expl ici tl yconsi dered i n t hese document s, i t

i s cert ai nl ycl ear t hat manyof t he sci ence cases consi dered would benefi t substanti all yfrom a wider fiel d of view. Speci fi c

examples which expl oi t t he combinat ion of hi gh spati al resoluti on and a fiel d of a few arcmi nut es diameter i ncl ude:

· St udies of Gal act i c nebulae and star format ion regi ons. In manycases t hese cannot be studi ed i n i sol ati on wi thout

compl ementaryinformati on about the surrounding regions. Dramati c HST i mages of pl anet arynebul ae and star format ion regi ons have al so reveal ed t he wealt h of det ail i n shock fronts and embedded struct ures on scales <1 arcsec

wi t hi n these ext ended areas.

· St arburst galaxies. Manyof t he nearer st arburst gal axies subt end angl es of a few arcminut es, whi lst indi vi dual giant HII

regions and super st arclusters i n these object s are < 1 arcsecond in diamet er. Spati al l yresolved spectroscopyacross the

ext ent of t hese galaxies is requi red t o underst and what t ri ggers and propa gat es t he st ar formati on .

· Gravi tat ional arcs . Individual gi ant arcs maybe several arcsec along thei r long di mensi on, but are usuall yunresol ved at

0’’.3 arcsec resol ut i on ort hogonal t o this. The mul ti ple i mages for a given background gal axywil l also be spread over a

few arcmi nutes on the sky. Spat ial lyresolved spectroscopyof t hese images wil l all ow detai led st udies of the kinemati cs

of hi gh redshift gal axies on scal es that wi ll be unobservabl e in anyother way.

· The cores of moderat e redshi ft cl ust ers of gal axi es subt end angul ar si zes of a few arcmi nutes di ameter. Recent

observati ons wi th HST have reveal ed l umi nous disk gal axypopul at ions whi ch are absent from ri ch clusters at l ow

redshi ft . An important chal lenge is t odi rectl ymeasure the growt h of th e halo m ass di stribut ions i n t hese cl usters via the

Tul l y - Fi sher relat ion. Spati all yresol ved rotat ion curves are essent ial for t hese measurements to accurat el ydet ermi ne

t he maxi mum t urnover vel oci ty.

In addi ti on t o mul ti - object spect roscopic capabil it y, an effecti ve wayto search for emissi on - l ine sources (e.g. st ar - formi ng

cluster gal axies, extragalacti c pl anetarynebulae, QSO environment s) i s t o use a tuneabl e narrow - band fil ter 7 (TTF). The

avai labi l it yof a l arge col li mated beam space in MOSAIC woul d m ake incorporati ng such a faci l it yrel ati vel y

st raight forward. Because of t he need t o det ect compact fai nt sources above t he background, TTFobservat i ons gai n

subst ant iall yfrom the resoluti on gai ns of restricted conjugate AO and can al so easi lyexpl oi t i ts wi de fi el d.

3. TECHNICAL DESCRIP TION

INSTRUMENT CO NCEPT

The schemat ic layout of the MOSAIC concept is shown in Fi g. 3. It i s intended that fi eld derotat ion wi l l be compensat ed vi a

t he Nasmyth i nst rument rot at or wit h the i nst rument supported on a st ati c beari ng. The i nst rument can then be broken down

i nt o 4 major subsyst ems:

1. a Raylei gh l aser beacon wit h wavefront sensor and ti p - t il t pi ckoff

2. a low - order wavefront correct or and associ at ed AO cont rol system

3. a ful lytransmi ssi ve spectrograph wit h mult i - apert u re masks and a TTF mode

4. an opt ical/ infrared detect or syst em

It i s li kel ythat t he opti cal/ infrared det ect ors wi ll be manual lyint erchangeable. These subsyst ems are di scussed in more

det ail below.

LASER BEACON

The proposed i mplement ati on of t he guide st ar s ystem i s via an on - axi s medi um - order wavefront sensor which wil l be ti me -

gat ed and synchroni sed wi t h t he Rayl eigh beacon. An addit i onal peripheral nat ural gui de st ar t ip - t il t sensor wi ll al so be

requi red. These t wo sensors wil l dri ve a medi um - order wavefro nt corrector (based on a mi cro - deformable mirror or LC

phase modulat or) and a convent i onal steeri ng mi rror for t i p - t il t. It should be noted t hat t he JOSE data indi cat e a veryslow

movi ng lower layer, so the bandwi dt h speci ficat ions on both the wavefront se nsors and correct or are rel at i velyrel axed.

Fi gure 2. Surface plots and radi al profi les of point spread funct ions for restrict ed conjugate adapti ve opti cs.

From the top these are (i) uncorrect ed seei ng V - band, corrected R - band (0.7 m m), correct ed J - band (1.2 m m)

and corrected H - band (1.6 m m). The corrected PSFs are cal cul ated at a dist ance of 60 arcsec from the l aser

gui de star under 25 - percenti le seei ng condi ti ons.

10

20

30

40

1.4 arcsec

10

20

30

40

1.4 arcsec

0

1

2

3

4

Q = 50 , l = 0.7

0 0.2 0.4 0.6 0.8 arcsec

0

1

2

3

4

ytisnetnI

Q = 50 , l = 0.7

10

20

30

40

1.4 arcsec

10

20

30

40

1.4 arcsec

0

10

20

Q = 50 , l = 0.7

0 0.2 0.4 0.6 0.8 arcsec

0

5

10

15

20

25

Q = 50 , l = 0.7

10

20

30

40

2.4 arcsec

10

20

30

40

2.4 arcsec

0

25

50

75

Q = 50 , l = 1.2

0 0.25 0.5 0.75 1 1.25 1.5 arcsec

0

20

40

60

80

Q = 50 , l = 1.2

10

20

30

40

3.1 arcsec

10

20

30

40

3.1 arcsec

0

50

100

150

200

Q = 50 , l = 1.6

0 0.5 1 1.5 2 arcsec

0

50

100

150

200

Q = 50 , l = 1.6

The laser system, modul ator and wavefront sensor ti me - gat ing are being full yprot ot yped as part of a current R&D programme extendi ng over the peri od 2000 - 2001. The candi dat e laser is a 5W frequency - doubl ed YLF. This is a compact uni t wit h wall - pl ug power and cooli ng/mai ns uni t connected vi a an umbi li cal . At hough this R&D project wil l involve a

WHT l aser l aunch, this wi l l not be i n a sui t able configurat i on for common - user operat ion. The prot ot ype Raylei gh beacon wi l l be l aunched monostat ical ly t hrough t he WHT it self. For routi ne use a bi st at ic l aunch i s proposed, usi ng an auxi l li ary t el escope at the si de of the WHT main mi rror.

Figur e. 3: Schematic block diagramof the MOSAIC concept

ADAPTIVE OPTICS

Our research programme on l iqui d crystal (LC) adapt ive opt ics 8 , and al so the work of ot her groups worldwi de, has shown t hat LC devi ces are a mat ur i ng t echnologyfor wavefront correct ors. An LC device cont rols opti cal path l ength byvaryi ng t he refract i ve i ndex, unl ike a mi rror whi ch cont rols real path lengt h. The advant ages of LCs are compact ness, l ow power consumpt ion, l ack of hysteresi s, and si mp l icit yof cont rol . Of t he vari ous wavefront corrector t echnol ogies t heyal so have t he pot enti al for t he l argest number of actuators. The main di sadvant age of using LCs in an astronomi cal adapti ve opti cs system has been t hei r relat ivelyslow t emporal bandwi dt hs. This problem i s now being addressed bythe use of dual frequencyLCs whi ch have much fast er response ti mes, givi ng cl osed l oop bandwi dt hs up to 20Hz. Thi s appears t o be quit e suffi cient to correct the sl owlymovi ng low - alt it ude layers which domi nat e t he La P al ma sit e. An al ternat i ve low - cost t echnologywe are i nvesti gat ing is the use of micro - machi ned deformable mirrors (MDMs) 9 . An issue speci fi cal lyrelevant t o wide - fi eld adapti ve opt i cs, whi ch wi ll need t o be addressed duri ng t he next desi gn phase, i s t he angular dependence of correcti on for an LC device versus a mi rror.

SPECTRO GRAPH DESIGN

The basel ine speci fi cat ion for t he MOSAIC spect rograph i s:

1. mi ni mum 5´ fi eld wit h mult i - sl it masks

2. hi gh throughput 0.7 ˘ 1.6 m m

Collimator f oreoptics

Reimaging optics

Collimator optics

VPH + TTF

Camera

Detector

Slit masks

AO control

MDM or

LC

Peripheral

T/T sensor

Tel. focus

LGS pickoff

Tip-tilt

3. hi gh di spersion grisms or vol ume ph ase grat ings t o gi ve R>3000 wit h 0´´.3 sl i t

4. opt ion of depl oyabl e t uneabl e fi lt er

5. opt ical (0.7 ˘ 1.0 m m) deep - deplet ion CCD detector, 4kx4k wi t h 0´´.1 pi xel s

6. i nfrared (0.9 ˘ 1.6 m m) HgCdTe det ect or, 2kx2k wit h 0´´.15 pi xel s

These crit eri a are dri ven bythe need t o Nyquist sampl e a 0´´.3 arcsec sl it , minimum machinabl e sl it size of 100 m m and t he desi rabi l it yof charge shuffli ng on the CCD at opti cal wavel engt hs. The mi ni mum resoluti on i s dri ven bythe requirement for digit al OH suppression i n the J & H bands. Beca use t he i nst rument is not cooled, t he H - band performance wi l l be compromi sed beyond 1.6 m m. The opt ical layout of MOSAIC is shown i n Fi g. 4. Because of t he use of narrow (0´´.3) sli t s, t he overall dimensions of t he i nst rument are quit e modest (1.8m long exc l uding det ector) gi ven t he l arge fiel d (5´) and resoluti on (R=3000).

For conceptual desi gn purposes we have produced a Zemax model for t he spect rograph (Fi g. 5) byscal ing t he opti cal desi gn of the Gemi ni GMOS spect rographs 10 . To produce an image scal e such that 2 pi xel s = 0.3 arcsec matches 100 m m at the sl i t mask plane (t o be wit hi n t he capabil i ti es of a l aser mask maker such as t hat used byGMOS) requires a col li mator focal rati o of f/ 16. The l inear si ze of t he 5 arcmi nute field i s t hen 100mm. The pupi l has been kept at 100mm, but could be easi ly reduced for compat ibil i tywit h smal ler grisms or etal ons. The camera has been sl owed sli ghtl yfrom f/4.8 to f/5.9 to deli ver an image scal e of 0.15 arcsec/18 m m pi xel (t he opt i cal desi gn shown in Fi g. 5 has un modi fi ed apertures whi ch would be much reduced i n pract i ce). This syst em, even wit hout re - opt imi sati on, provides sat isfact oryimage qual it yperformance from 0.6 to 1.7 m m over a fiel d correspondi ng t o 5 arcminut es diameter wi thout requi ring refocussi ng for different wavelength ranges (Fig. 6). Since the mai n remaining aberrat ion is defocus, it i s cl ear t hat refocussing woul d improve the i mage quali tyeven furt her. The GMOS desi gn was ori ginal lydeveloped to give hi gh gl ass t ransmi ssi on over t hi s ent ire wav elengt h range, and can be used wit h MgF2/ sol - gel bi - l ayer anti refl ect ion coati ngs t o gi ve high total t hroughput (75 -

85%) over a subst ant ial part of t hi s range. All the surfaces are spheri cal.

Figure4.MOSAIC-OpticalSchematic(nottoscale)

AOcollimator(f=165mm)

AOpupil( f =15mm)

Relay optics(f=240mm)

Collimator(f=1600mm)

Camera (f=590mm)

Slitmask( f =100mm)

Pupil ( f =100mm)

Nasmyth focus ( f =67mm)

Detector

Grism or TuneableFilter

Wavefront modulator

Filters

F/11

F/16

F/5.9

4kx4kx15 m mOptical

2kx2kx18 m mIR

Figure 5. Zemax model of the MOSAIC spectrograph.

Byusi n g stat e - of - t he - art opt ics and coat ings, MOSAIC wil l therefore si gnificant ly(more than a fact or 2) i mprove on t he sensi t ivit yof t he exi sti ng LDSS - 2 spect rograph, and provide an ext ensi on i nt o the short - wavelength infrared. The enclosed energycurves impl i ed byFig. 2 i ndi cat e that for high spat ial resol ut ion work (0´´.3 arcsec sl it s), MOSAIC wi ll also be competi ti ve wi th mult i - sl it spect rographs on 8 - met re t el escopes, when t he l att er are operat ing in median condi ti ons (0´´.6 seeing).

DETECTORS

MOSAIC wi ll requi re 2 detector syst ems to work through t he full 0.7 - 1.6 m m spect ral regi on. These wi ll be based on a

Rockwell 2kx2k HgCdTe detector for t he IR and a mosai c of 2x2kx4k MIT CCDs for t he opti cal . Depending on avai labi l it y, the Rockwell arrays could be MBE devices wi th a 1.6 m m cut off t o reduce t he need for thermal bl ocking fi lt ers and for reduced readout noi se and dark current. The baseli ne det ect or cont roll ers are assumed to be SDSU - 2.

DATA REDUCTION

We do not ant icipate anyspeci al dat a reduct ion needs for MOSAIC. General purpose routi nes for mul t i - sl it spectral reducti on are avai l able wi thin IRAFand woul d be impl emented as part of a dat a reduct ion pipel ine.

Figure 6. Spotdiagrams with circle =2 pixels (0. 6-1.7

m m). Columns denote

different wavelengths (microns). Rows refer to different positions within the

field(100mm=5´).

HIGH RESO LUTIO N SPEC TROGRAPH FIBRE FEED

It i s expected t hat MOSAIC woul d be permanent lymount ed at one of the Nasmyt h pl atforms. One possi bi li tywoul d be t o

i nst al l MOSAIC on t he pl atform current l yoccupi ed byt he hi gh resol uti on UES spectrograph and t o reconfi gure the l at t er t o

t ake a fi bre feed from t he corrected MOSAIC focal plane. This would have the advantage of preservi ng hi gh - resoluti on

hi gh - st abil i tyechel le spect roscopyat the WHT and al so making effecti ve use of poor seeing ni ght s when wi de - fi eld AO

correcti on i s not avai lable. Depending on the order of correct i on avai l able i n MOSAIC, t he encircl ed energyi n a single fi bre

(or pai r of fibres) could be impressi velyhi gh because the requi red fi eld is so smal l.

OPERATING MODES

T he wi de - fi eld mode of MOSAIC requi res operat ion i n the 25 percenti le condi ti ons during which t here is a dominant l ower

t urbul ence l ayer whi ch is bel ow approxi mat el y1km. Det ermining when t hese condit ions occur coul d ei ther use t he imagi ng

capabi li t yof MOSAIC di rectl yor, more quanti t at ively, vi a a real - t ime SCIDAR measurement (possiblyusi ng the MOSAIC

wavefront sensor). The percent age of ni ghts avail abl e wi l l increase if the ful l 5´ fi el d is not requi red for some projects. In

eit her case some form of flexible scheduli ng woul d be an advantage, as is t rue for all AO i nst ruments.

4. ACKNOWLE DGEMENTS

We acknowl edge useful di scussi ons and i nput i nt o t he MOSAIC design from JeremyAll i ngton - Smi t h and Davi d Buscher.

5. REF ERENCES

1. Arsenaul t, R., Salmon, D.A., Kerr, J.M., Ri gaut, F.J., Crampton, D. and Grundmann, W.A., ^PUEO: the Canada -

France - Haw aii Tel escope adapti ve opti cs bonnet te I: system descri pt ion~, SPIE Vol. 2201, pp. 833 - 842 (1994).

2. Rigaut , F., Salmon, D., Arsenault , R., Thomas, J., Lai, O., Rouan, D., Véran, J. P ., Gi gan, P., Crampton, D.,

Fl etcher, J.M., Sti l burn, J., Boyer, C. and J agourel , P., ^Performance of t he Canada - France - Hawai i Tel escope Adapti ve

Opti cs Bonnett e~, PASP 110 , pp. 152 - 164 (1998).

3. Rigaut , F. and El lerbroek, B., ^Gemini Takes t he Lead i n High Angular Resol ut ion Astronomỹ , Gemini Observat ory

Newsl ett er 19 , pp . 6 - 11 (1999).

4. Christ ou, J.C., Ell erbroek, B., Fugat e, R.Q., Bonacci ni , D. and Stanga, R., ^Rayl eigh Beacon Adapt ive Opt ics Imaging

of ADS 9731~, Ap.J. 450 , pp. 369 - 379 (1995).

5. Wi lson, R.W., O’Mahony, N., Packham, C. and Azzaro, M. ^The Seeing at t he Wi ll i am Herschel Tel escope~, MNRAS

309 , pp. 379 - 387 (1999).

6. Ridgway, S.T., ^Scient i fic Programs in Adapti ve Opti cs: an Overview and Comment arỹ , SPIE 3353 , pp. 438 - 446

(1998).

7. Bland - Hawthorn, J. and Heat h Jones, D., ^Taurus Tunabl e Fi l ter (TTF): A Flexi bl e App roach to Narrowband Imagi ng~,

PASA 5, pp. 44 - 49 (1998).

8. Love, G.D., Restai no, S.R., Loos, G.C. and Purvi s, A., ^Wavefront Control Using a 64x64 - Pi xel Li quid Cryst al Arraỹ ,

SPIE 2201 , pp. 1068 - 1072 (1994).

9. Vdovi n, G.V., ^Opti mi zat ion - based Operat ion of Mi c romachi ned Deformable Mirrors~, SPIE 3353 , pp. 902 - 909

(1998).

10. Davies, R.L. et al., ^GMOS: the GEMINI Mul ti pl e Object Spect rographs~, SPIE 2871 , pp. 1099 - 1106 (1997).