Content

Index of tables.......co o 26
INAEX Of FIQUIES .eeeeie e 31
1. S o] 0 o 1 PPN 51
2. OVEIVIBW ..ttt sttt e e e e e e e e e aaba s 53
2.1 (O] 01104 ALY TP PPPTTT P 53
2.2 Scientific potential of @ 100-m Class tElE@SCOPE .....uuviiiiiiiiiiiiiiieeee e 54
2.3 L0701 01 1<) q S PP PP 58
2.4 THE OWL CONCEPT .t e e e e e s e e e e e e e e s e st e e e e e e e e e s e aantaseeeeeeesaannes 60
241 The history of telescope growth. ...........oeeiiiiiiii e 60

242 A giant telescope in an industrial context............ooovviiiiii s 61

25 TOP [EVEl FEQUITEIMENTS. ...ttt e e e e e e b rr e e e e e e e e e e aans 62
2.6 (DT Y o [T AT QY= YRR 64
2.6.1 LI LTS Teto] o1 Yo o) o= PO PR PP PP 65
2.6.2 S T2 0= o [T T o RS 71
2.6.3 A controlled opto-mechaniCal SYStEM ..........oooiiiiii e 73
264 Enclosure, open air OPEratioN ............coociiii i 78
26.5 INSEPUMENTALION ..ottt e e e et e e e e e e e e e e e e e e eenaneeas 80

2.7 Progressive implementation ... ... 83
2.8 (@101 1=tV (o] Vo] oL=] =14 [o] oINPT O PO PP PPPPPPPRPPR 85
2.9 SItE CONSIAEIALIONS ...uviiiiieie et e e e e e s et r e e e e e s s a st eeeaeeeeaannnnrees 86

2.10 Plans for final design and CONSTIUCTION .......ocuuiiiiiiiiii e 88



2.11 (O00 1S3 =TS {10 0 F= 1 (< 91

2.12  ThE ELT DESIGN STUAY .uurriiiiiiiiiiiiiiiie ettt e e e s st ee e e e e e e s s st e e e e e e s e s nnnnnreeeaaeeeeanns 93
7 I B S (ot 1 =1 o 11 1 Y/ SRR 95
2.13.1 S Te7 11 o To S PRSP 95
2.13.2 REQUIFEIMENES ....eieiiiiie ettt e e et e e e e e e st eeaeeesesaaaeeeaeeeseensnneeeaeennnnes 96
2.13.3 (070] g [o1=T o) e (=11 o o WP OU RPN 97
2.13.4 (O 0751 =T To =T o 1Yo 3] - S 98
214 RISK GI8AS ...uieiiiiiiiii ittt ettt e e e ettt e e e e e e bbbt e e e e e e e e e nb e e e e e e e e e e e nnees 99
2141 ENVIroNmMeNntal FISKS.......o e e e 100
2.14.2 3 (=T 1 S 102
2143 RISK MANAGEMENT ... ..ot e e e 107
SCIBNCE CASE iiiiiiiiiiiiii ittt e e e e e e 109
3.1 el 4 oo 1N Yo 1] ] o RO PRSPPI 109
3.2 SCIENCE WIth OWL ...ttt e e e e s e e e e e e e s s e eeeeeeeeeennnneees
3.21 OWL performance
3.2.11 Confusion @bOUL CONTUSION ........couiiieiie ettt et e et e et e e e ne e e enneeeenneas 111
3212 Etendue, o the AQ PIrOGUCE............vivieeeeeeeceeeeeee et ee ettt ee et n e s eeeees 111
3.21.3 Signal-to-N0ise VS diamMEtEr D .........couiiiiiiie et 111
3.214 The power Of @ 100M tEIESCOPE ... .ueeiiiiiieiei ettt e et e st e e s be e e e nsbee e sneaannes 112
3.2.1.5 The Wavelength FANGE .........oi et s e e sr e e e e e e e 114
3.2.2 The highlight SCIENCE CASES .......eiiiiiiiiee e e 116
3.2.21 Terrestrial Planets In EXtra-Solar SYStEMS ..........ooo i e 116
3.222 Resolved Stellar Populations in a representative sample of the Universe..........c.cccccovvviiieniineennen. 118
3.2.2.3 The First Objects And Re-lonization Structure Of The Universe...........ccocvvieiiiiieeniiiiienee e 118
3.2.2.3.1 The highest Redshift GalaXi@S..........couiiiiiiiiiie e 118
3.2.2.3.2 Galaxies at the end of Re-I0NIiZation.............coouiiiiiiii e e 119
3.2.2.3.3 Probing the universe during the re-ionization €poch ... 120
3.3 Requirements from the SCIENCE CASE .....cooiiiiiiiiiii e 121
Top level requiremMentsS......ccccovveiiiie e 127
4.1 Ta) (e Yo [0 Tox 110 ] o H TR PPUT T UROTRTPPRI 127
4.2 OVeErall FEQUITEIMENTS ..oiiiiiiiiit ittt e e e e e e e e e e e e e e e aan b b e ee e e e e e e e annneees 127
421 THE QWL tEIESCOPE ...vveeeeee ettt e e e e e e e e e e e e et e e e e e e e e eanreeeas 127
422 The Conceptual Design (Phase A).........oooiiiiie it e e e e snneee s 128
423 Evolution of the Top Level requiremMents...........coovuiiiiiiii e 128
424 Operational [IfetiMme ........oooiiiie e 128
425 [ Tor= 111 o 1o @ LA SRR SPS 128

426 (@] o] 1107 Io (=TT (o | o H PSPPSR 128



4.2.7 IMAINEENANCE ... .vvvieiiiiiiiiiiieeet e b aaaaaaabasasasssasssasssssssssssssssssssssssssnnsssssnnnnnnnnnnnnes 129

4.2.8 INSEIUMENTAION ... e 129
429 Coating OPIMIZALION ........ooiiiiiiiie e e 129
4.2.10 Astronomical Site MONITOT..........iiiiiiii e 129
4.2.11 S T= =1 | PRSP 129
4.3 Performance reQUIFEMENTES ......cuiii i e s e e e e s s s e e e e e e e e nnneeees 129
431 TeleSCoPE tranNSMISSION ... ... ittt e e e e e e et e e e e e e e enneeeeeans 130
4.3.2 Bl SIVITY e e e e e e e e e e e e e e e e e e e e e e annraaeeeaannes 130
4.3.3 SKY COVEIAGE ...ttt ettt ettt e e e bt e ettt e s b et e e e s bt e e e ante e e snaeeeeanbeenan 130
434 [ gF=Te LN (U= 1114 PP RSTRUPRN 130
4341 L= 1= o 1= TSP 130
4.3.4.2 F e E=T o1 1A I @ o] o7 PRSPPI 130
4.34.21 TEIESCOPE AD ...ttt ettt h et b ettt h et e e ettt 131

43422 SiNGIE CONJUJALE AD ... ..ottt b e bbbt nre s 131

4.3.4.2.3 MUItE CONJUALE AD ...ttt et e e e st e e e s bt e e e nbe e e esbee e sanaeeeaneeennen 131

43424 GroUNA LAYET AD ...ttt ettt ettt ettt b e 132

43.4.25 MUII=ODBJECE A ...ttt ettt b et sa bttt e s e et e sbe e e b b e anne e 132

4.3.4.2.6 EXITEME AD ..ttt ettt e ettt e et e e e e aee e e e b et e e n bt e e e nreeeanaeeeenaeeneeeaannen 132

43427 AO at optical WavelenGNS ........cooiiii e 133

43.4.28 LaSer GUIAE SEAIS .......cceiiiiiiicc et 133

4.3.5 Atmospheric dispersion COMPENSALION ...........eiiiiiiiiiiiee e 133
4.3.6 AtMOSPNENIC rEfraCtioN .......oeiiiiii e 133
System ENQINEEriNg.....ccuii i 135

5.1 LeVel 1 reqUITEMENTS ...oooiiiiiie ettt e e e nnne e 135
5.2 Design constraints and guUIideliNesS .........cooiiiiiiiiiiiii e 137
5.3 Complex Systems, methods and Modelling ... 138
5.3.1 COMPIEX SYSEEM ...t e et e e e e anr e 138
53.2 1Y 1 1 Vo T <SR PRR 139
5.3.2.1 Science and ENGINEEIING. ....ccuuiiuiiiiiiiie ettt ettt e b e sae ettt 139
5.3.2.1.1 SYSTEM DESIGN ...ttt et h et nh ettt et 140
53.21.1.1 TOP LeVEl REQUIFEMENTS ......eviiiiiieiiieiee ettt e e e e e e s et e e e e e e s sntaaneeeeeeannnes 140

5.3.2.1.1.2 System Requirements Management............oocoiiuiiiiiiiiiiieiieeec e 140

53.21.13 FUNCHONEAI ANGIYSIS ...ttt e e e e sneee e 141

5.3.21.14 Logical Architecture Definition...........c.ciiiiiiiiiieie e 142

5.3.2.1.2 Physical Design & ManufaCturing..........ccoouiiiiiiiii e 143
5.3.2.1.21 PRYSICAI DESIGN......eeiiietiieee ettt ettt e e e e 144

5.3.2.1.2.2 Y =T a0 2= Tox {0 g T T USRS 144

53213 SYSTEM INTEGrAtION. ...ttt 144

53.2.2 TIOOIS ettt a et e R et e e b e e naa et e e h et e e E et e ern e e e n e e e nrr e e e nanee s 145

533 1Y/ oo (=1 11 o Vo U PTPPPRRP 145

5.3.3.1.1 1V [ Yo L=1 [T o I Y o] o] o =T o DU SURRRRRN 145

13



5.3.3.1.2 Y (o131 (=Y (U T I 7] TeT=Y o SRS 148

5.3.3.2 DOORS Model, System requirements Management ...........cooouiiiiiiiiiiiie e 151
5.4 Disturbances CharacCterization ...........cocevreeiiieeiiee e 152
5.4.1 ENVIFONMENT. ...ttt e et ne e eanee s 152
54.1.1 1AL 2T TR 152
54.1.1.1 Wind characterization from terature .............ocoooiiiiiiieee e 152
54.1.1.11 Wind Velocity, integral length and turbulence intensity Profiles ............cccocoviiiiiiiiiinnnn. 152
541112 Power SPectral DENSITY ......cc.eiiiiiiiiiii et 153

541.1.2 Computational Fluid DYNamics (CFD) .......c.coiiiiiiiiieiiieiie ettt 155
54113 Full Scale MEaSUIEMENTS.........c.coiiiiiiie e e 157
541.1.4 Wind tUNNEI MEASUIEMENTS ...ttt ettt ettt enee s 158
54.1.2 AtMOSPhEriC tUrDUIENECE (AD) ...ttt ettt st ne e 159
54.1.3 Temperature, humidity, rain, snow, ice, dust, radiation ... 161
5414 IMICTOSEISIMCITY ...ttt ettt ettt et e bt sb e e et e e bt e et e be e e b e e seneeans 164
54.2 System INduced DiIStUrDANCES ...........vviiiieiiiieeeee e e e a e e 164
543 Human induced diStUIDANCE ...........c.eiiiiiiii e s 164
5.4.3.1 Camp, hotel, sewage, tranSPOrt, EIC........cocuiiiiiiiii e 164
5432 POWET GENEIATION ...ttt ettt et e st e b e ebe e e bt sae e et e san e e b e e eene s 164
5433 LIGRE POIUTION ..ttt ek e bt e e sae e e e abe e s e e e nann e e e anneas 165
544 Survival load case of the opto-mechanical elements .............ccccvviiiiiiiiiiiie e, 165
5.4.41 == 1y (g [o (U= | (= TP RRRRPI 165
54.4.2 1AL 2T TR 166
5443 L= 0] 0= = (U] P 167
5.5 EFTOr DUAQELS ettt e et bt e et e e e e nbbeeee e e 167
5.6 Reliability, Availability, Maintainability, Safety (RAMS) ..., 180
5.6.1 Product Assurance Roles & Responsibilities ............ccuueieiiiiiiiiiiiiciccccccee e, 180
5.6.2 T (= 7SR 180
5.6.2.1 GBINETAL ...ttt ettt sh e bt b et b e e e 180
5.6.2.2 Safety Assurance Program and organization ..............cccoieiiuioniirieenee et 181
5.6.2.3 Safety aSSUraNCE ACHVILIES .........iiuiiiiieie ettt et enes 181
5.6.3 Reliability and Maintainability ..............cooiiiiii e 181
5.6.3.1 Failure TOIBFANCE ...ttt ettt se e 181
5.6.3.2 Single POINE fAIIUNE TIST .......eiiiiii et 181
5.6.3.3 Reliability and Maintainability Data File............cooiiiiiiii e 181
5.6.3.3.1 Reliability ENGINEEIING ....ccoueiieiiiii ettt st e et e e e saa e e e tb e e e emteeaesnneeanneaean 182
5.6.3.3.1.1 Reliability ANAIYSES......cooiiiiiiiiee e 182

5.6.3.3.2 Maintainability ENGINEEIING ..ottt 182
5.6.3.3.2.1 Establishment of Maintainability Requirements..............coooiiiiiiiiiiii e 182
5.6.3.3.2.2 Maintainability Inputs to Maintenance Plan ... 183
5.6.3.3.2.3 Maintainability ANGIYSES ......ccoiiiiiiiiie e 183
5.6.3.3.2.4 Maintainability DemMONSIrAtioN ...........coiuiiiiiiiie e 183

5.6.4 Conclusion — OWL Dependability Objective Sheet..........cccccoooviiiiiiiiiiicee e 184



6. TeleSCOPE OPLICS i 185

6.1 Requirements and QUIdEIINES.......cooi it 185
6.2 (@] 1 ToF=1 0 1=y o | o R0 PR PRRRRR 188
6.2.1 DESIgN tradE-0ff ..o e e e e e e e e raa e e e et 188
6.2.2 BaSElNG ESIGN ...oveeiiee e a e e e s e e e e e e e eaaaaae s 194
6.2.3 (@01 i o] g b= ete] 4 (=Yo1 (o] OO U PETRROPOTR 198
6.2.4 Reduced aperture deSIgNS .. ... it aa e 198
6.2.5 Future design iterations ............eoiiiiiii i s 201
6.3 Optical ChAraCLEIISTICS ...uveiiiiiiiiie it s 202
6.3.1 Nominal optical QUANILY ..........oocueiiiiiie e 202
6.3.2 VIGNEHING et 206
6.3.3 Stray light and baffling ..........eoiiii e 207
6.3.4 AT 1V Y SRS 208
6.3.5 SENSItIVILY @NAIYSIS....eeiiiiiiiiiiiiie e a e a e e raaa s 209
6.3.6 Imaging of tUrbUIENt [AYEIS.........oeee e 213
6.3.7 Imaging of Laser GUIAE STATS ........c..oiiiiiiieiie et e e e eeee e 216
6.4 Diffraction and high contrast iMmaging .....cccccouiiiiiiiiiii e 218
6.4.1 D)1= Tex 1o DO PP P PP PP PPN

6.4.1.1

6.4.1.1.1 Pupil modelling elements

6.4.1.1.2 Secondary mirror support

6.4.1.1.3 BT g Lo Y=o 0 T o T PRI
6.4.1.1.4 ROPES ...ttt b e
6.4.1.1.5 Diffraction by the gaps
6.4.1.2 PSF representation: intensity SHCES .........ciiiiiiiiii e e 223
6.4.1.3 Effects of phasing errors on the PSF ... e 224
6.4.1.3.1 Diffraction associated to piston and tip-tilt.............ccoeeiiiieriiiii s 224
6.4.1.3.2 Intensity slice representation (FOV=1", A=650NM) ........cooiiiiiiiiiiiiciee e 224
6.5 Optics design and fabriCatiON .......c..eviiiiiiiei e 226
6.5.1 S T=Te 0 01CT o1 €3 PPN 226
6.5.1.1 Segment size and diStrDULION ...........oiiiiiiii e 227
6.5.1.2 Segments thermo-mechanical ProPErties ..........ccueii i aeee e 229
6.5.1.3 Segments substrates
6.5.1.4 SEGMENES PONISIING ...ttt ettt et et e e bt e e bt e et e e et e e nbe e s e enbeesneeaneeens
6.5.1.5 SEGMENES SUPPOIES ...ttt ettt b et s ae e e bt esba e e b e e s bs e e e saeeeaee e
6.5.2 (07014 ¢=To1 (o] lo] o) {[o= P PPP ORI 241
8.6 SAFELY vttt ettt ettt ettt ettt ettt ettt ettt n ettt en e 245
7. Non-adaptive wavefront control ........ccccceevvevvviiiinievvieinnnnn, 247

7.1 LT To U =T =1 o) £ PSP 247

15



7.2 General CoONtrol ArChitECIUNE ......iivviii it 248
7.2.1 LT[ Te I A=Y (Yo (o] o ISP PEPRRRP 251
7.2.2 Friction COMPENSALION........uuiiiiiiiii e 256
7.2.3 Field stabiliZation ... e 260

16 | 7.3 Pre-aligNMENT ... et e ettt e e e e e e s et e e e e e e e e eeaaaeeas 263

7.4 A CTIVE OPTICS ettt ettt e e e e e et et e e e e e e e e s anb e bt e e e e e e e e e nbarreeaaaaaas 265
7.4.1 L] (oo [8 o3 1] o I ORISR 265
7.4.2 Alignment of the segments iN M1 and M2...........oooiiiiiiiiii e 265
743 Correction of mirror deformations ............oooi e 266
7.4.4 Correction of the rigid-body alignment of the Mirrors ... 268
7.45 Relationship between various types of aberrations.............cccei i 269
7.4.6 Operation with adaptive OPLICS ........ciiuiiiiiii e 269

7.5 L 1= 1Y 1 o TSR 270
7.51 Phasing SIrat@gy .....ooveiiiiiii s 270
7.5.2 =] T Lol o] g E= 1] g T SO PPPPTSUPPR 270
7.5.3 o1y (Te] g JET=Y a1 ) £ RS 271
754 L@ g ] o= {10] = 4[] o -SSR 271

7.5.4.1 (O] o] Tor= I = o F= 3 g To IR UUPR R PPR 271
7542 On-sky phasing teChNIQUES - OVEIVIEW..........cccuiiiiiiiieiie ettt 271
7.54.2.1 Modified Shack-Hartmann teChNIQUE............cccuiiiiiiie e 271
75.4.22 Modified Mach-Zehnder teChNIQUE ..........c.ueiiiiiiec et 272
75423 Phase filtering tEChNIQUE ..........ooiii e e s 273
75424 Diffraction image tEChNIGUE ...........oiiiii e e 274
7.54.25 Pyramid tECRNIQUE ... et e s 275
7.54.2.6 (707 I PSPPI 275
7543 (@] oTT gl loTe o JN o T=T a o] aE= T o et YRR 276
7.5.4.3.1 THE OPLICAI SIGNAL ... ittt e e e e e s e e e e bneeene 276
75432 THE CCOD IMAGES -.eeeeeutiieiitie ettt et e ettt e ettt e e tb e e e e teee e st e e e e abe e e e anbeeaaanseeeaseeeaanbeeesnseeeanneeeseneaaanes 276
75433 SHGNAI @NAIYSIS ...ttt ettt b e n 277
75434 RESUILS ...ttt e e st e e e et e ekt e e ek bt e e ean e e e e abe e e nbe e e anneeean 278
75435 Increase of the CAPLUIE FANGE.........ooi ittt et e e et e e saee e e aee s 279
7.54.3.6 (0% 111 T =1 (1] FO PSS PR PP 279
7544 Identification Of the DOFAEIS ........c..oi it e 280
7.54.5 ClOSEA-I00P FESUILS.......eeiitiie ettt et e et e e e st e e s bt e e e eabe e e et beaesasaeeeasseeanbeeesnnneeeanneas 280
7546 PRASING OWVL ...ttt h e h ettt et et eea bt e e bt e eab e e be e ettt e e enneebeenane s 281
7.5.4.6.1 Phasing Of ONE PELAL.........oouiiiiii ettt sne e 281
7.54.6.2 Phasing of the Petals .......oooiii e 285
7.54.6.3 Measurements UNder @berrationNS..........cooiiiiiiiii i 285
75464 Disentangling MAGIMZ........ . et e ettt e et e e et e e st e e eane e 285
7.5.5 Control of segmented Mirrors (M1 & M2)......cooiiiiiiiiii e 286

7.6 Active Phasing EXPeriment (APE) ...t ee et e e e e nsnnneneeee s 295
7.6.1 Opto-MechaniCal ESIGN .......coooiiiiiiiiiie e e e 295



7.6.2 a1 =T F= TN 1Y 1= 0] (o o Y 297
7.6.3 The Phasing WaveFront Sensor ModUule ..........c.cooiiiiiiiiiie e 297
7.6.4 Schedule and ODSEIVAtIONS.........c.uiiiiiiee et e e et e e e eneee e e eneeeean 297

AdaptiVe OPLICS ..o e 299

8.1 1] A geTo [U Yo 1T o] o H O TP TP T PP PP PPPPP 299
8.2 First generation Adaptive OPLICS ..o 299
8.2.1 Single Conjugate Adaptive OPLICS .......coiiiiiiie i 300
8.2.1.1 Performance reQUINEMENTS. ... ....oi ittt et e et e e e s bt e e ssbee e smneeeneeeaannen 301
8.21.2 IMPIEeMENtAtION CONCEPL .......oiiiiiiieit ettt ettt et e e e seenneeenes 303
8.2.1.2.1 MB AdaptivVe IMIITOT UNIE ... ...eeeiieee e e e e e e e e e e e e e st e e e e e e e ensaeneeeennnes 303
8.21.2.2 Visible wavefront SENSOr UNit.............ooiiiiiiiiie e 306
8.21.2.3 Infrared Pyramid WES ....... ..ottt ettt 309
8.21.2.4 Real Time ComPULET (RTC) ...oiiiiiiiieiiiiiie ettt ettt ettt e e st 312
8.2.1.3 Predicted PErfOrMENCE ... ....oo ettt e et e e s ae e e e s abee e ssbee e sneesneeeaannen 313
8.2.1.3.1 Visible Shack Hartmann wavefront SENSOT............cc.iiiiiiiiiiii e 313
8.2.1.3.2 Infrared Pyramid WavefToNt SENSOT.........c..iiiiiiiiiie et 314
8.2.1.3.3 Performance at 10 microns and BeyoNd .............oooiiiiiiiiii e 316
8.21.3.4 Effect of the outer scale of turbulence on performance.............cccocceiiiiiiiiicniee e 317
8.21.4 Near-Term developmENt PIAN ............eeiiiiiiee e e e e e e e e e e e e e e reeeeeennneees 318
8.2.1.4.1 Modelling and SIMUIGLION .........coiiiiii et e e e e ebe e e s ebe e e seee e e sneeenees 318
8.21.4.2 AO CoNCEPt @NA AESIGN ...cuviiiiiiiiiiiii ettt sttt et b et e nne e 319
8.2.143 AO key elements status and developmMENT...........ccuiiiiiiiiiiiiii e 321
8.2.14.4 Testing a large DM in ClOSEA 100D ......ciiiiiiieiiiie ettt e e e eeeeas 334
8.2.1.4.5 Detectors for WavefTONt SENSOTS..........ciiiiiiiiiii e 336
8.2.1.4.6 REAI TIME COMPULET ....eeeiieeciie ettt e e e e et e e e et e e sateeessaaeeesaeaesnsaeeesnsaeeesanannnen 337

8.2.2 Ground Layer Adaptive OPLICS .......oiviiiiiiiiic ittt 342
8.2.21 Performance reQUIEIMENTS. ... ....oi ittt e et e et e e e s abee e ssbee e smneeeneeeaannen 344
8.2.2.2 IMPIEeMENtAtION CONCEPL .......ooiiiiiie ittt ettt et se e e e enes 346
8.22.2.1 Corrector and WaVefTONt SENSOTS .........cciiiiiiiieiiieee et 346
8.2.2.2.2 Control and Real Time COMPULET.......coiuiiiiieie ettt st e sae e s ete e e e neeeeas 346
8.2.2.3 Predicted PerfOrMEaNCE .......cooii ettt ettt ettt 348
8.2.2.3.1 ST e 1Y =Y Vo LSRR 348
8.2.2.4 Near-Term developmMENTt PIAN ..........ooi ittt e e e e be e e s sb e e e snne e e saeeennen 352
8.2.24.1 Modelling and SIMUIBLION ........ccuviiiiiii et 352
8.2.24.2 AO CONCEPL ANA AESIGN ...ttt sttt e ettt e b e bt e smbeenneeabeeseeanne 352
8.2.243 AO key component status and development...........oooiiiiiiii i 353

8.2.3 Distributed Multi Object Adaptive OPtiCS.........oviiiiiiiiiiie e 354
8.2.3.1 [[oaTo1 =0 aT=Y g ez 1o T g @ e g To=T o SR 356
8.2.3.1.1 OVBIVIBW...... ettt ettt h ettt h et h et eh e s e e Rt h e eE e bt e et e bt et e nh e bt e e ne e nbeenn et s 356
8.2.3.1.2 WaAVETTONE SENSOT ...ttt ettt sae e st e e stee e 357
8.2.3.1.3 MiCro deformable MIITOT ..........ccoiiiieecee e e 357

8.2.3.14 Control and Real TimMe COMPULET ........cccuuiiiiiiee et ete et e e e e et e s eare e e saneeeas 358

17



8.2.3.2 Predicted PErfOMMANCE ..........oiiiiee ettt e e e e e e s e e e s eeesbeeesnsaeeeasseeenseeeenneeeeas 360

8.2.3.3 Near-Term developmeEnt PIAN..........co et e ettt et et e e e eenaeas 361
8.2.3.3.1 Modelling @and SIMUIBHION..........c.ooiiiiii e 362
8.2.3.3.2 PO 0o (o= o] ak=T oo lo [=TS] 1o | o T PRSPPI 362
8.2.3.3.3 AO key component status and development...........oocuii i 363

8.3 Second generation Adaptive OPLICS ..uuuuiriieeeiiiiiiiieee e e e e e e e 363
8.3.1 Multi Conjugate Adaptive OPtICS ........euiiiiiieiii e 364
8.3.1.1 Performance requirements...

8.3.1.2 ([ aTo1=YaaT=TaT e 1o T Oe] g To =Y o | A SRS
8.3.1.2.1 COrTECHIVE EIEBMENTS ... .ottt see et 366
8.3.1.2.2 WaVETTONT SENSOTS ...ttt ettt ettt b e st e bt san et e et e e nene s 367
8.3.1.2.3 IMCAD CONEIOL ...t esr e e n e e e e ere s 367
8.3.1.24 REaI TIME COMPULET.......eiiiiiiie ittt ettt et e et e e e e b e e e e sb e e e santee e amneeeabaeeeanneeaneeaeas 367

8.3.1.3 Predicted PerfOrMAaNCE .........coiiiiiii ittt ettt ettt sttt s 368
8.3.1.3.1 MECAOD SKY COVETAGE ...ttt b et sttt e nbe et e et e eabeesaeentee e 368
8.3.1.3.2 SIMUIAtION RESUILS ...t 369

8.3.1.4 Mid-Term developmMENt PIAN............i ittt 373
8.3.1.4.1 Modelling @nd SIMUIBHION. .......cc.eiiiiii e 373
8.3.14.2 1Y (07X @ R 1Y To o OSSR 373
8.3.1.4.3 MCAO CalibDration ISSUES .......c.uiiiiiiiiieiiecee ettt nee e 374
83.14.4 AO key component status and developmeNt...........cccuiiiiiiiiiiiiiei e 375

8.3.2 Extreme Adaptive Optics and High Contrast Imaging: EPICS project...........ccccoceinieiennneen. 381

8.3.21 EPICS Top level performance reqUIr€MENTS ...........oooiiiiiiiiieiiiee et e e 381

8.3.2.2 EPICS Adaptive OPtiCS CONCEPL . .......eiiiiiitiiiiieie ettt sttt 381
8.3.2.2.1 CommON Path SYSIEM: ... ..o 382
8.3.2.2.2 Individual Channel PAtNS ...........eiii et et e e s eeeneea s

8.3.2.3 (O70T (o1 g F=To ¢=T o] 1) V2T OO TRUR PR UPOPR

8.3.24 Correction of co-phasing errors

8.3.2.5 EPICS PEITOIMANCE ... ittt ettt e et et e e s eat e e s ab e e e e sbe e e sanbe e e anneeanbeeeanneaaan

8.3.2.6 Technological requirements for EPICS .........cooiiiiiii e 389

8.3.2.7 FUuture developmMENT PIAN........oo et e e e e e et e e e e e e st reaeeeennraaeeeeennnnns 390

8.4 Third generation Adaptive OPLICS ....eiiiiiiiiiiiiie e 392
8.4.1 (oo 18 To3 110} o R RTPROR 392
8.4.2 Toward the 3" generation AO systems With LGSS ........ccooviiiiiiiiiii e 392

8.4.2.1 From Single Conjugate to Laser Tomography A ...........ccooiiiiiiniiiiieieeiee e 392

8.4.2.2 Laser assisted Ground Layer Adaptive OPtICS ........ceoiuiiiiiiiiiiie et 393

8.4.2.3 Laser Assisted Multi-Conjugate Adaptive OPtICS ..........coieiiiiiiiiiiieeie e 394

8.4.24 Laser Assisted Multi-Object Adaptive OPLICS ........ccciiiiiiiiiiiieee e e 395

84.3 ELTS @NA LGSS ISSUES ....uuviiiiieieiiiiieiiie e ettt e ettt e e e e e sttt e e e e e e s b s e e e e e e s e nnnnranaeaaeas 395
8.4.4 Potential SOIUtIONS 10 LGS iSSUES .......eeiiiiiiiiiiiieiieee e 397

8.44.1 S To oyl =1 loT g To =11 To] o WSS 397

8.4.4.2 ST oo g1 o1=T4 =1 1] o = TSRO 397

8.4.4.3 FratriCide ©ffECT........oo e 398

845 New Laser Guide Star CONCEPLS .......eeiiiiiiiiiiiieiee e e ea e e 398



8.4.5.1 Pseudo Infinite GuUIde STars ..o 398
8.4.5.2 Sky Projected Laser Array Shack-Hartmann ... 399
8453 Virtual WavefTONT SENSOT .......cuiiiiiiiiece ettt ettt b e eae e nneeenes 399
8454 Variable Wavefront SENSOrS ... 400
8.4.5.5 Laser Guided AO with on-sky phase shifting Interferometry.............cccooiiiii e 401
8.4.6 Strategies of the LGS program for OWL ..........cceiiiiiiiiiiiiie e 404
8.4.6.1 BACKGIOUNG ...ttt a ettt ettt et h e e et e nan e e r e e 404
8.4.6.2 Status and PlanNNEd taSKS.........c..eiiiiiie et e e ea e eareaeaas 404
Telescope structure and kinematiCS........cccceeeevveviiieeeeennnn, 407
9.1 DESIGN PriNCIPIES ..t e e 407
9.2 DESIgN ASSUMPTION .eeiiiiiiiii ittt e et e et e e e s snbbe e e e sneeeas 409
9.3 DESIGN EVOIULION ....eiiiiiiiiiei et e e 409
9.3.1 LRSS = (o | o PP P PR 411
9.3.2 TOO8 DESIGN ...ttt ettt ettt e e bt e e n 411
9.3.3 TO99 DESIGN ...ttt ettt et e e b e e s 412
9.34 2000 DESIGN....t ettt e e e e e e nan 414
9.35 2002 DESIGN ...ttt ettt ettt h et e e b e e e e e e nnn e e e e e e 414
9.3.6 D007 3 =Y o | o (PRSPPI 415
9.3.7 2005 Design (Current baseling). ..........uvviiiiiiiiiiiee e 416
9.4 CONCEPLUAI DESIGN. ..eeiieiiiiieei ittt e e e e e e e bbb e e e e e e e e e e nbabeeeeaaaeeeaans 416
9.4.1 ) (o (8 = o L= o o PP EPRSPPRRP 417
9.4.1.1 Material SEIECHON ..........cocviiiiiii 417
9.4.1.2 Structural element SEIECHON............ccociiiiiii 418
9.4.2 Fractal DESIGN. .....cooiiiieiiiiii ettt ettt n 419
9.4.2.1 BaS@ MOAUIE ........ooiiiiicc e 419
943 AZIMULN STTUCKUIE. ... e 420
9.4.4 AGIUAE STTUCIUIE. ... s 421
9.4.41 Primary mirror ODSCUIAtION .........ooiuiiie ittt ettt e et e e s e e e e sase e e e anneesneeeannnen 423
9.4.4.2 S (Lo U= I o o TSRS 423
9.4.4.2.1 Material SEIECHON. .........c.ciiiiii 424
9.4.4.2.2 AT Ta o I o] o I o] 1= PP RRT 425
9443 FOCAl StAtIONS ... 426
9.4.4.3.1 Alternative focal station. ... 427
9.4.5 SUD-SYSIEMS ESIGN. ...t 428
9.4.5.1 KIMEIMIATICS. ..ttt ettt a ettt ettt et na et er e e
94511 Torque requirement
9.4.5.1.2 ACCEIBIALION. ... s
9.45.13 Friction DrivVe & BEATING. ......c.occuiiiiiiiieiit ettt ettt sb ettt 428
94514 Hydrostatic pads and dir€Ct AriVe. ..........cooiiiiiiiiie e 434
9.451.5 MagNEtiC LeVItAtION.......coiiiiiiie e e 435
9452 (7014 =Te1 (o] A TSP PP TSP STPUP VR OURRUP 437

19



]

9453 M3 and M4 UNit.......oooii e 438

9454 L SR o 1 OSSPSR 438
9455 Y LT SRS 438
9.455.1 Interface to the COMECION...........oi i s 439
9.455.2 MB Unit dESIGN VOIUMIE ...ttt ettt ettt et e e e et e e e bt e e e ente e e e nne e e e anneeennneas 439
9.4.6 SegmMENtS SUPPOIT SYSEEM. ....oiiiiiiiiiiiiee ettt e e et e e 440
9.46.1 SEGMENT ASSEMDIY. ...ttt 441
9.46.2 EXEFACIOIS. ... e e 441
9.4.6.3 Position Actuators CharacCteriStiCs. ..........couiiiiiiiiiii e 442
9.4.6.3.1 Axial stiffness
9.46.3.2 LOBA CASES. ... e et 442
9.4.6.3.3 YT 0 - T PR UT SRRSO 442
9.4.6.34 SHTOKE ..ttt ettt sttt ettt sttt R e Rttt e et Rt ae Rt eee e e Rt e Rt et e eRenaenseReeneeaeetereeeeeseneeneaneas 442
9.4.6.3.5 (1 [oFT=Te l I To) oI = =T a T AV To | 1 1A P PPR PSSR 443
9.4.6.3.6 Maximum traCKing FAt .......oooueiiiiiii ettt et e e et e e e st e e e bt e e e enbe e e e enreenneas 443
9.46.3.7 MaXimUM SIEWING FALE ..ottt ettt ettt sen et 443
9.4.6.3.8 [ (= Q0 ESTST o T o] o AU 444
9.4.7 Wind Evaluation Breadboard ..............cceeeiiiiiiiiiiiiiiiice e 444
9.4.71
9.4.8
9.4.9
9.4.9.1
9.4.9.2
9.4.10 ST =1 | PSP 447
9.4.11 Mass & MOmMENt BreakKAOWN. .........uuiiiiiii it e e e e e rae e e e e e e 448
9.5 Y (Vo (U= = T B ST PSSP
9.5.1 ANGIYSIS TMHEE ...t e ettt e e e e e e e et e e e e e e e —taaaeaaaa—raaaaaeenranes
9.5.2 SEAtIC ANAIYSIS ... e e e e e e e e e e e araa s
9.5.2.1 (€T =1 PRSPPI
9.5.2.2 Steady State Wind
9.5.3 THErMal @NAIYSIS ... ..ueieiiiee it e e e e e e e e e st e e e e e e e st e e e e e e e e e enraeans
954 [T Lo N g F= PP 458
9.5.4.1 1 LT E- OO ST RPRPT PSRRI 458
9.54.2 DYNAMIC WINA LOAM ... ..ottt ettt et e e he e e e s bt e e s asbe e e saneeeeasneeenbeeaanreaaan 463
9.54.2.1 Macro scale wind effect on segmented MIrrors ...........coociiiiiiiiiiici e 464
95422 Micro scale wind effect on Phasing €O .........cciuiiiiiiiieie e 467
9.5.4.3 Effect of s0il and fOUNA@tIoN ...........ccoiiiii e 469
9.5.5 SAFELY ANGIYSIS ...t 471
9.5.5.1 WM Lt b bRtk b et a e ae ekttt r e r et ere s 471
9.5.5.2 LoE T (g To [UE= PRSPPI 472
9.5.5.3 20T [T TSRS 472
9554 Fatigue .......cccccoevveeenns ....473
9.5.5.5 PretenSION Of FOPES ....cc.iiie et e e et e st e e e s e e e tb e e e saaeeeeaaeeanbeeesenreeean 474

9.6 Structure desSign OPLIONS ......eiiiiiiiiiie it 475



9.6.1 Base line High configuration (2005 deSigNn) ........ccccoiiiiiiiiiiie e 475
9.6.2 Glass Ceramic [ow CoNfIQUIation ............ccooeiiiiieiiiie e e e 475
9.6.3 SiC high and [ow configurations............cooi e 476
9.6.4 Glass Ceramic 60 m configuration .............cooiiiiiiiiiiii e 477
10. Adapter-ROtatOr.........uuiiiiiii e 479
0 0 A = =T LU L =T 0 1= 479
02 e T o 1] 4 = 11 | SRRSO 480
10.3  NOTIONAI DESIGN ..ttiiiiiiiiie ettt ettt e e s sttt e e s ssbe e e e s sabeeeeesnbneeeean 481
10.31 PICK-UD IMIITOIS ...ttt e ettt e e e e e e e ettt e e e e e e e nnnteeeeaaeeaannnnneeaaannes 482
10.4  Adapter-Rotator configuration vs instruments and functions............ccccceeviiieenens 483
11. Enclosure and infrastruCtures ..........ccccccveivieeveviiie e, 485
11,1 TeleSCOPE ENCIOSUIE ettt e et e e e st e e e sbb e e e s nbbeeee e 485
11.11 Baseline design deSCriptioN .......... i 487
11.1.2 CONCIEEIE WOTKS ...ttt ettt e e e e e ettt e e e e e e ettt e e e e e e e e e annsbeeeeaaeeeaannnnnneeean 495
11.1.3 Structure and MEChANISMS .......ooiiiii e e e 497
11.1.4 ABEINALIVES ...ttt e e e e e ettt e e e e e e et e e e e e e e e e ae e e e e e e etaeeeas 501
L11.2  INFFASTIUCTUIES ..ttt e e e e et e e e e e e s e aab e e e e e e e e s e s nnbrneeeaeeas 506
11.21 Mirrors MaINENANCE ..........uiiiiiii ettt e e e e e et e e e e e e e st eeeeaeeesnnnseaeeeean 508
11.2.2 L= T =1 (o] 4 = USROS 509
11.2.3 Control room and personnel OffiCES ......c.iciiiiiiiiiiiie e 510
11.2.4 Air conditioning and chilled water plants ... 510
11.2.5 L 1T o I 1153 (] o 01T S R 511
11.2.6 POWET STALION ...ttt e e e e e e e e e e e e e s eeeaaaneas 511
11.2.7 Personnel accommodation BUIIAING .........coovuiiiiiiiii e 512
11.2.8 SHtE PrEPAratiON .......oiiiiiiii ittt e e 512
11.2.8.1 Camp and first INFrastrUCIUMES ...........ooiiiiii e 513
11.2.8.2 Earth works for telescope Platform...........ooiii i e e e srae e e sae e e e 513
11.2.8.3 AcCesS roads t0 the ODSEIVALOIY .........coii it e e e e s e e aneeenaeee s 515
11.2.84 L ETot=Y =TT o USSR 516

12. INSTrUMENTatioN ..o 517
12.1  Technical INSTrUMENTALION ..ccciiiiiiiiiee e e e 517
12.2  SCIeNCEe INSTTUMENTALION ..uveiiiiiiiiee sttt e e st e e e st e e e s snbeeeessntaeeeeans 518
12.2.1 Scope of the instrument concept STUIES ...........evveiiiiiiiiie e 518
12.2.2 Instrument ConCEPt STUAIES.........uuiiiiiiiie e e e e e e e e 519

12.2.3 CODEX: high resolution. ultra-stable VIS-R spectrograph...........cccccoviiiiiiiniiiieeeeee 519

21



12.2.3.1 QUANEEYE ..o 523

12.2.3.2 Hyper-teleSCope NIR CAMEIA .......oooiiiiiiie ettt et et e e sat e e e e be e e e sneeeenneeaaas 526
12.2.3.3 ONIRICA: OWL NIR IMaging Camera .........coouiiiiiiiieiiiieieesiee ettt sttt 527
12234 MOMFIS: Multi Object. Multi Field Near —IR Spectrograph............ccoceeiiiiiieiiciniienieesee e 534
12.2.3.5 EPICS: Exo- Planet Imaging Camera Spectrograph ............cooiueiiiiieeiiiee et 537
12.2.3.51 SCIBNCE AFIVETS ...ttt ea ettt et e bt et e sae e et e eeee e e bt e sbeeetenaneeneees 538
12.2.3.5.2 LI 11 1= TP PP PP PSP PPPRTPPRPN 538
12.2.3.5.3 Top leVvel reQUIFEMENTS ......oi ittt et e et e e s st e e e s nee e e enneeeeneeanes 539
12.2.3.5.3.1 INSITUMENT. GENETAL.......oiiiiiiii ettt sne e 539
12.2.3.5.3.2 Instrument main observing modes and performance requirements.............cccccceeveirieennene 540
12.2.3.5.3.3 Requirements to the site . the telescope and observing time...........cccoccceiiiiiinii e 541
122354 INSITUMENTCONCEPL ...ttt et eb ettt nae e e eans 541
12.2.3.55 Adaptive optics
12.2.3.5.6 Coronagraphy......
12.2.3.5.7 INSITUMENTS ...ttt ettt et e bt sttt st et e e et e b e e saeeeans
12.2.3.5.71 Differential IMagET .......eiiiie ettt 543
12.2.3.5.7.2 Integral Field SPeCtrograph .........cc.ui it 544
12.23.5.7.3 Differential Polarimeter..........oooiiiiiii e 544
12.2.3.5.8 Integration times for a 5 ¢ detection in case of background limited observation.......................... 545
12.2.3.5.9  NEEA fOr TO0M ....uiiuiieiitiieeieeie ettt ettt et e st et eseeseeae e e e eseesenaesaeseeseeneeseasenseseeseneeneeneanens 548
12.2.3.5.10  SyStEMALIC EITOIS ..ottt ettt ettt et e b e e b e s beeenbeeneesnee e 548
12.2.3.5.11  Technological requirements for EPICS............oooiiiiiie et 548
12.2.3.6 T-OWL: Mid-INfrared IMAgET ........cc.oiiiiiiieiiee ettt 549
12.2.3.7 SCOWL : Imager at Submillimeter Camera at OWL ..........coociiiiiiiieiieie et 553
12.2.4 Versatile Instruments and Dedicated Experiments or SUIVEYS .........ccccccovvieeiiiiieeeciece e, 557
12.25 Telescope Interface and Deployment Considerations.............cccveiiiieeiiiieeiiniie e 557
12.2.6 Adaptive Optics Requirement OVEIVIEW ..........ccoiiuiiiiiiiiiiiiiiie et 559
12.2.7 Detector ReqQUIrEMENT OVEIVIEW ..........cciiiiiiiiiiie ettt e e e e e e e e e e e raeeeaaeeaas 559
13. Transport and iNtegration .........cccovvevveeiinie e 561
R Tt R I =1 157 o Lo o PSPPI 561
13.1.1 DESIGN PrOVISIONS....ciiiiiiiiieii ettt e e e e e e e e e e e s b e et e e e e eesnsbaaeeeaesesessaseeeaaanns 561
13.1.11 MECRANICS ... s 561
13.1.1.2 (@01 1o OSSR SSRS 562
R B Y1 (T 0} 4= To |- T o R 562
13.2.1 DESIGN PrOVISIONS. ..ttt ittt ettt ettt sa et e e et e e ettt e e sab e e eb bt e e aann e e e nneas 563
13.2.11 IMIECRENICS ...ttt et b et a e ettt ettt et e r e e 563
13.2.1.2 AlIGNMENT MELIOIOGY ...ttt et e e e st e e ssb e e sasb e e e aaneeanbeeesnneeeas 563
13.2.1.3 Telescope truss structure INtegration ..............oo it 564
13.2.1.3.1 =TT OSSPSR 564
13.2.1.3.2 PRESE 2.ttt et 565
13.2.1.3.3 PRESE 3.ttt et h bbb R Rt E e A e A et e Rt Rt b e b e e e Rt Rt eRe et e eebe et e e eneerees 565

13.2.1.3.4 PRESE 4. e e e 566



13.2.1.3.5 PRASE 5 ... 567

13.2.1.3.6 PRESE B ...ttt ettt et Rkt h b £ Rt Re Rt A e e e Rt e Rt ehe b et et e Rt aeneereeaeabennan 567
13.2.1.3.7 L 1T T PSPPSR 568

13.21.4 SEGMENE INTEGIAtION ...ttt b et b ettt naeeeare e 569
13.2.1.4.1 Segment handING T00L......c..uii ettt et e et e e et e e e nae e e ennea e 570

13.21.5 (O] o] 111 T T TP PP U OUP VRO URRUP 573
13.2.1.5.1 INItIAl @lIGNMENT.......eee et e e nnnee s 573

13.2.2 S T= =1 |2 PP URUPRRR 574
14. Site Characterisation .......ccccovveee i 575
2 | | 4 o Yo 11 o3 4o ] o PRSPPI 575
14.1.1 Instrumentation and MEthOdS ...........ooo i 575
14.1.11 (03 o0 o [ =TSSP 575
14.1.1.2 Precipitable Water VAPOK ........cooo ettt e e et e e e e e et e e e e e e e neneee e e ennnnneees 576
14.1.1.3 ACTOSOI EXEINCHON ...t 576
14.1.1.4 ST=TY 1o T [P SPPRRN 576
14.1.1.5 Turbulence Vertical Profiles ............ooi e e 576
14.1.1.6 TUrbUIENCE OULET SCAIE ...ttt ettt ettt ne e 577
14.1.1.7 Wave front CONErENCE tIME ........oouiiiiiii e e 577

14.2 P arAmMELErS SPACE .ttt 577
14.2.1 GENEIAl @SITONOIMY ...ttt ettt et e st e e eaee e 577
14.2.1.1 (01T T8 g T=TS PP P SRR PR SRR 577
14.2.1.2 Precipitable Water VADOUT...........ooii ettt e e e e e e e e e e e st e e e e e e seansnteeesennsnnnees 578
14.21.3 F =T LYo I ] o o o OSSR 581
14.2.1.3.1 S@NATAN AUST ... e e e e 581
14.2.1.3.2 CONMTAIIS ...ttt e et r e r et e r bt e et r et r e nre s 582

14.2.1.4 51 Y o2 T (e | (01U Lo EO TSP 583
14.21.5 S T=TCT 13 T T PSSR UR PRSP 584
14.2.2 Telescope design & OPEratioN ...........c.cceeiiiiieiiiiee e eiee et ree e e e e et e e e seee e e sneeeeenreeeeenns 585
14.2.21 Wind. temperature and hUmMIdity ...........oooueiiiii e s 585
14.2.2.2 SBISITUCIY ..ttt h et a ettt ettt et b e et na ettt er e et e e ere e 585
14.2.2.3 Topology. SOil CharaCteriStICS ........eiiiiiiiiieee e 586
14.2.2.4 INFTASTIUCIUIES ...ttt s 587
14.2.3 AO ODSEIVALIONS ... et 588
14.2.31 Lower atmosphere turbulence and Wind ..ot 588
14.2.3.2 Higher atmosphere turbulence and WINd .............oooiiiiiiiiii e 590
14.2.3.3 Full AtMOSPNEIIC PrOfilES ...ttt et e et e e e s st e e e saeeesneeeeannen 591
14.2.34 SOAIUM TAYET ...ttt a e et e s bt e bt sae e et e e see e et et e e b e e nneeeareens 593

14.3  Site SElECHION STIALEOY .uuvetiiiiiiiei ittt e e e e e e e e e aeeeaaeas 593
14.3.1 Identification of potential candidates..............ooviiiiiiiiii e 593
14.3.2 Characterization of the parameter Space...........cccccoooiiiiiiiiic i 597
14.3.3 Analysis of climate stability ............ccoiiii e 598

14.3.3.1 The experience of ESO ODSEIVATOrY .........cooiiiiiiiie et 598

23



]

14.3.3.2 FRIOWL ..ot ea s 599

14.4  Site preservation and MONTTOTING ......cooiiiiiiiiiiie e 602
14.4.1 (o Toz= | IS 1YY o o o] o (4o ) SR 602
14.4.2 Astronomical Site Monitoring Station ............c.eeiiiiiii 603

15. Maintenance and Operations ........ccccceeveevveiiiiieeeeeeiiiieeeeeennns 607

L 70 R |V - V] g =T = U [ o] = S PP 607

15.1.1 DESIGN PrOVISIONS. ...utieieiitiie ettt ettt e et se e e et e e et e e s e e e e ane e e s ennn e e e naneas 607

15.1.11 Human access and handliNg .........coouiiiiiiiiii ettt 607
15.1.1.1.1 HUMEIN @CCESS ...t e e s 607
15.1.1.1.2 HaNAING FACIHIIES. ....ceoiiiiiiiee ettt e sre e e snnee s 608

15.1.1.2 (070 T4 1=Te3 (o gl o = 13 To 1o To [E OO PRSP TR OPRTUPOPR 609
15.1.1.3 MB UNit HANAIING ...ttt n e rn e e nne et s e e e nenne e e anneas 610
15.1.1.4 Primary mirror COVErs NANAIING .......c..oio it e et 611
15.1.1.4.1 Covers Docking and undocking Operations. .............ccocuiiiieriiiiii e 612

15.1.1.5 SHAING ENCIOSUNE ...ttt bttt e et sb ettt e b eabe b e e beesaneennes 613
15.1.1.6 Secondary Mirror NANAING .........ooiiiiie et sb et st e et et e ebeesneeenes 614
15.1.2 T 11 TSRO 615
15.2  ODbSEervatory OPEratiONS.....ccccuuiiiiiee e e e icitiee e e e e e e s s e e e e e e s e s e e e e e e e s e ann e rereeeeeeannnnneees 615
TG T S ot =T g Tod =T e ] o =T = L 0] o 1SR 617
16. MaNAGEMENT ... 619

LS 70 R 1 1 4 o o [ U o3 Ao o EO SRR 619

16.2  Programme OrganiZatioN ........c..eieiiiiieiiiiiiee ettt s s e s e e e e e 622

16.3  Programme management and CONTIOl ........ooociiiiiiiiiieiiiiie e 627

16.4  Programme tEAM ... ..ouiiiiii ettt e e s e e e e e s e s e e e e e e s e e r e e e e e e e 628

16.5  Programme PRaSES ... .ot e e e 629

16.6  SCNEAUIE ettt e e e et e e e e e e e e e e e e e e e e e e ennbeeeeas 630

16.7  COSt Of the PrOgramMmMIE.. . et e e e e e e e e e e e e anneees 632
16.7.1 Cost estimate MethOdOIOgY .........cccuuiiiiiieei e e ea e e 632
16.7.2 L0701 PP PSP U R TPPR PR 632
16.7.3 ] £ 11T aTo T PP PR TP PP 633

16.7.3.1 (D= T o g W o] =TT SRS RP PP 633
16.7.3.2 (0701 g 151 (U Ted i o] g I o] s F= TSSO U PSS URT PO POPR 633
16.7.3.3 (@] oTT =TT o Eol o] o T= F-T= SR 633

Design parameters — SUMMATY .........ooveeiiiiiiiieeeeeiiieee e 634



R OIS e e e 641

ACKNOWIEAGEMENTS ..ueeiieeec e 649
CONTIIDULOIS oo 652
Appendix 1. The ELT Design Study .....ccccevvviiiiieieeiiiiieeeeeeiiieeee 655
A-1.1 WOTK PACKBGES ..ooiiiiiiieiiiiiie ettt ettt ettt e s et e e s s bt e e e nbe e e e e aeee 655
A-1.2  Wavefront CONTIOl ... ..o 660
A-1.3  Optical fabIICAtION ... et a e e 666
A-1.4  MECRANICS ..ot 667
A-1.5 ENclosure & Wind STUGIES ........cooiiiiiiiic e 669
I G T o =T o YT @ o 4o SRR 669
N A © T o 1= - L f [0 ¢ 1 PR 670
A-1.8  INSTIUMENTALION ...oiiiiiic e e 670
A-1.9  Site CharaCterization ............ociiiiiiiii e 671
A-1.10 Integrated MOAEIIING . ....co it 672
Appendix 2. ELT Design Study Participants.......c.cccceeeevvevinnnne. 673

Appendix 3. System status at construction readiness review..677

Appendix 4. Phase B Schedule estimate ............cccceeviiiiiiinnnnn. 683
Appendix 5. Phase C/D schedule estimate ............cccevviiicennnnn. 689
Appendix 6. COSt eStMALE......ccoi i 703
Appendix 7. Software toolS ......ccooovviiiiiiiii 707
Appendix 8. Optical design — criteria and merit function .......... 711

Appendix 9. Optional COMMECION ....iiiiiiiiiie e 715

25



=)

Index of tables

Table 2-1 Summary of top level reqQUIrEMENTES ..o 63
Table 2-2. Baseline design, optical characteristics. ..., 65
Table 2-3.Segments CharacteriStiCs. ........ooueiiiiiiiiii e 69
Table 2-4 Instrument Concept StUAIES ...........iiiiiiiii e 81
Table 2-5. Subsystems status at start of segments integration. ............cccoociiiiee, 84
Table 2-6. OWL cost estimate, capital investment..............cccccooei e, 92
Table 2-7 Summary of exo-planet capability as a function of ELT size ........cc.ccccveviviiiieinnenn. 95
Table 2-8 Summary of studies of resolved stellar populations as a function of ELT size........... 96
Table 2-9 Summary of studies of the high-redshift Universe as a function of ELT size.............. 96
Table 2-10. Dependence of main telescope requirements on diameter D................cccccvveeeee.n. 97
Table 2-11. Summary of environmental risks (a few comments still to be incorporated). ........ 101
Table 2-12. SYSEM FISKS ....eoiiii it e e e e e e s e e e e e e s e nnnneee s 103
Table 2-13. Areas of RiSK IMPACL. .........ooiii e 108
Table 3-1. Primary SCIENCE CASES ......uuiiiiaaiiiiieieiie e e e e e e e e e e e e eeee e e e e e e e e s neneeeeaae e e e e nnenneeas 110

Table 3-2. (From Science Book) Gains in magnitude for the same signal-to-noise and exposure
time when observing unresolved sources in the background-limited regime. The gains are
shown relative to an 8m telescope delivering 0.5” iMages. .......cccccceveciiveeniien e 113

Table 3-3. (from [118]) IR performance of several ELTs compared to that of the JWST space
telescope, in terms of the point source sensitivity ratio ELT/JWST. In the near-infrared an
ELT outperforms a 6.5m cold (~30K) space telescope such as JWST (bold font shows
L= 1[0 e O 1R ) T USSP 114

Table 3-4. Diffraction limit (Res, in milliarcsecond) and corresponding limiting magnitudes for
various telescope sizes, under identical conditions and assumptions (i.e. same Strehl ratio
of 50%, efficiency 30%, sky background from Paranal, no atmospheric extinction). While

the absolute values may change with assumptions, the relative ones should not. .......... 115
Table 3-5. Summary of the capabilities of a sub-mm instrument on OWL compared to those of
SRR 116
Table 3-6. Science requirements. S stands for Strehl ratio..............ooooviiiiiiiiiiiiiiiiiiii, 121
Table 3-7 Requirements from the main science cases (adapted from Hook [120]).................. 126
Table 4-1. Single conjugate AO reqUIrEMENTES. ........cooiiiiiiiiiee e 131

Table 4-2. Multi-conjugate AO reqUIrEMENES. .......cccieiiiiiiiiiiiiiee e 132



Table 4-3. Ground-layer AO reqUIrEMENTS. ........oocuuiiiiiiiiie e 132

Table 4-4 Multi Object AO reqUIremMENES.........ooiiiiiiii e 132
Table 4-5. Extreme AO reqUIrEMENTS. .......oiuiiiiiiiiiie ettt e e e e e ee e 132
Table 4-6. AO requirements at optical wavelengths (provisional). .........cccocoeviiiiii e 133

Table 4-7. Effect of differential displacement due to atmospheric refraction between meridian
and one hour from meridian. RA and DEC are right ascension and declination, Sep is the
separation between the stars, Displ is the relative differential displacement in milliarcsec at
one hour from meridian, and AT is the maximum exposure time in minutes to have a

displacement < 10% of the diffraction peak. ..........cccooceeiiiiiii i 134
Table 5-1. Image quality requirements, non-adaptive modes.............cccccviiiiiiiii e 136
Table 5-2. Image quality requirements, with first and second generation adaptive optics. ...... 137
Table 5-3. Failure / damage hierarchy and allowable rate of occurence. ...........ccccccceeeeunnnnenn. 137
Table 5-4. Structural SUDSYSIEM. .......ooiiiiii e 149
Table 5-5. Optic model, inputs and OULPULS. ..........ooiiiiiiiiii e 149
Table 5-6. CONIOl IOOPS. ...ttt e et e e ebe e e e e nae e e e eneeas 150
Table 5-7. Integrated Model - Intermediate steps. .........coooiiiii i 150
Table 5-8. Integrated Model validation methods. ..o 151
Table 5-9: Typical expected median values of the atmospheric turbulence parameters based on

the experience at existing ObSErvatories. ...........cooiiiiiiiiii e 161
Table 5-10: Various environmental conditions on Paranal. ..............c.cccccoiiiiiiiic i 162
Table 5-11: Temperature conditions on Paranal.................iiiiiiiiiiieic e, 164
Table 5-12: Earthquake characteristics for two different sites. ...........cccccoeeiiiiii 166
Table 5-13: Survival wind speed for telescope and enclosure structure. ...........ccccceeeeevinnnnneen. 167
Table 5-14: Survival temperature conditions for the telescope and enclosure structure.......... 167
Table 5-15. Image quality budget - main positions. ... 169
Table 5-16. OWL Image quality budget in SCAO mode. ........ccooioiiiiiiiiieiiee e 170
Table 6-1. Optical design: guidelines and objectives. M=Mandatory; C=Critical; D=Desirable.186
Table 6-2. Ratings for designs No 1 to 4. (*) P=Pass; F=Falil.............cccccoiniiiiiiie 193
Table 6-3. Baseline design, optical prescription. ... 197
Table 6-4. 4-mirror f/15 design, 60-m aperture; optical prescription. ............cccooooiiiiiiiiiicinee. 199
Table 6-5. 4-mirror f/15, 60-m aperture design. Nominal optical quality.............cccceeviiireennnee. 199
Table 6-6. Baseline design, optical quality. ... 202
Table 6-7. Expected emissivity at 2.2 um, classical Al or Au coatings. .........ccccocceveiiiiieeennne. 208
Table 6-8. Expected emissivity at 2.2 um, Gemini enhanced Ag coatings. ...........ccccoeceeeeenne 208
Table 6-9. Baseline design, sensitivity MatriX. ..o 21
Table 6-10. Baseline design, sensitivity matrix, corrector decenters (rigid body)..................... 212
Table 6-11. Segments CharaCteriStiCS. ........cooicuiiiiiiii e 227

Table 6-12. Compared performance of Zerodur, fused silica and silicon carbide with respect to
through-thickness CTE and thermal gradients (1.6-m flat-to-flat, 70 mm thick segments).
.......................................................................................................................................... 230

Table 7-1 Altitude axis: summary of the design results ..........cccoceiiiiii i 255

Table 7-2 Azimuth axis: summary of the design results ..........ccocccceeiiiii i 255

27



=)

Table 8-1: Spectral Envelope of maximum Tip-tilt signal (mirror tilt) to be corrected by M6AM.

On-sky tip-tilt is ~ Mirror ti/20. ...........ooiie e 302
Table 8-2: SCAQ Strehl ratio (%) with the visible wavefront Sensor...........cccccvveevivee i, 302
Table 8-3: SCAO Strehl ratio (%) with the infrared wavefront sensor...............ccccccciiiiine 302
Table 8-4: Requirements for the Calico- Mux development funded by Caltech and ESO......... 311
Table 8-5: Local Loop CharacteristiCs.........o.ueeiiiiiieeiee e 327
Table 8-6: Analog performance (Capacitive SENSOI) ........cccuuiieiiiiiieeiiee e 327
Table 8-7: Characteristics of potential materials for thin shells. .............ccccooiiiis 330
Table 8-8: Main characteristics of the OWL large DMS............cooiiiiiiiiiiiieniee e 333
Table 8-9: Essential characteristics of the VLT adaptive secondary mirror. ...........ccccocveevneenne 333
Table 8-10: AO systems commissioned or under development. SPARTA support starts with

Y PSSR 338
Table 8-11: GLAO Ensquared Energy (%) in 50mas pixel over 6’ FOV ........cccocoviiiiiiienennnne 346
Table 8-12: GLAO — Gain in Ensquared Energy in 50mas pixel over 6’ FOV, corrected PSF vs.

ES1=T=T] o o TR PRSPPI 346
Table 8-13: GLAO Ensquared Energy variation in 50 mas pixel over FOV (PSF uniformity)... 346
Table 8-14. Field referenCes. ... ....oi e 360
Table 8-15: MCAO performance (Strehl Ratio, %) over 1’ FOV vs. seeing and NGS magnitu%%sﬁ;
Table 8-16: MCAO Strehl Ratio variation (in rms Sr) overthe 1" FOV;.....cccooviiiiiiieiieeee 366
Table 8-17. Four technologies to achieve the XAO requirements .............ccoccvvieeeeeeeeecccinnneen, 390
Table 8-18: Quantitative evaluation of the known LGS issues versus telescope diameter ...... 397
Table 9-1: Design UIAEIINES ..........uuiiiiiieee e e e e e e e e e e e e e s e eas 409
Table 9-2: Kevlar available grades. ... 424
Table 9-3: Main axes friction drive and bearing topology...........cccoveiiiiiiiiii e 433
I o] SR B S I o T=To [ o= £ PP PR 433
Table 9-5: Main axes torque reqUIremMeENt. ... ... ..o 433
Table 9-6: Friction drive generated tOrqUEe ............cooiiiiiiiiii e 434
Table 9-7: Cost breakdown of OWL’s drive and bearing systems .........ccccocceeiiiiieiiiniee e, 434
Table 9-8: Maglev main reqUIreMENtS ... i 435
Table 9-9. Bearings & drives linear generate forces. ..........ccocvviiiieiiiiii e 436
Table 9-10. Minimum required stiffNness. .........uviiiiiii e 437
Table 9-11: Telescope mass breakdOwn .............ooviiiiiiiiiiiiiiie e 448
Table 9-12: Mass MomMeNnt Of INEItIA..........ccuiiiiiiiii e 448
Table 9-13: Mass and inertia budget of the FE model in zenith configuration. ......................... 450
Table 9-14: Differential rigid body motions of the optical elements due to gravity.................... 452
Table 9-15: Worst case rigid body and PTV motions of M1 and M2 segments due to static w‘|1r15%
Table 9-16: Eigenfrequencies and effective masses of zenith configuration. ........................... 458
Table 9-17: Eigenfrequencies and effective masses of 30 © configuration. .............cccccceeeennene 458

Table 9-18: Eigenfrequencies and effective masses of 60 ° configuration. ..............c.cccceeeneee. 458



Table 9-19: 16 maximum piston displacement of M1 and M2 due to von Karman wind load

spectra applied to complete MIrrors ar€a. ...........euvveiieiiiiieiiiiiiiiieieeeeeeeeeeeeeeeeee e 467
Table 9-20: 16 maximum displacements of M1 and M2 segments (part of the mirror area

Lo =T [T | R RSP SR 467
Table 9-21: Maximum stresses. safety margins and displacements or survival wind load caie731.
Table 9-22: High configuration ..............cooo e 475
Table 9-23: LoW CoNfIQUIratioN. .........coiuiiiiiiiiee e 476
Table 9-24. Design options. overall properties. ..o 478
Table 10-1. Adapter-rotator requeirements for a set of representative instruments. ................ 483
Table 10-2: Adapter-rotator requirements for a set of representative AO Systems. ................ 484
Table 10-3 Adapter-rotator requirements for Active OptiCS. .........cccovviieiiiiiiiiiiieee e 484
Table 11-1. Main sites CharacteristiCs. ...........oociiiiiiiiiii e 486
Table 11-2: Concrete and steel QUANTILIES ..........ovviiiiiii i 496
Table 11-3: Power consumption estimation ...............ocoiiiiiiiiiiiiie e 511
Table 11-4: Volume of earth to be removed to prepare the site. ..........ccccooiiiiiiii 515
Table 12-1. Instrument Concept STUIES........cooi i 518
Table 12-2. Gain in photon statistics with telescope Size ..o 525
Table 12-3 Magnitude limits for point sources at 100m. 60m and 30mM..........cccccceeeeiniiinneee. 529
Table 12-4 Magnitude limits (S/N=5) for 1 hour integration time for OWL and JWST ............. 530
Table 12-5 Proposed wave-lengths set for the differential imager ...........ccccccooviiiiiiiin e 543
Table 12-6: Characteristics of Earth-like planets used in the simulation. ................................. 546
Table 12-7: Characteristics of Jupiter-like planets used in the simulation. ............................... 546
Table 12-8 Main characteristics of SCOWL .........occeiiiiiiiiii e 555
Table 12-9 AO Requirements from Instruments " seeing-reduced image quality desirable * high

frequency monitoring of water content of atmosphere desirable .................cooecivieeeeen. 558
Table 12-10 Detector Array ReqUIremMent ..........oocuuiiiiiiiiii e 559

Table 14-1: PWV (mm) statistics for Paranal (January - August 1998) and Chajnantor (January -
September 1999) for satellite and ground based site monitor measurements of PWV. .. 579

Table 14-2: Site locations and INfOrmMation...............ooiiiui i 579

Table 14-3: Typical IR Backgrounds at Paranal (mag/arcsec-2). from J. Cuby et al.. The
Messenger 101. p.3. September 2000. Note that K. L and M values include telescope
DACKGIOUNG. ...t e e e e et e e e e e e e e nanaeeeeeeeeeanes 584

Table 14-4: Average background at Paranal (mag/arcsec-2). from >4000 FORS1 exposures
during Apr.-Sep. 2001. by F. Patat. UBVRI Night Sky Brightness at ESO-Paranal during

sunspot maximum. The Messenger 115. March 2004. .............ccoooiiiiiie e, 584
Table 14-5: 50-years horizontal ground peak acceleration (g units) with 10% probability of

L=< =Y [T o USSR 585
Table 14-6: Soil characteristics for Paranal area (Site 1) and La Palma (Site Il) ..................... 587
Table 14-7: NCEP / NCAR Reanalysis datasets used...........cccoooieiiiiiiiiiiiniiieee e 600
Table 14-8: ECMWF Reanalysis datasets used (ERA-15) ........occoiiiiiiiiiiiii e 600
Table 14-9:TOMS Aerosol datasets USed ............ooiiiiiiiiiiie e 601

Table 15-1: HUMAN @CCESS. ... .coeeeiiieee et et e e et e e e e e e e e e e e ea e e e enaeeeenaas 608

29



)

Table 15-2 Sliding enclosure maintenance requiremMents ...........ccccoviieee e 613

Table 16-1. Total estimated cost (incl. contingency and overheads)............cccoeceiiiiiennne. 632
Table 16-2. Estimated human resource requirements, design phase. .........ccccococveiriieeeenee. 633
Table A- 1. ELT Design Study - overview of the Work Packages. .........cccocoieiniiiiiiiien e, 660
Table A- 2. Position sensors main specifications. ... 660
Table A- 3. Position actuators, essential characteristics. ..........cooovueeiiiiiiiiiiie e 662
Table A- 4. Function of merit, criteria and relative weights. ..........cccooiiiiiiiiii e 712
Table A- 5. Mandatory reqUIrEMENTS. ........ooi i 712
Table A- 6. Merit function; guidelines for ratings. ..........ccccvieiie i 714

Table A- 7. Optional corrector, optical prescription. ..........cccceeiiiiiciiiieeee e 717



Index of figures

Figure 2-1. Using primary distance indicators to disentangle cosmological models. The plot
shows the apparent magnitude difference relative to an empty universe of several
cosmological models as a function of redshift. Regions of application for various methods
of distance estimates with OWL are indicated. ... 56

Figure 2-2 Simulation of observations of Supernovae with OWL.The current data from ground
and space observations are shown. These observations will allow to determine the cosmic
SN rate, and help disentagle cosmological models (e.g. whether a “quintessence field” or a
“Phantom ENEIGY” EXIST).....ccuuiiiiiiiiiii et e e e e e e et e e e nree e e nees 57

Figure 2-3 Brief history of the telescope. Stars are refractors, asterisks are speculum reflectors
and circles are glass reflectors. Some specific telescopes are named..............cccceeeeennes 60

Figure 2-4 Improvement in sensitivity of telescopes expressed in “equivalent diameter of a
perfect telescope” = V (nDz), with n the telescope overall efficiency (the dashed line is an

aid to the eye, NOt @ fit). ...uveeiiii i 61
Figure 2-5. Layout of the OWL 0bSEervatory. ... 64
Figure 2-6. Layout of the baseline optical design. ... 66
Figure 2-7. Primary mirror geometry (3048 SEgMENtS).......ccooiiiiiiiiiiiiiiiiiee e 70
Figure 2-8. Secondary mirror geometry (216 SEgMENtS). .....oocuuieiiiiiiiiiiiiiiee e 71
Figure 2-9. Telescope structure, overall [ayout. ... 72
Figure 2-10. Structural steel MOAUIE ...........coo i 73
Figure 2-11. FrICON AriVE ...t e e e e e e e e e e e ennnee 73

Figure 2-12. First light results with MAD (laboratory conditions). Atmospheric turbulence is
emulated with phase screens. Seeing 0.5 arc seconds, coherence time 5 ms, wavelength

2.2 um. Adaptive loop frequency 210 HZ. .....ooooieiiiiiiie e 77
Figure 2-13. PSD of turbulent wind speed in open air and inside VLT enclosure (no wind

L (1= 0 ) PRSPPI 79
Figure 2-14. Sliding enclosure (courtesy CL-MAP).........ccoiiiiiiiiiiie e 80
Figure 2-15. Design phase, major mileStones. ...........cooiiiiiiiiiiii e 89
Figure 2-16. Phase C/D major MileStONES. .........ooiiiiiiiiiiiiiie e 90
Figure 2-17. ELT Design Study, Work Breakdown Structure.............ccccoooeeiiiiniiiciiieeees 93
Figure 2-18. ELT Design Study, overall schedule...............cccooiiiiiiiiiiiii e 94

Figure 2-19. Unit cost vs. quantity (industrial data)............ccccooiieiiiiii e, 99



=)

Figure 3-1. Time needed to achieve the same S/N on diffraction-limited telescopes as a ratio to
the time needed on a 100m, i.e. /100 (note the background limited, /t100 « D4, and shot
noise limited, t/£100 oc D2, r€QIMES).......uuiiiiiieiiieeiee e e e e 112

Figure 3-2. (From Science Book) The theoretical diffraction limits (A/D) for 8m, 30m and 100m
telescopes are plotted at three wavelength values corresponding approximately to the J, H
and K infrared bands (horizontal bars). Also plotted are curves of projected angular size as
a function of redshift for objects of various physical sizes (10pc, 50pc, 300pc and 1kpc) for
two sets of cosmological parameters: (Q2M,QA)=(0,0) and (0.3,0.7) for the lower and upper

CUIVES FESPECHIVEIY. ...eiiiiiiiiii ettt e e e nnneeee s 113
Figure 3-3. Observability of major emission lines with redshift. ...............cccc s 114
Figure 3-4 Simulated image of a solar-type system at 10 parsec (32 light-years)................... 117

Figure 3-5 (From Science Book) Synthetic Colour-Magnitude Diagram computed using constant
star formation rate from 13 Gyr ago to the present. The age of the stars are coded in
different colours. Labels indicate different evolutionary phases: BL - blue loop; HB -
Horizontal Branch; RC — Red Clump; RGB - red giant branch; AGB — asymptotic giant
branch; MS — main sequence. From [119]. ... 119

Figure 3-6 Simulation of the formation of the galaxies in the Local Group in a cold dark matter
scenario, by Ben Moore, Zurich, astronomy and cosmology research group

(WWW.NDOAY.NEL). .ttt s st e e e e nneee s 120
Figure 5-1: Project V-diagram. .........ooo i 140
Figure 5-2: Requirements breakdOWn. ...........c.ooiiiiiiiiiii e 141
Figure 5-3: Schematic example of functional breakdown. .............ccccoii 142
Figure 5-4. OWL architecture eXample. ..........ooiiiiiiiiiiiiiee e 142
Figure 5-5: Phase A “open loop” design iterations............cccovcuiiiiiiiiie i 143
Figure 5-6: Block diagram of the OWL Integrated Model..............cceeeiiiiiiiiiiiii e 146
Figure 5-7: Relationship between the height above the ground and the mean velocity ........... 153
Figure 5-8: Model velocity-PSD close to the M1 segments ............cooocviiiiiiiie i 154
Figure 5-9: Force PSD averaged over three different areas.............ccccccvvieeiiiiiiiicciiiieiee e, 155
Figure 5-10: Instantaneous pressure field On M1 .........ooooiiiiiiiiiiiie e 156
Figure 5-11: Comparison of PSDs obtained by CFD with model PSDs............ccccooieiiiiienenne 156
Figure 5-12: JBO Lovell Radio Telescope with pressure SENSOors ...........cccevvveeeeiiieeeeiiieeeeens 157
Figure 5-13 : Pressure power spectrum on the reflector of the Jodrell Bank Telescope.......... 158
Figure 5-14: Pressure PSD measured in a wind tunnel ............cccooieiiiiiiiiiii e 159

Figure 5-15. Respective areas of action of active and adaptive optical systems as a function of
the spatial and temporal frequency of the perturbations ................ccocoo i, 159

Figure 5-16: VLTI-Vinci Optical path difference power spectrum and Kolmogorov model
saturation for aperture distances larger than the outer scale L, (credit. E. di Folco, ESO

010 SRR 160
Figure 5-17: Steel pipe exposed to sun radiation..............cccccviiiiii i 162
Figure 5-18; Temperature eVOIULION ...........cooiiiiiiiiiiiiic e e 163
Figure 5-19: Environmental CONAItIONS. ........ocuuiiiiiiiiiie e 163

Figure 5-20: Acceleration response spectrum (Telescope, MLE, 0.34 g, 1.5 % damping)....... 166
Figure 6-1. Implied characteristiCs. ..........ooii i 187
Figure 6-2. Mechanical implementation of different optical designs. ........ccccciiiiiiiiiies 189

Figure 6-3. Baseline optical design (design NO 1). .....cooiiiiiiiiiiiiii e 190



Figure 6-4. Ritchey-Chretien design (design NO 2)..........cuuiiiiiiiiiiii e 190

Figure 6-5. Four mirror, spherical primary & flat secondary mirrors solution (design No 3)..... 191

Figure 6-6. Four-mirror, conic M1 & M2 design (design NO 4)..........c.ccoiiiiiiiiiiiiiieee e, 191
Figure 6-7. Four-mirror solution; f/0.89 spherical primary mirror . ...........cccooioiiiiiiiiieee. 192
Figure 6-8. 5-mirror solution, f/1.42 spherical primary mirror...........cccccooiiiioiiiiie e 192
Figure 6-9. Baseline optical design, major dimenSioNsS. ...........ccueiiiiiiieiiiieie e 195
Figure 6-10. Baseline design, optomechanical implementation. ...............cccoccciiiiin. 196
Figure 6-11. 4-mirror f/15 design, 60-mM aperture. ...........cccviiiiiiiiii e 198
Figure 6-12. Optical test set-up for the testing of a convex, aspherical 8-m class mirror......... 200
Figure 6-13. 60-m four mirror design with f/0.75 parabolic primary mirror............c.ccccvvvveeeeen... 200
Figure 6-14. Coaxial design with f/5 focus. Field of view 6 arc minutes, /1.3 primary mirror... 201
Figure 6-15. Baseline design; Strehl Ratio vs field of VieW. .........ccccceviiiiiicii e, 202
Figure 6-16. Baseline design; rms spot size (arc seconds) vs field radius. ............cccccceevneeen. 203
Figure 6-17. RMS wavefront error (microns) vs field radius. .........cccccooiiiiiiiiiiie, 203
Figure 6-18. Point Spread functions at 0.5 microns. Box size 0.040 arc seconds.................... 204

Figure 6-19. Ensquared energy at 0.5 microns. Scale: 100 microns = 0.0342 arc seconds. ... 204

Figure 6-20. Point Spread functions at 2.2 microns. Box size 0.200 arc seconds.................... 205
Figure 6-21. Ensquared energy at 2.2 microns. Scale: 500 microns=0.171 arc seconds. ....... 205
FIQUIre 6-22. DiISTOITION. ...cciiiiiiieiei et e e e e e e et e e e e e e e e e s anreeee e e e s 206
Figure 6-23. Vignetting by M5 as a function of M5 diameter. ..........ccccoooviiiiiicni e, 206
Figure 6-24. Possible set of baffles...........c.ouueiiiiiiiii e 207
Figure 6-25. Pupil mask (emissivity budget). The pupil mask covers all obstructed areas except

the inter-segment gaps and teNSIONING FOPES. .......oeeviieiiiiciiiiiieie e 209
Figure 6-26. Aberrated layer iMage. ............oio i e 213
Figure 6-27. Adaptive correction error (wavefront RMS) for 1 km conjugate defocus.............. 214
Figure 6-28. Image quality of the pupil conjugation; field of view 1 arc minute diameter. ........ 215
Figure 6-29. Image quality of the pupil conjugation; field of view 3 arc minutes diameter. ...... 215
Figure 6-30. Image quality of the pupil conjugation; field of view 6 arc minutes diameter. ...... 216
Figure 6-31. Spot diagrams, LGS at 90 km on-axis and 3 arc minutes off-axis. ...................... 217
Figure 6-32. Wavefront map, LGS at 90 km, 3 arc minutes off-axis. ..........ccccocevvveviciireincnnnnn. 217
Figure 6-33. Model of the pupil for studying diffraction effects ...........cccoceiiiiiiiiiiii, 218
Figure 6-34 PSF from the pupil presented above. The field of view is 1 arc second diameter,

wavelength is 650 nm. Here and further: logarithmic scale. .............cccoceeiiiiiiiiiiieennn. 219
Figure 6-35 Diffraction by the “spider”. PSF box size 0.72" .......cccoeviiiieiiiceeee e, 220
Figure 6-36 Diffraction by “missing” segments. PSF box size 0.72”..........cccoioiiiieiiiiieen, 221
Figure 6-37 Diffraction by the ropes. PSF box size 0.72” .........c.oooiiiiiiie e, 221

Figure 6-38. Mechanism of the formation of diffraction peaks (gaps): the grid factor (dots) is
multiplied by the segment PSF. Left: without gaps; except for the central one all peaks of
the grid factor fall into zeros of the segment PSFs. Right: with gaps; peaks no longer
COINCIAE WIth PSF g ZEIOS. ....ciiiiiiiiiieiieteeeeeeete ettt e et vet e bebabebarababebabsbebsassnsssssssnnnsnnnnnnes 222

Figure 6-39 Diffraction by intersegments gaps of the primary (left) and of the secondary mirrors
(right). BOX SiZ€ 0.72 @rC SECONS. ...coviiieeiitiee e e etiee e ettt e e e e ritee e e s entee e e e sntae e e e streeeeaneeeeeeneeas 222

33



o]

Figure 6-40 Intensity slice representation of OWL PSF between 10®° and 10”. Most diffraction

artefacts are apPareNt..........ooo s 223
Figure 6-41 Intensity slice representation of OWL PSF with 30nm and 56nm wavefront RMS

residual segmentation piston, tip-tilt errors on two segmented mirrors. .............cccccccoe.... 226
Figure 6-42. Segment unit ProduUCE trEe.........cuiiiiiiiiiie e 227
Figure 6-43. Primary and secondary mirror segments distributions. ............cccccnis 228
Figure 6-44. Primary mirror geometry, obscurations and intersegments gaps variation. ......... 229
Figure 6-45. Primary mirror segment blankK.............ooiiiiiiiiii e 231
Figure 6-46. Secondary mirror segment blank. ...........coocuiiiiiiiii i 232
Figure 6-47. Zerodur hexagonal cast. Courtesy Schott. ..........ccccceeiiiiii e, 233
Figure 6-48. CTE homogeneity of Zerodur. Courtesy SChott.............cccccvviiiieiiiiiiiiiiieeee e, 233
Figure 6-49. Thermo-mechanical figure of merit. ... 234
Figure 6-50. Precursor (left) and 1-m sintered SiC segment (right). Courtesy Boostec. .......... 235
Figure 6-51. Segments optical quality (rms slope) specifications. ...........ccccoieiiiiiiiiiinens 237
Figure 6-52. Segments optical quality (rms amplitude) specifications. ............ccccooveeiiiiiennns 238
Figure 6-53. Interferogram of a LAMOST 1-m spherical segment prototype. Courtesy REO2S:%.
Figure 6-54. Segment deflection on axial support. Zerodur, thickness 70 mm..............cc......... 240
Figure 6-55. M4 aspherization profile. ... 241
Figure 6-56. M4 slope difference with respect to best fitting sphere............ccociiiiiiiiiie 242
Figure 6-57. High spatial frequency wavefront error, VLT primary mirror...........cccccceeeveeeeeenns 243
Figure 6-58. M4 optical 1St SEt-UD. ....ccueiiiiiiiie e 244
Figure 6-59. M4 nominal interferogram, double pass. ........cccccceeeieeiiiiciiiieee e 244
Figure 7-1. Wavefront control - overall layout. ............coooiiiiiiiiiiii e 248
Figure 7-2 Wavefront Control Architecture for OWL ...........oooiiiiiiii e 249
Figure 7-3 Block diagram of the closed-loop SyStem ..o 251
Figure 7-4 Normalized PSD of the wind loads applied to different height: altitude configura;igg
Figure 7-5 Frequency characteristics of altitude models for four different configurations ........ 252
Figure 7-6 Frequency characteristics of azimuth models for two different configurations......... 253
Figure 7-7 Output sensitivity function as a a measure of both the rejection of perturbation and

the robustness for the altitude axis ............coviriiiiiiii e 254
Figure 7-8 Output sensitivity function as a measure of both the rejection of perturbations and the

robustness for the azimuth axiS ..o 254
Figure 7-9 PSD of tracking error on the main bearing (altitude axis 30 deg) — open-loop

(dashed), CloSEd-100P (SOlA) ....eeiiiiueiiieiiiiie et 255
Figure 7-10 Main bearing (altitude axis) tracking error for 30 deg configuration ..................... 255

Figure 7-11 Left) bogie subjected to various forces-- Right) friction as a function of velocity.. 256

Figure 7-12. Tracking a ramp reference signal in closed-loop. Left: slope 0.1 arcsec/sec stick-
slip motion. Right: slope 0.5 arcsec/sec; stick-slip disappears.........ccccccoriiiiiiiiieneennnnne. 257

Figure 7-13 Block-diagram of bogie control system: feedback + feed-forward friction
CoOmMPENSAtION SIrAtEQY ...ccoi i 258



Figure 7-14 Closed loop simulation of seven bogies (with friction compensation), one bogie is
passive which exhibits small stick-slip motion, oscillations are induced on other bogies. 258

Figure 7-15 Closed-loop simulation of the altitude axis at 30 deg tracking a ramp reference
signal with a slope of 0.1 arcsec/sec: left) no feed-forward friction compensation---right)

with feed-forward friction compensation ... 259
Figure 7-16 Closed-loop simulation of altitude, 30-deg configuration..............cccccceviiiiiinnnen. 260
Figure 7-17 Wavefront error (filt) on the sky- Altitude simulation: zenith configuration, main

axis control with different wind loads applied to different levels............c...ccceoeinnnennnn. 260
Figure 7-18 PSD of the wavefront error (filt) on the sky..........ccccviiiiiiii e, 261
Figure 7-19 Wavefront error (tilt) after field stabilization correction as a function of the closed-

[[oTo) o3 o= 1aTo Vi To | { o TS PO PEPPRN 261
Figure 7-20 Block diagram of the closed-loop control of M6: field stabilization....................... 262
Figure 7-21 PSD of the corrected tilt wave front error on the sky..........cocccciiiiiie, 262
Figure 7-22 Simulation results: wavefront errors before and after correction, tilt motions of the

M6 unit and the input torque applied to the unit. ... 263
Figure 7-23. Field of View of the Shack-Hartmann sensors on M3 and M4. ...............ccoeeee. 268
Figure 7-24. Two types of lenslet and their projection onto the edge of the segments ........... 272
Figure 7-25. Shape of the PSF for piston steps ranging from 0 to M2...........cccoviviiieninnenn, 272
Figure 7-26. Conceptual setup of a Modified Mach-Zehnder interferometer. .............ccccoceee.. 273

Figure 7-27. Mach-Zehnder signal profile for a piston step of n/2 and for different optical path
differences between the two arms. Theoretical predictions are on the left hand side and

experimental results on the right hand side............ccccoi i 273
Figure 7-28. Phase mask PriNCiple.........cc..uuiiiiiii ittt 274
Figure 7-29. Signal obtained with a mechanical piston step of 230 NM.........cccccceeviiiiieenen.s. 274

Figure 7-30. Signal obtained with the diffraction image technique (courtesy A. Schumacher) 275

Figure 7-31. Signal obtained with the pyramid sensor for a piston step between square
segments (COUMESY S. ESPOSITO)......uuuiiiiiieiiiiiiiiiiie e e e e e 275

Figure 7-32. Position and surface piston levels of the hexagonal subapertures on the piston
plate used for the laboratory tests (A=0nm, B=18nm, C=50nm, D=325nm). ................... 276

Figure 7-33. Phasing sensor signal from the multisegment phase plate without (left) and with
(fght) TUFDUIENCE. ...t e e e nrae e e e nnae e e e ennes 277

Figure 7-34. Sensor signals and fitted curves for one border for the two cases without (upper
plot) and with (lower plot) turbulence. Note the change of the character of the signal : from
an oscillating behaviour to smooth wings according to the function f. .................cccco.... 278

Figure 7-35. ZEUS measurements: amplitude of te signals versus known piston steps without
(a) and with a turbulent generator (b). Note the reduction of the amplitude of the fitted sine

curve from 0.65 10 0.29...... e 278
Figure 7-36. Hough transform of the signal (left) and the detected lines (right). ..................... 279
Figure 7-37. Piston steps distribution: Initial (a) and after 6th loop (b). The grey scale is in 2210
Figure 7-38. Closed loop simulations. Gain 0.5. Initial wave front RMS = 322.5nm, final RMS =

22 423 TSRS 281
Figure 7-39 Indexation of the SEgMENTS.........cccouiiiiiiiiii e 282
Figure 7-40. Indexation of the borders between the segments ...........cccoeciiiiiiiiiii e, 283

Figure 7-41. The signal from the gaps obtained by a high-pass filtering (a), two spatial Fourier
filters (b), and the filtered patterns for the secondary (c) and primary (d) mirrors............ 286

35



=

Figure 7-42 Scheme of segment system configuration .............cccocceeiii e 287

Figure 7-43 PSD of wind load on 0ne Segment ... 288
Figure 7-44 Position error RMS as a function of control bandwidth of each actuator............... 288
Figure 7-45 Closed-loop position error PSD compared to open loop PSD..........ccccccceieiiiniis 289
Figure 7-46 Closed-loop response of system--- closed-loop bandwidth: 10Hz ........................ 290
Figure 7-47 Closed-loop simulation ---- with AFC, closed-loop bandwidth 10Hz...................... 290
Figure 7-48 Closed-loop simulation ---- with AFC, closed-loop bandwidth 5Hz........................ 291
Figure 7-49 Reaction force on back structure and wind load on segment............ccccceveveeeens 292
Figure 7-50 PSD of wind load and reaction force and back structure.............ccccccoeceeeiiiienens 292
Figure 7-51 Seven segment configuration ...............cooiiii oo 293
Figure 7-52 Wind load force on SevVen SEgMENTS...........coiiiiiiiiiiiie e 294
Figure 7-53 Seven segment closed-loop simulation: edge sensor readings and absolute position

Of the SEIMENTS. ..o s e 294
Figure 7-54: 3D view APE on the nasmyth platform ..........ccooii e 296
Figure 7-55: 3D VIEW Of the ASIM ..o 296
Figure 7-56: Conceptual design of the IM .........ooo i 297
Figure 8-1: M6 Adaptive Mirror located in the corrector structure of the telescope. ................. 300
Figure 8-2: Single Conjugate Adaptive Optics CONCEPL........ccvviiiiiiiiii e 300
Figure 8-3: Limited corrected FoV due to anisoplanatism in the SCAO concept..........cc.cc...... 302
Figure 8-4: Statistical distribution of the outer scale .............cccceeiiiiiii i 303
Figure 8-5: Conjugation altitudes of the MBAM UNit...........ccccvvviiiiiiiiiie e, 303
Figure 8-6: Geometrical characteristics of the M6 Adaptive Mirror...........ccccccoooeiciiiieeie e, 304
Figure 8-7: Control scheme of the M6AM unit and interface with the active optics. ................. 305
Figure 8-8: Transmission of the wavefront sensor pick-up dichroic............ccccccciiiiiiiiiiinnns 306
Figure 8-9: Defocus of the wavefront sensor versus field position ...........cccoceiiiiieiiiinens 307
Figure 8-10: Technology concept of the WFS L3CCD detector.........c.ocveeiiiiiiiiiiiiiiiciieeee 307
Figure 8-11: Quantum Efficiency with deep depletion enhancementin the red........................ 308
Figure 8-12: OWL pupil dissector for the Shack Hartmann wavefront sensor.......................... 308
Figure 8-13: Shack Hartmann wavefront sensor ConCept.........cccoovieiiiiiiiiiiiiiiee e 309
Figure 8-14: Pyramid wavefront SENSOr CONCEPL.......ccciiiiiiiiiiiiiie et 311
Figure 8-15: SCAO Shack Hartmann or Pyramid Real-time architecture...............ccccccceeeveeee 312

Figure 8-16: Strehl vs. Magnitude for the SH-WFS (without RON), in K, H, J bands (top to
bottom), for the good seeing model (left) and bad seeing model (right). Results are on-axis
.......................................................................................................................................... 313

Figure 8-17: VLT Planet Finder performance for different Readout Noise .............c.cccoiiees 313

Figure 8-18: Ensquared Energy versus pixel size (K-H-J; top to bottom), for good seeing (left)
and bad seeing models (right). Bright stars are considered. ...........cccccceeiiiiiiiieiee e, 314

Figure 8-19: Affect of anisoplanatism on the performance of the SCAO system, in K, H and J
bands (top to bottom), in good seeing model (left), and bad seeing (right)...................... 314

Figure 8-20: Strehl vs. Magnitude for the IR PYR (without RON on the left, 5e- ron rms on the
right), in K, H, J bands (top to bottom), for the good seeing model. Results are on-axis. 315



Figure 8-21: Long Exposure PSF with 10000 ph/subap/integ (bright NGS), for the K band (left)
and J-band (right). Both pictures are on-axis. Stretch is logarithmic..............cccccceeeeen.. 315

Figure 8-22: EE vs. pixel size, in the K, H and J bands, good seeing, and bright guide star. .. 316

Figure 8-23: Shape for the DM during closed loop. The "spikes" near the telescope central

obstruction, created by diffraction effects on the PYRWFS. ... 316
Figure 8-24: On-axis strehl versus wavelength for a bright reference star..............cccccccooiee. 317
Figure 8-25: Point Spread Functions obtained with SCAO. From left to right 2.2, 5 and 10 ym.

Good seeing conditions, bright on-axis star. .........cccocccoii i 317
Figure 8-26: P-V DM mechanical stroke requirements versus spatial frequency for a seeing of

1.5” and different outer scales (Courtesy, T. Fusco-ONERA)..........ccccvevieeeiiiiciiiieeeee, 318
Figure 8-27: Strehl (on-axis) vs. L0, for the SH based SCAO system (good seeing), in K, H and

B o= T £ SRR 318
Figure 8-28: Conceptual design for the 1120mm diameter, 1170 actuators VLT deformable

= ToTo ] alo F=T Y1 114 (o] S PTPPR 322

Figure 8-29: Force/thin shell mirror (VLT design) based on Cold plate, Reference body & thin
shell. A Hexapod, attached to the cold plate, provides fine focusing & centering (Courtesy,

MiICrogate/ADS, ITAIY)....coiueiiee e 322
Figure 8-30: Closer view of the actuator distribution on one half of the DSM (Courtesy
Y [TorgoTe b= T =Y D LRSS 323

Figure 8-31: Light weighting scheme of the VLT design Reference Body; estimated weight
(Zerodur) is 27kg while a monolithic design would lead to 130 kg (Courtesy

Microgate/ADS, [AIY) .. ..eeie e a e e e 324
Figure 8-32: Double side polishing device for flat shell. Six shells, maximum diameter of 68mm
each can be polished at once (Courtesy SESO, France) .........cccccevviieeeiiiieciniiee e 325
Figure 8-33: The successive steps of thin shell slumping (Courtesy INAF) ........cccccoiiiiinen. 326
Figure 8-34: Scheme of internal control loop of actuator positions (left hand side). Feed-forward
force added to the control schematic on the right hand side..............cccoccis 327
Figure 8-35: Mode stiffness versus mode number for the VLT DSM..........ccooiiiiiiiiiiiiininen, 328

Figure 8-36: Theoretical Influence Function of a thin shell DM. Left: the IF (scale in mm), right:
the associated stress in the glass (square grid of actuator at 29mm spacing, 2mm thick)

.......................................................................................................................................... 329
Figure 8-37. Permanent magnet mounted on the shell..............ccceiiiiiiiiiici e, 330
Figure 8-38. Permanent magnet Sizing. ..........ccooiiiiiiiiiiiiiee e 330
Figure 8-39: Shell thickness producing 15 nm rms gravitational sag (30nm rms wavefront error)

VS. @CHUALOT PILCN....ceiiiiie e e 331
Figure 8-40: Shell gravitational sag (nm) vs. act. pitch for Zerodur, ULE, Borosilicate, Steel &

LAY 0 1 SO OPPP 331
Figure 8-41: Shell deformation or stroke. Absolute analytical model accuracy: 50%; valid for

relative material ComMPariSON............i e 332
Figure 8-42: Optical diagram of the VLT Deformable Secondary Mirror test setup................. 334
Figure 8-43: Mechanical setup of the VLT deformable secondary mirror Test facility.............. 335
Figure 8-44: Possible test setup for the OWL MB6. In the case of spherical mirror a corrector is

needed for aberration compensation (not shown here) ..........cccccccveiiiiie e 335
Figure 8-45: Quantum Efficiency curves of the L3 CCD and the PN-sensor...........cccccccoeueeee. 336
Figure 8-46: Pn-Sensor readout principle for the 256x256 detector............ccccceeeeiiiiciiiieenennn. 337

Figure 8-47: Left: Shack-Hartmann read-out; right: Pyramid read-out ...........c....ccooeeiviinenen.n. 341

37



=

Figure 8-48: SPARTA ArChiteCtUre ..........cooi i 342

Figure 8-49: Preliminary statistics of the turbulence profile at Paranal ...............cccccccooiis 343
Figure 8-50: Fraction of turbulence located at 200 m as measured by the SLODAR at Paranal
.......................................................................................................................................... 344
Figure 8-51: Ground Layer Adaptive OptiCs CONCEPL.......ooiueeiiiiiei e 344
Figure 8-52: GLAO real-time hardware architecture ..................coo 347
Figure 8-53: Frequency of circular 6 arcmin diameter fields as a function of the number of NGS
included at the North Galactic Pole for different NGS limiting magnitudes ..................... 349
Figure 8-54: Frequency of circular 6 arcmin diameter fields as a function of the number of NGS
included on them at at I=0° and b=|50°| for different NGS limiting magnitudes. .............. 349
Figure 8-55: Performance of the VLT MACAO system on UT4 .........ccoiiiiiiieiiiiiiiieeee e, 350
Figure 8-56: GLAO Ensquared Energy in 50mas for seeing of 0.53"(left) and 1” (right) at 0.5um;
B N G SS ...ttt ettt ettt et e ee e e anee e e ae e ettt e anteeeanaeeanneeeneeeateeenneen 350
Figure 8-57: Gain of EE in 50mas brought by GLAO relative to seeing for seeing of 0.53”(left)
and 17 (right) @t 0.51M; 6 NGSS......ooiuiiiiiii s 350
Figure 8-58: EE vs field of view position (K-band); 3NGS in 3’ plus 3 NGSs [3-6']; faint star 1e-
/sub-aperture/s, good seeing MOAE .........coiiiiiiiiiiiie e 351

Figure 8-59: Corrected PSF with GLAO using 6 NGSs, 6', good seeing (left) and bad seeing
(right), K band, on-axis, 10ph / subap / NGS top curve is GLAO, bottom curve is the

B pTete g =Ted (= To JET=T=T] oo R PR 351
Figure 8-60: Effect of the outer scale of turbulence (L) on the Strehl obtained with GLAO with 3
NGSs within 3' FOV; good seeing; Top to bottom: K, H, J. ..o, 351
Figure 8-61: HAWK-I concept based in CPU-only SPARTA architecture. With the new FPGA
architecture the number of computational units will be reduced. ............cccccciiiinnne 353
Figure 8-62: Concept of Multi-object Adaptive Optics or Distributed Adaptive Optics with
wavefront SENSOrS iN OPEN T0OP .....cooi i 354
Figure 8-63: MOAO concept with the wavefront sensor in pseudo closed 100p .......cccc.ccc.....e. 355
Figure 8-64: GLAO combined with MOAO concept with the wavefront sensor in open loop (right)
and in pseudo closed 100P (IE) ... 356
Figure 8-65: MOMFIS schematic functional diagram (Courtesy LAM, France) .............cccce...... 357

Figure 8-66: MOMFIS general view of the implementation: in the focal plane small pick-off
mirrors are positioned with a robot, directing the target beams steering mirrors and the
reference star beams to the WFS. The steering mirrors direct in turn the beam to the DM
and IFU units (Courtesy LAM, FrancCe).........cuuuiii oot a e 358

Figure 8-67: MOAO CONLIOl I0OPS.......coiiiiieiiie et 359

Figure 8-68: MOAO Real-Time Computer Concept. The diagram shows an example with only 4
wave-front sensors with local DM and 6 clusters each serving one IFU. The Dm on the

right Side 1S the MBAM. ... e e 360
Figure 8-69: Gain in Ensquared Energy in a 50 mas pixel for each scientific target, H band, 1”
ES1=T=T] o o TR PP EP PSP 361
Figure 8-70. Left: mean distance to the center of the field (arcmin) for the considered
constellations. Right: integrated magnitude of all the used NGSs .........ccccceviiveeiineenn. 361
Figure 8-71: Optical setup of SESAME (Courtesy LESIA)........ccooiiiiiiiiiiie e 362

Figure 8-72: General MCAO concept (left). Star Oriented MCAQO concept (right). Each NGS
wavefront is measured with dedicated WFS and the signals are recombined to determine
the correction to be applied to each DM conjugated at different altitudes. ...................... 364

Figure 8-73: Opto-mechanical concept of ONIRICA (Courtesy INAF).......cccocooiiiiiiniiiiieeeee 365



Figure 8-74: Architecture for a SH-based MCAO system with reduced number of reconstructed
T [ PSR 368

Figure 8-75: Frequency of circular 6 arcmin diameter fields as a function of the number of NGS
included on them at the North Galactic Pole (left) and at an intermediate galactic latitude
R o LT 0 (4T | 1 OO 369

Figure 8-76: Strehl (K-band) as a function of the NGS number distributed on a 6 arcmin FoV
optimized in the central 1 arcmin. Solid line: Mv=5, dashed line: Mv=16, dashed-dotted
line: Mv=17, dashed-dotted-dotted line: Mv=18. For each magnitude: top line on-axis,

DOtOM lINE: Off-8XIS. . ..uuieiiiiiii e e e 370
Figure 8-77: Strehl (on-axis) for the good seeing model, MCAO, 3 NGSs, 2' FOV, K, H, J (top to
bottom), Mv=16 corresponds to 5 photons/subap/frame............ccccccveeieeiiiiiiiiiiieiee e, 370

Figure 8-78: Numerical simulations of MCAO correction (Strehl ratio in K band, H and J bands
(top to bottom)) on a 6 NGS asterism (Mv=5 (left plot) and Mv~16 (right plot)), the good
seing model (~0.5” was used). Correction is optimized for a 1’ FoV (diameter).............. 370

Figure 8-79: Barycentre speed of a G2-V star due to the differential atmospheric refraction
between the WFS effective wavelength and the instrument observing in K band for
different target declinations ... 371

Figure 8-80: Barycentre speed of a B5-V star (top) and a M5-V (bottom) with respect to a GO-V
star observed in J Band. The curves stop when the Zenithal distance is larger than 60°.

.......................................................................................................................................... 372
Figure 8-81: Mapping of the FoV for interaction matrix estimation in MCAO ................ccc........ 375
Figure 8-82: The MAD bench installed in the ESO optical laboratory during testing................ 376
Figure 8-83: Optical Iayout Of MAD. ... e a e 377
Figure 8-84: Left: the SH WFS area during integration. Right: the LOWFS during final test;r;%
Figure 8-85: Left: MACAQO bimorph DM used for conjugation at 8.5 Km. Right: the multi layer

turbulence generator MAPS. ... ... e 378
Figure 8-86: MAD first light SCAO CloSEd [00P .......uuviiiiiiiiiiiiii e 379

Figure 8-87: MAD first light GLAO closed loop. Only one phase screen at 6 Km altitude has
been used and the guide stars were located on a circle of 1.5’ diameter. The FWHM

reduction faCtOr iS ~2.5. ... i 379
Figure 8-88: Encircled energy gain in the first light GLAO closed loop. At the FWHM radius of
the corrected image the gain iS ~2. ........eeiii i 380
Figure 8-89: Common path XAO concept for EPICS. ..o 384
Figure 8-90: Individual scientific channel path. ............ccooii e, 384
Figure 8-91: 5-sigma detection level after differential imaging for 0.1 nm rms differential
chromatic error before the coronagraph (circular average). A = 1600 nm. ...........cc......... 385
Figure 8-92: Residuals after dual imaging with a perfect coronagraph (left), and a double stage
Lyot coronagraph with prolate apodization (right.) ..., 386
Figure 8-93: AO correction of co-phasing residuals. Left: initial co-phasing errors. Right: best fit
with DM2 (0.67 actuator Separation). ...........ccueeeiiiiiiiiiiiiiee e 386
Figure 8-94: Residual left by best fit Of DMo........coiiiiiiiiii e 387

Figure 8-95: Cut in wave-front maps of Figure 8-102 and In Figure 8-94. Solid line: initial co-
phasing errors (piston and tip-tilt, 20 nm rms). Dashed line: DM, fit. Dotted-dashed-line:
residual error figure after correction by DM, (6 nm rms error residual of high spatial
LLCCTe (8 L= oLt =T TR USROS 387

Figure 8-96: Effect of co-phasing on coronagraphic image at 1600 nm (Circular average of 2D
image). Solid line: PSF without coronagraph. Dashed line: Coronagraphic image with initial

39



o]

co-phasing residuals of 20 nm rms. Dotted-dashed line: Coronagraphic image of residuals

after AO COrrection (6 NIM MMS). ...oii i 388
Figure 8-97: Strehl ratio versus wave-length.............ccooiiii e 388
Figure 8-98: Theoretical point spread function after a perfect coronagraph............................. 389

Figure 8-99: Probability to find a NGS/Galaxy versus magnitude over 2’ FoV. Top to bottom:
Galactic plane, 180-20°, Galactic Pole ... 393

Figure 8-100: Performance (gain in EE compared to seeing) of a single on-axis LGS. Solid: on-
axis, dash: off-axis. Top to bottom: K, H and J bands. The good seeing model was used

(01830 T OSSPSR 394
Figure 8-101: LGS MCAO performance (K-band). Tip - Tilt stars at LGS positions. ................ 395
Figure 8-102: Pseudo Infinite Guide Star conceptual layout.............cccccvvviiiieiiiiiiciieeeee e, 398
Figure 8-103: Sky-Projected Laser Array Shack-Hartmann conceptual layout......................... 399
Figure 8-104: Virtual wavefront sensor conceptual layout. ............ccccoiviiiiiiiii i 400
Figure 8-105: Variable wavefront sensor conceptual layout. ............cccoooiiiiiiiiii e 401
Figure 8-106: Basic principle of measuring atmospheric turbulence with phase shifting

INEEITEIOMEIIY. .. ettt e e s b e e e eaes 402
Figure 8-107 Schematic arrangement of a multiconjugate correction with lasers and LPSI. ... 403
FIgure 8-108: FIDEI ISEI ... ettt e e e e e e e e e e e e eaanes 404
Figure 8-109: CW RaMaAN [@SEI ........coiiiiiiiie ettt ettt e s e et e e s nneae e e s snneeeaeansaeeean 405
Figure 8-110: Hollow Core Photonic Crystal fibre. .........cccccoiiiiiiiiiiiiie e 405
Figure 9-1: locked rotor mode eVOIULION ..........cooiiiiiiiiie e 410
Figure 9-2: Rotating Mass @VOIULION. ..........c.oooiiiiiiiiiiiic e e 410
Figure 9-3: 1997 design, rocking chair design I. ..........cooooiiiiiiiiiii e 411
Figure 9-4: 1997 design, rocking chair design 1. ... 411
Figure 9-5: 1998 design. Four petals design. ... 412
Figure 9-6: 1999 design |. Decoupled M2 Unit. .........cooiiiiiiiiii e 413
Figure 9-7: 1999 design IlI. Light rocking chair design. ...........ccccoviiieiiiiiieeiee e 413
Figure 9-8: 1999 design IIl. Cradle and bearings design. ...........cooueieiiiiiieiiiiieee e 413
Figure 9-9: 2000 design. Cradle and bearings design evolution. .............ccccoiieeiiiiiieee e 414
Figure 9-10: 2002 design. Cradle and bearings design evolution.............cccccccvveiviiieeeciciieeeene 415
Figure 9-11: 2004 design. Fractal deSign...........couiiiiiiiiii e 415
Figure 9-12: OWL telescope structure. Side VIEW. ..........ccooiciiiiiiiiee et 416
Figure 9-13: OWL telescope structure. Side VIEW. ..........ccoiiiiiiiiiiiee e 417
Figure 9-14: Structural materials stiffness and strength..............cccccoo i, 418
Figure 9-15: Typical Welded NOTE. .......cueiiiiiiiiii e 419
Figure 9-16: Base Fractal pattern.............oo e 419
Figure 9-17: Base MOUIE. ... et e e eneee e 420
Figure 9-18: NOde eXPlOAed VIEW......ccciiuiiiiiiiiiiee ittt e e 420
Figure 9-19: AZIMUh SEUCIUIE .....oeiiiie e 420
Figure 9-20: Azimuth structure and foundation interface ............ccoccoeiiiii e 421

Figure 9-21: AIItUE STIUCIUE .....c.eviiee e e e e et e e e sreeee e 422



Figure 9-22:
Figure 9-23:
Figure 9-24:
Figure 9-25:
Figure 9-26:
Figure 9-27:
Figure 9-28:
Figure 9-29:
Figure 9-30:
Figure 9-31:
Figure 9-32:
Figure 9-33:
Figure 9-34:
Figure 9-35:
Figure 9-36:
Figure 9-37:
Figure 9-38:
Figure 9-39.
Figure 9-40.
Figure 9-41:
Figure 9-42:
Figure 9-43:
Figure 9-44:
Figure 9-45:
Figure 9-46:
Figure 9-47:
Figure 9-48:
Figure 9-49:
Figure 9-50:
Figure 9-51:
Figure 9-52:
Figure 9-53:
Figure 9-54.

LI o T (= 422
Sets of parallel FOPE.........ooi e 424
Rope mechanical interface ... 424
Wind vortex Shedding. ........coooiiiiiiiiiii e 425
Cable damping system. (Courtesy of ULB). ........ccccoeiiiiiiiiiiiee e 425

Active damping concept. (Courtesy of ULB).........ccooiiiiiiiiiiiiiiiiiiiiiee e 425
Focal station [aYOUL. ....... ... e 426

Focal station external dimenSIONS. .........c.uuiiiiieiiiieee e 427

Focal station external dimensions. Side VIEW. .........ccccceeiiiiiiiiiiin i 427
Fibre fed focal Station. ... 427
Axial and Radial BOGIES. ........ccooiiiiiiiiiie et 429
BOGIE YOUL ... 429
Axial And Radial Bogies Cross Section. ...........occeeiiiiiiiiiiiiiei e 429
Azimuth bogies [0CAtION. .......c.oiiiiiii e 430
Computer controlled hydraulic cylinders of the master bogies...............cccceenee. 431
Communicating vessels MeasuremMent.............oouiiiiiiiiiee e 432
Bogies breadboard test SEtUP.........ooiiiiiiiiiii 433
= o IV (o] o (=11 SR 436
OWL MagLev available design location. ...........cccoeciieiiiiiiice e 436
(07014 =Tor (o] L PRSP PPRRI 437
M6 lay out design and [0CatioN .............eoeiiiiiiiiiieee e 438
M6 unit overall dIMENSIONS. ......c.cueiiiiiieiiie e 439
Optical bems INterseCtioN ...........coiiiiiiiiiiiiie e 439
M6 available design VOIUME. ..........ooiiiiiiiiii e 440
Segment SUPPOIt SYSTEM. ... s 441
Hexagonal segment assembly ... 441
Layout Of WEB. ......cooiiiiiee ettt 445
WEB Functional Layout. ...........ccuuiiiiiiiiiiiii e 445
Air conditioning [aYOUL..........cooiiiiiiiiii e 447

INNEr VENTIIAtION. ... 447
FE Model of OWL in zenith configuration. .............ccccoveiiiiiiiiee e 449
Side view of FE Model of OWL 60° from zenith. .........ccccooieiiiiiiiiiccec e 450
Analysis tree flow Chart. ..o 451

Figure 9-55: Vertical uz displacement distribution due to gravity for zenith configuration.

Complete structure (left) and mirrors M1 to M6 (right). .........cooiiiiiiiii 453
Figure 9-56: Displacement distribution due to gravity for 60° configuration. Complete structure in
global vertical uz direction (left) and mirrors in normal displacements (right). ................. 453
Figure 9-57. Normal displacement distribution of optical elements under static wind at60°..... 454

Figure 9-58: Vertical z-displacement distribution due to uniform temperature change of 10° C.

................................................................................................................................ 455

41



=«

Figure 9-59:
Figure 9-60:
Figure 9-61:

Equivalent stress distribution due to temperature change of 10° C. .................... 455
Temperature distribution due to sun radiation at 60° altitude angle. .................... 456

Vertical (uz) displacement distribution due to sun radiation at 60° altitude angle.457

Figure 9-62: Equivalent stress distribution due to sun radiation at 60° altitude angle. ............. 457
Figure 9-63: Mode shape of first eigenfrequency in zenith configuration at 1.59 Hz................. 459
Figure 9-64: Altitude locked rotor mode shape in zenith configuration at 2.58 Hz.................... 459
Figure 9-65: Azimuth locked rotor mode shape in zenith configuration at 2.86 Hz................... 460
Figure 9-66: Piston mode of altitude and corrector structure at 4 Hz. ...........ccccoiiiiis 460
Figure 9-67: Piston mode of M2 unit structure at 7.3 Hz...........ccoo i 461
Figure 9-68: FE models of M1(left) and M2 cell (right) structures. respectively....................... 461
Figure 9-69: Piston mode of M1 Cell structure alone at 5.1 Hz. ...........ccoceeiiiiiiiini e 462
Figure 9-70: Piston mode of M2 cell structure alone at 7.8 Hz. ............ocieiiiiiiii e 462
Figure 9-71: Natural frequencies versus mode NUMDET. ...........cccovciiiiiiiiiii e 463
Figure 9-72: Effective masses VErsus freqQUENCY. .........ccueiiiiiiiii e 463
Figure 9-73: 10 normal displacement distribution of M1. ... 465
Figure 9-74: 16 normal displacement distribution of M2. ..........cccoociii e 465
Figure 9-75: 16 response PSD of piston displacement of M1...........ooo oo 466
Figure 9-76: 16 response PSD of piston displacement of M2..............ccoooiiiiiiiiiiiiis 466
Figure 9-77: 16 response PSD of segments piston displacement of M1. ... 468
Figure 9-78: 16 response PSD of segments piston displacement of M2. ... 468
Figure 9-79: FE-model and major dimensions of the OWL with foundation and soil................. 470
Figure 9-80: Transfer function from wind load to y-deflection of M1..........ccoooiiiiiiieiinee 471
Figure 9-81: SMITH iagram .......cccueiii ittt e e et e e e s st ee e s entaeeeesneeeeeens 474
Figure 9-82: Base line. High configuration .............cccccooiiiiiiiiiiiie e 475
Figure 9-83: LOW CONfiQUIAtioN ..ot e e e e e e e e e e e eanes 476
Figure 9-84: OWL scaled down 60 MELEIS..........ccuuiiiiiiiee et e e e e e e 477
Figure 10-1;: Adapter ROTATON..........coi i e e e e e e 479
Figure 10-2: Adaptor Rotator 10Cation ..............ooiiiiiiii e 480
Figure 10-3: Adapter Rotator SECHON .........cooiiiiiii e 481
Figure 10-4: Adapter Rotator Instrument design volume ............c.oceiiiiiii e 482
Figure 10-5: PiCkUp MIrrOr SCAN FANJGE ......ccoiiuiiiieiiieie ettt e st e e sbae e s snreee e 482
Figure 11-1: Cargolifter BUIlAiNG .........cooueiiiii e 487
Figure 11-2: Baseline lay-out (courtesy CI-Map).......cccoouiiieiiiiiie e 489
Figure 11-3. Top view of the enclosure and telescope foundations...............ccccevviiieeiicieneene 490
Figure 11-4: Principle scheme of natural cooling of the enclosure volume...........cc.ccccccoveeenne 491
Figure 11-5 Simple thermal model of the enclosure ............cccoveeiiiii i 492

Figure 11-6 Typical temperature evolution of the enclosure assuming site 5 m/s wind speed. 493

Figure 11-7 Enclosure opening cycle (courtesy CI-Map). ........oeeviiiiiiiiiiiiiiee e 494



Figure 11-8: Enclosure foundations overview day park position (above). Night park position

(oo 0] o 1) P PR PRP 495
Figure 11-9: Typical reinforCement .............oii i 497
Figure 11-10 Typical cladding PaNEl ...........coooiiiiiiiiii e 498
FIgure 11-11: Main @rch .......ooouii e e 499
Figure 11-12: Hinge (COUMESY Cl-MAP) ......ooii e s 499
Figure 11-13: Conceptual design of the drive System..........ccocviiiiiiiiii i 500
Figure 11-14: Principle of the air supporting structure (courtesy Airlight)...........ccccoevvveinnnenn. 502
Figure 11-15: Lay out of the alternative design of the OWL enclosure............ccccccevvcvvveeiinnnnn. 503
Figure 11-16. Two halves concept (right below teh VLT telescopes platform)............cccco....... 503
Figure 11-17: Radome concept (cupola) for OWL (courtesy Cl-MAP) ........cccccveeeiiiiiciiieieeee, 504
Figure 11-18: Radome concept using air cushion technology (courtesy AirLight).................... 505
Figure 11-19 Arch-like structure fixing the arches holding the membranes..............ccccccooeeee. 506
Figure 11-20 Airtensity concept radome encloSUre OPEN ...........cooeiiiiiiiiiiiire i 506
Figure 11-21: Ventarrones (top right of the figure)...........ccoo e, 507
Figure 11-22: La Palma.......ooo ittt 507
Figure 11-23: Horizontal in-line coating plant (courtesy SISTEC-It) .......ccccccvviiiiiiiiieiiiniieenn, 509
Figure 11-24: Ventarrones: Observatory lay out (auxiliary building side above; hotel side belg\1/\2
Figure 11-25 The enclosure installed in La Palma...........cccccooiiiiiii e 515

Figure 12-1. The CODEX concept. The simulation represents two observations of the Ly o
forest of the same QSO taken at time T, (dotted line) and at time T,+10’ years (continuous
). CODEX/OWL will measure this effect for a separation of the two epochs as short as 10
years by comparing a large sample of high S/N QSO absorption spectra obtained with
L SR 520

Figure 12-2. Expected wavelength shift for different cosmological models: Standard Cold Dark
Matter (lower line. no cosmological constant) and A Cold Dark Matter (middle line) with
cosmological constant = 0.7. The upper line gives the difference of the two. The signature
of the non-zero cosmological constant is the change in sign of the wavelength shift..... 521

Figure 12-3. Magnitude distribution of known brightest QSO’s vs. redshift. From photon
statistics and simulations of measurements in the Ly o forest at different redshift one
derives the “iso-accuracy” curves plotted in the diagram. The required 1 cm/s/ accuracy is
obtained with all the QSO below the ‘iso-accuracy’ curve in 2000 hours integration ( 80m
telescope. total efficiency 14%. S/N= 13600). In reality the required statistics will be
obtained by observing with shorter integrations different QSOs (~40) distributed over the

whole sky and at different redshifts. ...........ooociiiiii 521
Figure 12-4. Optical Layout of one of the CODEX units. Each spectrograph is contained in a
volume of ~3x2x1 meter. The 5 Units will be identical. ............cccoooiiiiiiiiii s 522

Figure 12-5. Statistics of photon arrival times in light beams with different entropies. Light may
carry more information than that revealed by imaging and spectroscopy: Photons from
given directions with given wavelengths give the same astronomical images and spectra.
though the light may differ in statistics of photon arrival times. These can be “random”. as
in maximum-entropy black-body radiation (Bose-Einstein distribution with a certain
“bunching” in time). or may be quite different if the radiation deviates from thermodynamic
equilibrium. (Loudon: The Quantum Theory of Light. 2000). ........cccoccieiiiiiiiiiiieeeee 524

Figure 12-6 Current optical concept for a QuantEYE detector head: a distributed detector array
and a segmented aperture. The collimator-lens system magnifies 1/60 times (collimator

43



o«

focal length = 600 mm. lens focal length = 10 mm). giving a nominal spot size of 50 ym for

E= B = 0 T= oo T o YO USERR 525
Figure 12-7 The concept of the HyperteleSCope ..........ocueviiiiiiiiiiiiiie e 526
Figure 12-8: NIR C-M diagram from therotical isocrones by Girardi wt al. (2002. A&A 391.195)

.......................................................................................................................................... 528

Figure 12-9 The PSF radial intensity distribution as derived from MCAO assessment for the
central field of ONIRICA at OWL and used in the simulation of photometry in crowded
SERIIAT FIEIAS ..t 529

Figure 12-10 The limiting (S/N=5) magnitude Kg) for point sources as a function of the
EXPOSUIE IME ..t e e e e e e e e e e e st e e e e e e e e e sa et s rereeaeeeeeannrnneees 529

Figure 12-11 The limiting (S/N=5) magnitude K(AB) for point sources as a function of the
exposure time for OWL and the JWST (assuming same instrument and detector

(01T 0] 4 0 aF= T o7 =) PRSP 530
Figure 12-12 Optical layout of ONIRICA (central field) ........cccoeiiiiiiiiii e 531
Figure 12-13: Concept of the channel splitting in ONIRICA. The FoV splitting is provided by a

pyramidal mirror located at the intermediate focal planes. .........cccoooiiiiiii 531
Figure 12-14: Sketch of a single unit of a Smart Fast Camera.............coccoiiiiiiiii e 532
Figure 12-15: The picture on the left illustrates the SFC concept in which the light of a wide FoV

is divided by @ 1enslet @rray. ... 532
Figure 12-16: Opto-mechanical layout of ONIRICA including the two. wide and narrow.

channels. The tubular trusses have the function to stiff the cryogenic tubes................... 533
Figure 12-17 Two views of the instrument envelope in the instrumentbay .............c.......... 533
Figure 12-18 MOMFIS conceptual optical layout (See text). ......veeviiiciiiiiiiieei e, 535
Figure 12-19. Overall MOMFIS implementation in the focal station...............ccccocoiiiiniin. 536
Figure 12-20. lllustration of the MOMFIS operation. Image Correction is performed locally along

the line of sight of the target before image slicing and wavelength dispersion. ............... 537
Figure 12-21. Contrast vs. angular separation for different types of planets. (Courtesy O.

= {0 1= (= PP PPPRRPN 538
Figure 12-22: Number of stars versus distance from Earth for different spectral types............ 539
Figure 12-23: O, A-band at high spectral resolution. ............cccceeiiiiiie i 541
Figure 12-24: EPICS will be composed of three spectral channels for the scientific instruments

and one for wave-front SENSING. .....c.ooiiiiiiieeee e 542
Figure 12-25: Differential Imager based on dichoics splitting the beam in 4 wavelengths. ...... 543
Figure 12-26: Block diagram for the EPICS polarimetric mode concept...........cccccvvveeeeeeeeienns 544
Figure 12-27: Optical scheme for the high precision polarimetric mode in EPICS ................... 545

Figure 12-28: Example of halo intensity with perfect coronagraph after adaptive optics correction
. Error sources: servo-lag. photon noise (30 % transmission + L3CCD noise excess in
WEFS). chromatic seeing. aliasing. fitting. static aberration (5 nm rms). .............ccccooe 546

Figure 12-29: Minimum exposure time as a function of distance to detect at 5 ¢ an Earth-like
planet in the H20 band (1.25um. rp=12.1cm. 1,=10mn. Simple Differential Imaging. 0.08um
bandwidth. 0.44 atmospheric tranSMISSION) .........ccuiiiiiiiiiiiiiiie e 547

Figure 12-30: Minimum exposure time as a function of distance to detect at 50 ¢ a Jupiter-like
planet in the CH4 band (1.60u. ro= 12.1cm. 1= 10ms. Simple Differential Imaging.
0.055mM bandWIdh) ........oo i 547

Figure 12-31. Rotation curve of the nucleus Seyfert 2 galaxy NGC 7582 (M. Wold. 2005).
Circles: VLT-VISIR measurements using the [Nell] line at 12.8um with a spatial resolution
of 0.4” (40pc). Lines: models with different masses of the central blac hole.................... 549



Figure 12-32: Optical concept of one of the imaging-low resolution spectroscopy of T-OWL.. 550

Figure 12-33. Sensitivity of T-OWL as compared to other thermal infrared facilities for imaging
Of StellAar-llKE SOUICES. ... . e e e e e e e s eeeeeee s 551

Figure 12-34. The effect of a “growing” telescope primary on the PSF . Each frame is a
2x2arcsec’ field with the resulting PSF. The columns from left to right correspond to year
after year until completion of the OWL-. The rows are for three filling strategies: the top
row is by starting with a 100m x 100m cross. the middle row is a ring-like geometry starting
from the outside and the lower row is a ring-like geometry starting from the inside. ....... 553

Figure 12-35: Dust mass detectable (100) by SCOWL at 450uym around nearby stars as a
function of distance. The upper green line represents the mass of the dusty system ¢ Eri.

and the lower line the dust mass of our own Solar System. ...........cccccveieeiiei e, 554
Figure 12-36: SCOWL cryostat CroSs SECHON. .......ocuiiiiiiiiiiiii e 556
Figure 13-1: Structural NOdes CONTAINET..........c.uiiiiiii s 561
Figure 13-2: Pipe elements Shipping........c..coiiiiiiiiiiiiie e 562
Figure 13-3: Azimuth tracks alignment metrology. ... 563
Figure 13-4: Structural elements alignment. ... 563
Figure 13-5: Azimuth tracks iNtegration ... 565
Figure 13-6: Azimuth Basement integration. ... 565
Figure 13-7: Azimuth first floor integration ..............ccceii i 566
Figure 13-8: Azimuth structure complete integration ... 566
Figure 13-9: Altitude lower part integration. .............cccouiiiiiii e 567
Figure 13-10: Altitude M1 cell and central tower integration...............ccoeecciiieiie i, 567
Figure 13-11: altitude structure complete integration..............ccccoiiiiiii i, 568
Figure 13-12: Segment Support STFUCIUE. .........ooiiiiiiiiii e 569
Figure 13-13: Segments integration. ... 570
Figure 13-14: Segment handling tool. notional design...........cccviiiiiiiii e, 570
Figure 13-15: Segment handling tool. notional design............ccceeiiiiiiiiiii 571
Figure 13-16: Handling of segment on the extractor............cccoociiiiii e, 571
Figure 13-17: Clamped and constrained SEgMENt. ...........c..oiiiiiiiiiiiiii e 572
Figure 13-18: Un-clamped and un-constrained segment..............ccccoeeiiiiiiiiiieeeee e 572
Figure 13-19: Segment coarse pre-phasing ..........cocveiieiiiiiie e 573
Figure 13-20: Segment fine pre-phasing..........ccceiiiiiiiiiiiiie e 573

Figure 14-1: Fraction of time that skies are clear (%) at night for the years 1999 and 2000 over
Canaries. NW Africa and Southern Spain (A. Erasmus. ESO Interim Report. Oct. 2004)

.......................................................................................................................................... 578
Figure 14-2: Locations of the sites in Chile. Bolivia and Argentina that were compared using
satellite data. Contours show the topography at 500m intervals (see Table 14-2).......... 580
Figure 14-3: PWV percentile values at each site under clear conditions............ccccoceeiiiniieen. 580
Figure 14-4: The Carlsberg Meridian Circle (CAMC) database at La Palma..............c...c..c... 581
Figure 14-5: Diurnal Atmospheric Extinction over Teide Observatory (Tenerife. Canary
Islands). Ref: A. Jimenez et al.. Fig.4.......ooooiiiiiiiiiee e 581

Figure 14-6: Correlation of satellite UV and ground based V monthly averaged measurements
CAMC AE>0.20. NIMBUS7 AE>0.2. Pixel center < 55km from ORM ............cccccvcuerennen. 582

45



]

Figure 14-7: World map of jet aircraft contrails in 1992 (top). and predicted for 2050 (bottom).
L1 LA 17722 SRR 583

Figure 14-8: Seeing vs. local wind direction (0=North. 90=East etc.) and velocity at Paranal for
best (right) and worst (left) observing conditions (2001-2004. over 778127 samples; J.
Navarrete. ESO ODSEIVAIOIY)......ocuueiiiiiiiiiiiiieiie ettt 584

Figure 14-9: Peak ground acceleration (PGA) that a site can expect during the next 50 years
with 10 percent probability GSHAP (Global Seismic Hazard Assessment Project)......... 586

FIQUIE 14-10: SIE VIBW .. .eiiiiiiiiii ettt e e ettt e e et e e e s s st e e e s snteeeeesnbaeeeesnreeeeanes 587
Figure 14-11: SLODAR Shack-Hartman pattern using narrow (left) and wide (right) binaries. 589

Figure 14-12: An example SLODAR determination of r0. Left: Measured Zernike coefficient
variances. gj (crosses) and the theoretical (Noll) fit (solid line). Right: Calculated value of
r0 versus WFS integration number (2ms CCD integrations at 190Hz).............ccccoceeens 589

Figure 14-13 One-dimensional simulated cross-correlation (solid line) and autocorrelation
(broken line) in the direction of the binary separation for a 24x24 sub-aperture.............. 590

Figure 14-14: MASS principle. scintillation of a single star is measured through 4 concentric
E= L U1 E= 1= 01T (USSR 590

Figure 14-15: Relative contribution of the various atmospheric slabs to the integral of the
turbulence obtained by combining SLODAR and MASS profiler data after reduction of the
overlap area. The common database covers about 116 hours from February to August
D200 TSSO 592

Figure 14-16: Complete atmospheric turbulence profile reconstructed from contemporaneous
combined SLODAR and MASS measurements. .........ccooiuiiieiiiiiieiiiiee e 592

Figure 14-17: Observatorio Roque de los Muchachos (ORM). La Palma. Canary Islands. Spain
(http://WwWW.Otri.IaC.eS/SILESTING/) .....eeieiiee e 594

Figure 14-18: Morocco Anti-Atlas mountain area has the highest percentage of photometric
nights along the North African continental west coast..............cccocoiiiiiii i 595

Figure 14-19: Paranal North area proposes several candidate sites along what could become
"the photon valley" of the 215t CeNtUIY .......ooo i 596

Figure 14-20: the Macon range. to the East of the huge Arizaro salt flat in NW Argentina allies
high altitude (>4500m) and lower seismic activity (http://www.iate.oac.uncor.edu/tolar/) 597

Figure 14-21: 20th century PDO "events" persisted for 20-to-30 years. while typical ENSO

events persisted for 6 10 18 MONthS...........oveiiiiiii e 598
Figure 14-22: Monthly statistics of photometric nights at Paranal and La Silla and their relation
to EI-Nino Southern Oscillation INeX...........oiiiiiiiiiiiiee e 599
Figure 14-23: Monthly statistics of seeing at Paranal and La Silla and their relation to EI-Nino
Southern OSCIllation INAEX...........uiiiiii e e e e e e e e e e e e eeneees 599
Figure 14-24: The FRIOWL USer interface ...........ocueviiiiiii e 602

Figure 14-25: DIMM seeing (1mn average) versus contemporaneous UT1 Cassegrain Active
Optics Image Quality (atmospheric dispersion corrected) estimates for January-August
2005 (compilation. J. Navarrete. Paranal). ............ccooiiiiiiiiiiinie e 603

Figure 14-26: UT1-UT2 comparison of contemporaneous Cassegrain Active Optics Image
Quality (atmospheric dispersion corrected) estimates for January-August 2005
(compilation. J. Navarrete. Paranal). ...........occuiiiiiiiiie i 604

Figure 14-27: ISAAC. K (lower graph) and H (upper graph) band zenith image quality as
measured (dots) and as exprected from DIMM after outer scale correction following [63];
M. Casali. |.R. image quality at the VLT. ESO Internal Report. 02 June 2005................. 605

Figure 15-1: ACCESSIDIlItY......c..eoiiiee e 609

Figure 15-2: Corrector integration roULE ............ccuii i 609



Figure 15-3: M6 unit integration rOULe. ...........ocueiiiiii e 610

Figure 15-4: M6 unit integration route inside the corrector..........cc.occcci i, 610
Figure 15-5: M6 unit integration @CCESS .......ccoiiuiiiiiiiiii e 611
Figure 15-6: Primary mirror cover docking operation..............occueiiiiiiiiiniiiee e 612
Figure 15-7: COVErs 0N Primary MiITOr........c.oiiuueii ittt 612
Figure 15-8 lifting platform for inspection and maintenance of cladding.............ccccoviieiinineen. 614
Figure 15-9: OWL horizontal parking configuration. ............cccocciiiiiiiiieiniee e 614
Figure 15-10: Secondary mirror handling facilities. ...........cccccoviiiiiiiiii e, 615
Figure 16-1. ESO Management STTUCLUIE. ...........coiiiiiiiiiiiiie e 621
Figure 16-2. OWL organizational StruCture. .............cccoviiiiiii e 626
Figure 16-3. High Ievel SCheAUIE.............c.eviiiiiiic e 631
Figure A- 1. Allocated volume for the Position sensors (Glass ceramic blanks). .................... 661
Figure A- 2. Allocated volume for the Position sensors (Silicon Carbide blanks)..................... 661
Figure A- 3. Position actuators. Implementation and design volume..................c.cccoooine 662
Figure A- 4. WEB 0° layout (zenith), Side VIEW. ...........coiiiiiiiiiiiiii e 663
Figure A- 5. WEB 60° [ayout, front VIEW. ........ocuiiiiiiiiiii e 663
Figure A- 6. Block-Diagram Of APE............ooiiie e 664
Figure A- 7. APE optical design; the telescope focus is at the bottom of the figure. PWFS:

Pyramid WaveFront Sensor; BS: Beam Splitter; ASM: Active Segmented Mirror. .......... 665
Figure A- 8. 1-m silicon carbide BOOSTEC blank prototype. .......ccccceeeviiiciiiieieeeee e, 667
Figure A- 9. Friction drive breadboard .............cccooiiiiiiiiiiieeee e 668
Figure A- 10. Optional two-mirror corrector (f/2.1 focus, 4 arc minutes total field of view)...... 715
Figure A- 11. Optional corrector; Strehl Ratio vs field radius. ..o, 716

Figure A- 12. Optional corrector; RMS spot size, RMS wavefront error vs. field radius............ 716

47





