GMT |n the Context of ELTS

C\ IIenges and Solutlons |n Bundmg the Next-_'. .

Generatlon of Telescopes
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How do the Giant Segmented error Telescopesﬁf;_:’fl_";’i

address the challenges assouated W|th

- Large optlcs | - o
— Large structures

Instruments _ oo ,
> “What drlves the size of mstruments’> '
‘How do teIescope.deS|_gns affect them’? -

- [Adaptive Opticsl— Wednesday]



errors & Structu res:

~=.Telescope optlcs 101 i
Strategles of the 3 GSMTS

Optlcal Conflguratlons
Segments — SmaII
Structures ; '

What do mstruments do and how’? '
- Instruments optlcs 101 e '

' £ BaS|c scallng relations for spectrographs
= L|m|t_at|ons for large spectrographs
— Strategies for GSMTs

« GSMT Comparison
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Mirrors: collect light and focus light

—cm— ———_—

Palomar 200-inch (5-meter) One 8.4-meter GMT Segment

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. 4




Mirrors:

GMT

= Collect light
= 8.4 m is the limit of monolithic mirrors = next generation must be segmented
= Harder and harder to: cast them that big, polish them, and TEST them.

= Secondary mirrors are getting BIG! (3m ... Too big to make them Adaptive!)

= Make sharp images (diffraction limit scales as 1/D)
= Diffraction limited image quality = figure errors must be < A/20 rms
= For A~ 1um: RMS < 0.05pm or 50nm (diameter of hair ~100,000 hm)
= For A~ 0.5um (5000A): RMS < 0.025pm or 25nm

= Figure accuracy & alignment requirements - need “active optics” support

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. 5
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GMT

Structures:

= Telescope structures (telescope mount + pier)

= Support the optics — hold them in the right shape without breaking them

Protect the optics (earthquakes!)

Point the optics — move quickly, accurately, smoothly

Be stable — reject vibrations and wind shake

Be stiff — don’t flex under changes in gravity

= All structural issues get harder with D:

= Mass x D3 (volume)

Wind loads « D? (cross sectional area)

Stiffness o« D (k=dF/dx, axial or shear loads)

Deflections « D? (gravity)

Natural frequencies « D! (as in w=[k/m]¥2)

Stresses « D (gravity loads)

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. 6



Structures:

)
Or
)
®a®

= Telescope structures (telescope mount + pier)

= Support the optics — hold them in the right shape without breaking them

Protect the optics (earthquakes!)

Point the optics — move quickly, accurately

Be stable — reject vibrations and wind shak

Be stiff — don’t flex under changes in gravit

= All structural issues get harder with D:

= Mass x D3 (volume)

Wind loads « D? (cross sectional area)

Stiffness o« D (k=dF/dx, axial or shear loads)

Deflections « D? (gravity)

Natural frequencies « D! (as in w=[k/m]¥2)

—> Telescopes primary mirrors
must get FASTER, more
ASPHERIC to keep the
structures reasonable and
costs down.

—> Structures must get stiffer,
stronger

—> Designs must get more

compact.

Stresses « D (gravity loads)

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.
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Visual impression:
Magellan (6.5 m) vs GMT (25.4m) GMT
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Visual impression:
Keck (10m) vs TM 5 G




Visual impression:
Keck (10m) vs TMT (30m)

EAA IAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. 10



Up to 8 lasers to

create artificial stars } o, <
' %
IRW AT ¥
Y Al - - .
% ’ A = : Altitude cradles
I/ |

i m preSSion : for adaptive optics.
et biEsal0n- -
/ : for inclining the

’a “ 7, N . i telescope.

Keck (10m) vs E-ELT(39m) / 3

T Instrument
i platforms sit
{ either side of
{ the rotatable
! telescope.
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How hard can a large structure be?

= Bridges

= Kinzua Viaduct 1887 600m steel, collapsed
= Quebec Bridge 1917 600m steel, collapsed
= Golden Gate Bridge 1937 30x2000m steel

= Tacoma Narrows Bridge 1940 1800m steel, collapsed

A[él -2

_ o i
- s ¥ 5 L

e * il s ST TS o e
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How hard can a large MOVING structure be? GMT

Radio Telescopes
= Arecibo 1963 300m fixed dish
Green Bank 1962 91m collapsed 1988 SRR
Sugar-Grove—1965——200m——steerable (canceled)
Effelsberg 1970 100m fully steerable

Green Bank 2000 100m fully steerable

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.




What do telesc.opes do and how’>

I\/llrrors (collect and focus light).

¥ 2 Telescope optics 101
o Strategles of the 3 GSMTS
Opt|caIConf|gurat|ons '

Segments— ‘Small
Structures :

e What do instruments do and how’?
e Instruments optics 101 s
— Basic scallng relations for spectrographs.
— Limitations for Iarge spectrographs
— Strategies for GSMTs

- GSMT Comparison

Structures (pomt and follow targets support optlcs)“;f; e



Geometrical optics (ray tracing) 101

GMT

Primary

Prime MiI’I’OI’

Focus

= PRIMARY MIRROR: must get faster, more curved (smaller F/#)

= FINAL F/# is determined by where you want the focal plane (as long as M1 and M2
together make good images

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.



Geometrical optics (ray tracing) 101

Prime
Focus

Secondary I Cassegrain
Mirror I Focus

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.



Basic Telescope Parameters GMT

~ =3 L

 F#= (foca length) / (pupil diameter) = f/D

Pupil
P Focal

- plane

\/

) f =focal length

D = Telescope
Diameter

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. 17



Basic Telescope Parameters

 F#= (foca length) / (pupil diameter) = f/D
e a=imagesize (or FOV)

GMT

Pupil
(entrance)
Telescope
C Focal plane

) Focal length
Object height = h (mm)
Angular size = a (arcsec)
D = Telescope

Diameter

T —
o o T
— \
V :

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.
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Basic Telescope Parameters

 F#= (foca length) / (pupil diameter) = f/D
e a=imagesize (or FOV)

GMT

o h
o Focal planescae (mm/asec): sinl" =
D, x F/#,
Pupil
(entrance)
Telescope
Focal plane

h

T‘\

Q

) Focal length
Object height = h (mm)
Angular size = a (arcsec)
D = Telescope

Diameter

}——
o —
— \
V :
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 F#= (foca length) / (pupil diameter) = f/D

e a=imagesize (or FOV)

Basic Telescope Parameters GMT

o Focal planescae (mm/asec): sinl" = h
D, x F/#,
( Ft>upi| | For GMT (F/82)
Telescope h= gin(1") x25mx8.2=1.0 mm
L Ocal plane
h
L > — e —
—
0/ 04
: \/
" Focal length Vo
Object height = h (mm)
Angular size = a (arcsec)
D = Telescope
Diameter

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.
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Toplcs

3 -:..‘,} ‘_',.. 2
-“."'n.':l-}'\."'. %

— I\/Ilrrors & Structures

G Telescope optlcs 101 ST
: - Strategles of:the 3 GSIV]TS e
22 5 .‘,_,-_ Opt|ca|Conf|gurat|onS o

Segments — SmaII
Structures ; '

What do mstruments do and how’?
- Instruments optlcs 101 |
e BaS|c scallng relations for spectrographs
— Limitations for large spectrographs
— Strategies for GSMTs

« GSMT Comparison

EAA IAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.
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Strategies of the GSMTs:

GMT

= Focal ratios:
= Faster primary mirrors: Smaller domes are cheaper! — All

= Faster overall: trying to keep smaller plate scale — GMT, yes. Others?

= QOptical configurations:
= no low order aberrations
= GMT: Aplanatic Gregorian...
= TMT: Ritchey-Cretchien...

= E-ELT: 3-mirror anastigmat + 2 folding mirrors

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. 22



Ritchey-Crétchien

Telescope configurations:
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Telescope configurations:

Ritchey-Crétchien

A R
f N
| €

M2 convex

[]]

Telescope Focal
plane is CONVEX
to the instruments.
field curvature is
“severe.”

|

sty weay hy D)

I«):.nqc; e uw ety ut Dupeay Pes

any

I!t

M2 concave

di5e .0y weay hy O
0N weaobe s uy Duresy 'cgl

l L R Y

Focal Plane
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Focal Plane

Telescope Focal
plane is CONCAVE
to the instruments.

Field curvature is

HELFPFUL.
Wider field of view.
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Telescope configurations:

GMT

Ritchey-Crétchien

Aplanatic Gregorian

Prime Focus z
(image is ‘ ’
virtual)
||
M2 convex
(1]

Telescope Focal plane
is CONVEX
to the instruments.
field curvature is

|

sty weay hy D)

%
nz

4

concave

Exit pupil is
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Prime Focus
(image is real)

|
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oL 4001 ueaobe s Uy BDure

formed
here.
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“severe.”

~1.5-2 times the field

Telescope Focal plane
is CONCAVE
to the instruments.
Field curvature is
HELFPFUL.

FOS
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Feedin



. . . . ®
Telescope configurations: 3 mirror anastigmat. emT

il ¥ 7 W& W F W R

Pros:
e Very big
» Best diffraction limit (D =39m)

 (Good image quality

Cons:

« Complexity (alignment)

« Thermal background (high
contrast imaging, IR

sensitivity)

uaternary
irror (M4)

fth
irror (M5)

rtiary
irror (M3)

Secondary mirror (M2)

{
e iy
AW IV
AL T |
{ 1
LRI v
g/
n .-,"

Primary mirror (M1) Nasmyth focal surface

‘igure 1. Nasmyth configuration
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Strategies of the GSMTs:

-

= Focal ratios:
= F/# of primary: small (keeps dome smaller)

= F/# overall: 8 (instruments behind primary) vs 16/17 (instruments at nasmyth)

= QOptical configurations:
= GMT. ASM at M2, 2 warm mirrors thermal backgrounds
= TMT. No ASM, post-focal AO system (2 warm mirrors + 10 reflections in AO system)
= E-ELT: ASM at M4, 5 warm mirrors

I = N N =

Configuration Gregorian Ritchey-Creitchen 3-mirror anast.+2 fold
Diameter 25.4m (22) 30 m 39 m

Fl# 8.2 16 17.5

Plate scale 1.0 2.2 3.3

FOV 20’ (10) 10’ 10’

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. 27



Toplcs

3 -:..‘,} ‘_',.. 2
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— I\/Ilrrors & Structures

G Telescope optlcs 101 ST
: - Strategles of:the 3 GSIV]TS e
F .,_.-_ OptlcaIConflguratlons b

Segments — SmaII
Structures ; '

What do mstruments do and how’?
- Instruments optlcs 101 |
e BaS|c scallng relations for spectrographs
— Limitations for large spectrographs
— Strategies for GSMTs

« GSMT Comparison
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segments
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= Total number of segments: 492 for TMT (36 for Keck)

= Total number of prescriptions: 11 (3 for Keck)

o
VZ
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Segment Fabrication

el ¥ 7 N W X R

= Casting, figuring, and testing
= Stressed mirror polishing

= relatively proven, but more aspheric segments are harder.

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. 30



Segment Fabrication

= Casting, figuring, and testing
= Stressed mirror polishing

= relatively proven, but more aspheric segments are harder.
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Segment Fabrication

= Casting, figuring, and testing
= Stressed mirror polishing
= relatively proven, but more aspheric segments are harder.

Figure 4. To create the off-axis, patabalic shapes of the Keck mieros
segments, 3 technique called stressed misroe polishing was
developed. Lever arms are attached 1o he perimeter nf 2 mimor
blank; weights attached to the levers then produce calculated balyes
i the susface of the glass that are removed by polishing a spherical
impression inta the sarface. When the wights are released, the
ghass relaves into Ihe calculated nonspherical shape.

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.
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Segment Fabrication

= Casting, figuring, and testing
= Stressed mirror polishing

= relatively proven, but more aspheric segments are harder.

Figure 4. To create the off-axis,
segments, a technique called stre
developed. Lever arms are attachy
blank; weights attached to the ey
in the suxface of the glass that an
impression Into the surface. Whel
ghass relaves into e calculaded n

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.
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= 1977 John Hardy, “Active Optics: A
New Technology for the Control of
Light”

FocUs

Wavefront
sensor

A

Computer

Active Optics block diagram
Credit: ESO




= 1977: John Hardy, “Active Optics: = ESO New Technology Telescope
A New Technology for the Control inaugurated in 1990 (Raymond
of Light” Wilson, Kavli Prize 2010)

Focus

Wavefront
sensor

A

Computer

Active Optics block diagram 3.56 m New Technology Telescope
Credit: ESO Credit: ESO
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Active optics: figure control and alignment

-----------

= Principle of active control with edge sensors:

= Sensor signal depends only on the motion of 2

neighboring segments. Offsets are ~linear P, @
= Sensors need to be cheap (2772 vs 168)
and not interlocking!
P, ®
= Actuators need to be cheap (1476 vs 108) B /
@ Actuator (piston) P, @
— Sensor (measures height difference)
s=ah+ak +ahk +a,P, tak +ak J

a = constant coefficients (depend only on geometry)

Credit: J. Nelson
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Active optics: figure control and alignment .

-----------

~ View of 7 adjacent segments -- Top view.

Credit: J. Nelson and TMT Project
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Active optics: figure control and alignment

~ View of ?Edjécent segments -- Bottom view.

-----------

EAAIAG 20c i im cie ot o e e



Atlve optlcs flgure control and alignment |

Small whiffletree triangle
- 3inner
- 6 outer

Note: Does not represent
assembly sequence

Credit: J. Nelson and TMT Project
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Active optics: figure control and alignment

Large whiffletree triangles attached

Large whiffletree triangle

Note: Does not represent
assembly sequence

Credit: J. Nelson and TMT Project
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Sheet flexure, 6ea
In-plane connection between Whiffletree

Note: Does not represent Irlangles and Moving Frame
assembly sequence

Moving frame

Credit: J. Nelson and TMT Project

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. 41



ment

— — = = — > %

Warping harness leaf-spring

Warping harness actuator

: - Note: Does not represent
EAA IAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. assembly sequence?




Actlve%tlcs figure control and alignment

e — R R R - — e — e

Tower & locks installed

Tower Assembly
with Repeatable Interface

Electrical Connector Bulkhead Panel

Note: Does not represent
assembly sequence

Credit: J. Nelson and TMT Project
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Atlve optlcs figure control and alignment

- _—

Note: Does not represent
assembly sequence

Fixed Frame
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W T

Installed on mirror cell

Actuator flexure

Actuator

1

Adjustable Alignment
Positioner (AAP)

Credit: J. Nelson and TMT Project

Note: Does not represent
assembly sequence

EAAIAG 2018 -RAB Lec 2 — |



Small (~1m) segment pros/cons: Ty

-----------

= Challenges:

= Figure:
= High curvature
= 11 (TMT) and 12 (ELT) different prescriptions for the segments
= Fragile, flexible mirrors: mirror figure created "on the telescope”

= Maintenance: coating has to happen ~daily (10’s of segments per week)

= Adaptive optics:
= Pupil is messy for AO (edges scatter light) — bad for high contrast imaging.

= M2 is very big (3m diameter) and it can’t be a deformable mirror!

= Benefits:
= Easy to test, known process to make (slow, difficult, but known)

= Known alignment process on the telescopea (in theory, “just a big matrix inversion”)

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. 46
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Pupil for AO — edges scatter, gaps are warm GMT
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Small (~1m) segment pros/cons: Ty

-----------

= Challenges:

= Figure:
= High curvature
= 11 (TMT) and 12 (ELT) different prescriptions for the segments
= Fragile, flexible mirrors: mirror figure created "on the telescope”

= Maintenance: coating has to happen ~daily (10’s of segments per week)

= Adaptive optics:
= Pupil is messy for AO (edges scatter light) — bad for high contrast imaging.

= M2 is very big (3m diameter) and it can’t be a deformable mirror!

= Benefits:
= Easy to test, known process to make (slow, difficult, but known)

= Known alignment process on the telescopea (in theory, “just a big matrix inversion”)
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Toplcs

3 -:..‘,} ‘_',.. 2
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— I\/Ilrrors & Structures

G Telescope optlcs 101 ST
: - Strategles of:the 3 GSIV]TS e
F .,_.-_ OptlcaIConflguratlons b

Segments — Large
Structures ;

What do mstruments do and how’?
- Instruments optlcs 101 |
e BaS|c scallng relations for spectrographs
— Limitations for large spectrographs
— Strategies for GSMTs

« GSMT Comparison
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GMT: Largest possible segments.

—cm— ———_—

Palomar 200-inch (5-meter) One 8.4-meter GMT Segment
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Mirrors are made in the Caris Mirror Lab at UA
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Segment Fabrication: make mold, lay glass
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EAA IAG 201 8
seament 1 done!



Mirror Segment 4 (center segment) GMT
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Mirrors Polished Using Active Lap GMT

Segment 2 on the Large Polishing Machine

e
.

el
A e i

Stressed-Lap in orbital polishing mode

R R SRR~
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Mirrors are made in the Caris Mirror Lab at UA  emT

GMT
Giant Magellan Telescope

Mirror Segment #2 Casting

University of Arizona
Steward Observatory
Mirror Laboratory

March 2011 - May 2012

A\




Optical testing: required a new test tower

e D o B S o ————— o~ =

= On-axis segment ~easy.

= Off-axis segments harder — but DONE and GOQOD!

3.75 m spher

CCD at GMT
focal point

Tilted rail with
scanning pentaprism

GMT segment

GMT segment

EAA IAG 2UL0 — KAD LEC 2 — £V UI 1EL o 11ISL




Mirror status: Segment 1 — done in 2012

EAA IAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. off axis segment 1 done! 60



Mirror status: Segment 1 — done in 2012

= < 20 nm rms surface error (in it's cell with active optics support)

= 3 completely independent metrology tests confirm figure

GMT1 stitched final-27modes 18 nmms nm surface
L 150

100
150

4—
to parent axis

450

-100

-150

EAAIAG 201

Measured with the

principal test on the

28m test tower




Mirror status: Segment 1 — done in 2012

= < 20 nm rms surface error (in it's cell with active optics support)

= 3 completely independent metrology tests confirm figure

GMT1 stitched final -27modes 18 nm ms nm surface Measure”

Nt

450

-100

-150

EAAIAG 201



Primary Mirror Production

Cast in November 2018

Rear Surface
Polishing

Glass on
/ Hand
Ready for
Front Surface — \) =
Glass on
Order

Generating

Front Surface

Polishin UA SCIENCE
° e / RICHARD F.CARIS
Polishing ‘| MIRROR LAB

Complete

Steward Observatory

63
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Primary Mirror Segment Support & Control GMT

Primary mirror
segments contained
In mirror cells

17 tons of glass
23 tons of steel
10 meters wide

3.2 meters high






Static
support
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— I\/Ilrrors & Structures

N o Telescope optlcs 101 e
: i Strategles of:the 3 GSIVlTs e
e .‘,_,._ Optlcal Configurations - b

Segments
Structures ;

What do mstruments do and how’?
- Instruments optics 101 |
e BaS|c scallng relations for spectrographs
— Limitations for large spectrographs
— Strategies for GSMTs

« GSMT Comparison
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Structures: made smaller by faster mirrors!

= Optical Telescopes
= Mt Wilson 1918 2.5 m
= Palomar 1948 5m

Old style:
Equatorial (5m)

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.




Structures: made smaller by faster mirrors!

S W T [t g—

= Optical Telescopes
= Mt Wilson 1918 2.5 m
= Palomar 1948 5m

Old style:
Equatorial (5m)

Old-style:
scaled to 6.5m!

Modern style: .
Altitude-Azimuth 6.5m e
| i
S~
/‘/
2
¥ o
L~
/./ A\ e
| \
= —
MAGELLAN 6.5 METER 11.25 XPNO 4 METER SCALED TO 6.5 METERS
ROTATING WEICHT APPROX, 270,000 L8S ROTATING WEIGHT APPROX. 1,800,000 LBS.

Eaniac 2018 - maB Lec o £y e (Credit: S.Shectman, Magellan)




Modern Alt-Az mounts

= GTC 2010 1m o Desktop model of GMT
= Keck x2 1995 10 m

= Gemini x2 1999 8m

= VLT x4 2000 8m

= Subaru 1999 8 m

= Magellan x2 2001 6.5 m

(Credit: Keck Obs.)
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Challenges: Structural — WIND

= Wind disturbance rejection
= Dynamic response analysis of vibrational modes: used to refine design

= Structure filters out power on small scales (wind disturbance)

Wind through opening Dome seeing

M1 seeing M2 buffeting

<«
M1 buffeting —3

— — — —

Wind through vents

Artistic credit: J. Nelson
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Challenges: Structural — WIND

= Wind disturbance rejection
= Dynamic response analysis of vibrational modes: used to refine design
= Structure filters out power on small scales (wind disturbance)

= Secondary mirror ( light, high frequency): actively controlled (hexapod)

72
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Challenges: Structural — dynamic response

Note: motion of image = 2x [angle of Secondary Mirror]

2"d fore-aft mode (9 Hz) 3'd fore-aft mode (10 Hz)

(Not to scale.)

z z

L::“ Y L:‘:- Yy
Output Set: Mode B, 8.944035 Hz Output Set: Mode 10, 11.67639 Hz
Deformed(1.176]): Total Translation Deformed(1.265): Total Translation

Modeling by S. Gunnels and Simpson, Gumpertz,& Heger for GMT




Challenges: Structural — dynamic response

Note: motion of image = 2x [angle of Secondary Mirror]

2"d fore-aft mode (9 Hz) 3'd fore-aft mode (10 Hz)

(Not to scale.)

z z

L::“ Y L:‘:- Yy
Output Set: Mode 5, 8.680256 Hz Output Set: Mode 8, 10.54511 Hz
Deformed(1.066]): Total Translation Deformed(1.199): Total Translation

Modeling by S. Gunnels and Simpson, Gumpertz,& Heger for GMT




Challenges: Structural — dynamic response

Note: motion of image = 2x [angle of Secondary Mirror]

2"d fore-aft mode (9 Hz) 3'd fore-aft mode (10 Hz)

(Not to scale.)

z z

L“‘:‘. Y L“‘* v
Qutput Set: Mode €, 9.079456 Hz Qutput Set: Mode 8, 10.79837 Hz
Deformed(1.181); Total Translation Deformed(1.217); Total Translation

Modeling by S. Gunnels and Simpson, Gumpertz,& Heger for GMT




Earthquake Country!

Historical data:

 Magnitude > 8
 Return on ~ 40 year intervals

Strategy:

Design for maximum “survival”
level event for an earthquake
that occurs on ~1,500 year
intervals

* Main Shock 11 March 2010
* Main Shock 27 Feb 2010

| Aftershocks

through 11 Mar 2010

Earthquakes 1900 - 2009
O M55-59

O M60-69

O M70-79
‘ M >=8.0 (Year)

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. | 80



)
Or
)
®a®

Seismic Base Isolation: using single friction pendulums GMT

= 24 isolators in concrete ring wall

= Permits £ 0.5 meter relative motion

N T ____QEL_ o

PIVOT POINT o] Reese T
N ' E.*_J,:Lj - t“: '"‘ r}’ Fhws |
"‘-"F‘ """""""""" ™ _'% o] |. ’/Q | H: g &
S e T N ! 55 I
aodld W L]
N, I | i
—R, 1 v ITs i =5
N e T £
== /@_/i 8 .
i
el L Y el
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Seismic Base Isolation: using single friction pendulums

= 24 isolators in concrete ring wall

= Permits £ 0.5 meter relative motion

PIVOT POINT — .
I s s
I \"—R n |

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.
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—
e '?'ig
= :

GMT
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= 24 isolators in concrete ring wall

= Permits £ 0.5 meter relative motion

= Standard in construction industry:

= Pasadena City Hall, Burbank airport parking structure!
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I\/Ilrrors & Structures S
~.=.Telescope optlcs 101
Strategles of the 3 GSMTS

Sk, Optical Conflguratlons
.‘A-.".:Segments
- ---"-Structures + | it e KUy
What do mstruments do and how’? e
- Instruments optlcs 101 ‘ |
; = BaSIC scallng relatlons for spectrographs
=5 leltatlons for large spectrographs
— Strategies for GSMTs

« GSMT Comparison

EAA IAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.

Wh’a-t do'l-tele'scopes do and how"-‘if:;i}"','"'.,f:[."_"'f i g



oo
: ode
What telescopes do: collect light, form MAJE ey




What is the instrument’s job?

I Ml ® 7 N i W I % S0 T ——

Your eye makes an image of an object at any distance on your retina.

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.
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What IS the mstrument S Job’?

Focal plane

Optical system
(lens)

Y

/

A camera makes an image of an object at any distance on a CCD.
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re-image to a smaller scale

L1 AR L3 L4 LS L6 L7
\ J \ |/ \. Filter /
x & Vil o % AT

‘i

#

Camera Group

Field Lenses Field Flattener,
separate J, H, K,
Figure 3. FourStar optical design.

Our cameras make an image of an object at a FIXED distance.

(re-imaging)
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IR re-imager on Magellan: 4-Star

Electronics

200K Radiation Shield
Rack

L -

—

A

-/

Focal Plane
Mechanisms

GMT

Camera KiGicas Dewars
Conical !VIodule Vessel 77KsRha:dll:tion

D1



IR re-imager on Magellan: 4-Star




~

Telescope + instrument (re-imager)

Neam =T/, D

GMT: h,,=15/82 h,
Neam ~ 0.2

tel

Pupil
(entrance)

Telescope

Focal

plane

Pupil
(exit)

A

/ —
\

D = Telescope
Diameter

tel

f2

>
-

d=
Collimated beam
diameter

cam
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Simple spectrograph: add grating ...

N U o e e T e el i i i

Collimator:
makes a “collimated” beam of light
(all rays parallel)

L

Light from
telescope ) plane
of telescope
Diffraction
grating
Camera:
focuses the light to reform an image
(all rays converging)
Computer

-
4_aJ|II|_,w.1. ‘
Detector
eq CCD camera

A Schematic Diagram of a Slit Spectrograph
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Simple spectrograph: add grating .. And a slit  emT

e D DR . o e e e e e T e ) cai i Gl e

slit
ok
N
Light from

telescope o) plane
of telescope

Collimator:
makes a “collimated” beam of light
(all rays parallel)

Diffraction

grating
Camera:

focuses the light to reform an image

(all rays converging)

eq CCD camera

A Schematic Diagram of a Slit Spectrograph
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Instruments do science:
spectroscopy

Location
4 on the sky

Hy Hg ns. o NS [OI]'[NII] [S1] Ol [Nell

M He ll [O1I] H

< >
Brightness of the sources at different colors (wavelengths)

A spectrum is worth a million pictures.
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Instruments do science:
multi-object spectroscopy GMT

Y
I l
> b

i

' TN
1 LU )

~100x increase In efficiency: study ~100 objects at once.
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Instruments do science:

integral field unit (IFU) spectroscopy

Focal Spectrograph Spectrograph
Plane Input Output
L JL ]@U: B8 §wm s
LJL‘ r‘]q Pupil |2 8 8 B .
Lenslets == il
L’JL‘ .JQ a8 8 B —_—
E@ 1‘ a8 &8 o
L s Datacube

|
o EESE
+rives YRR -

s

Mirrors

—

s

Slicer
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Instruments do science:
integral field unit (IFU) spectroscopy

...........
..........
---------
--------
--------
-------
-------
.

~100x increase In efficiency: study an object in much more detail.
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Order -1 high groove density, low order numbers

' rder 1
rder 2
y . Order 3

300 nm Blaze Wavelength: 300 Grooves/mm

80

70
60 Good: high dispersion

v

50 \ Bad: lower throughput

40

0 N
N

20 1‘— Perpendicular \\\\

Parallel —
10 Average

Absolute Efficiency (%)

0 T
200 300 400 500 600 700 800 900 1000 1100 1200

Wavelength (nm)
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Dispersion elements: Prisms (glass or ZnSe) GMT

90%

T —
/

\
\

N rd

Bad: low dispersion

Good: high throughput

i

Absolute efficiency

1‘* — Egfpendicular ) \k
\_
Py

Parallel

Average

\

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.
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00 300 400 500 6(')0 700 800 900 100011l00 1200

101



Dispersion elements: Echelle grating

Nl S = O

Good: VERY high dispersion

Good: higher throughput

1
pS—— — ) =i 0§ s § o f Sroemm—"0 i o @ g O R e §icd
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Dispersion elements

Nl S = O

Good: VERY high dispersion

Good: higher throughput

1.00 41st 40th 39th

» /XM(M\ZYFSR“AW\/\
/ / o cha%rs\ /\ \
- / /\ X \
X

realtive Efficiency

i 14
S

0.20

00 --—-r—7?vr-rr>-r—-rr-rrrrrrrrrrrrrrrT""T"T""T"T"T"T"T™T"T™""TTTT"TTTTT"TT—7T7T"T71]

o r~ - © o < » ™ r~ o~ o o w » ™ o o~ [ — - w o = @ ™ r~ - © o
) - T O 3, -— 32 [7=3 o) -— o S, @, (=3 o w0 @O, o ™ W o, ~ Vo] ~ o ~ o)
©w o= ) © » ) © >» o © P o w D o~ W © o~ w o o w © - p~ 8 © = o
w0 © © O e r~ ~ ~ © o= 0 D D D =3 =3 o = -— — o~ o~ o~ o o = 3z
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Toplcs

What do telescopes do and how’?.f,',l}f"
- I\/Ilrrors & Structures. ' s

G Telescope optlcs 101 e
: - Strategles of the 3 GSIVITs s
5 .‘,;._ Optlcal Configurations - B

Segments
Structures i

What do mstruments do and how’?
- Instruments optlcs 101 |

i BaS|c scallng relations for spectrographs
— Limitations for large spectrographs
— Strategies for GSMTs

« GSMT Comparison
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Spectrograph scaling relations: GMT

Resolving power: AA/A resolving power from the grating

(groves, blaze, beam width)

Showing here: proportionality to emphasize the performance

of the grating on your telescope

n D
Seeing= ¢ = I — a = ¢ —
_ d,

tand = 1
D d
+—> 4T> . “Rl”
escope) f (collimator)
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Spectrograph scaling relations: GMT

~

Resolution

" D
seeing= ¢ =1 —|a =¢—
d,

<f—> - “ ”
escope) f 1 (collimator) R1

EAAIAG 2018 — RAB Lec 2 - Ev g;‘tTgl& Inst.
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Spectrograph scaling relations:

@ diameter of beam : telescope

A tano _
R=—=2 d = blaze angle (& grating length)

¢ = slit width ~ seeing psf ~ 1 arcsecond

n D
Seeing= p~1 — a=¢—
Y — -

(I) ----------------------------------------

escope)

EAAIAG 2018 — RAB Lec 2 - Ev g;‘tTgl& Inst.



Spectrograph scaling relations:

&
M

Insufficient Convenlent

D
Seeing= ‘P“I, I
I A —
" .--.(I) ------------------ o
llllllllllllllllllllll - . /
MOBI
' E for
T™MT

escope)

tel
EAAIAG 2018 - RAB Lec 2 - Ev gf Tel. & Inst. Feedin



Spectrograph scaling relations:

&
M

Insufficient Convenent Too high

l

Is there enough dispersion to separate the [slit images] at the desired

spectral resolution?

. )

A > ..h.
D
Seeing= ¢ ~I — a-= Uy
e T E—————, £
g tand = 1
D<—><f—> v @ PRI
EAAIAG 2018 — RAB Lec 2 — Evg;tTQISQHSStCOpe) f ' (COIIImator) Rl



Spectrograph scaling relations:

&
M

Insufficient

Convenlent

Prsasunenspsmmnnmmansonnsd

Too high

Is there enough dispersion to separate the [slit images] at the desired

On 8m telescopes:

spectral resolution?

Images got better, slits got narrower!

On 30m telescopes: images in optical will not get smaller
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Wide field spectra!
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IMACS on Magellan

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. 112



TITIEEEETEE  IMACS:

n. ‘. .5 .-. ...
4 e g . \ . : - -
R ; .-'_ L. 1/3 the field of view
PRI AR R 1/3 the resolution over the same wavelength range.
“. "" . LR
. ."h-. ;'o'
‘. ” I
'+ ®.
Resolution element
R = i = Z@E ~2A

tando =1
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5% IMACS:

P32 e
o R | |
o _"‘ e 1/3 the field of view
Rodke ST N, Use a lower density grating to keep same resolution...
B < g 113 e dn But only 1/3 the total wavelength range goes into the camera.
e_, |
' @
Resolution element
R = i = Z@E ~2A
S ¢ D
D
Seeing= ¢ =1 — a=¢—
_ d,
o O ———
.Illll
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Scale up the collimator to capture
the same field of view:

Magellan (D=6.5m, F/#=11)

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. 15 5



To get the same field of view on GMT:

GMT (D=25m, F/#=8)
Scale up the collimator to capture
the same field of view: 20 arcmin = 1200 mm

Magellan (D=6.5m, F/#=11)

20 arcmin =414 mm

Gy
P

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. i 116



To get the same field of view on GMT:

Scale up the collimator: you can't.

= lenses limitis ~1m
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To get the same field of view on GMT:

el ¥ 7 N8 WE X R

Scale up the collimator:

= |lenses limit is ~1m (larger mirrors are possible, but need beam folding, alignment hard)

DEIMOS spectrograph for Keck (10 m)
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To get the same field of view on GMT:

Scale up the collimator:
= |lenses limit is ~1m (larger mirrors are possible, but need beam folding, alignment hard)

= Larger fields require multi-field spectrographs

’
&
s B9
» -
)

DEIMOS spectrograph for Keck (10 m)

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.




To get the same field of view on GMT:

Scale up the collimator:
= |lenses limit is ~1m (larger mirrors are possible, but need beam folding, alignment hard)

= Larger fields require multi-field spectrographs

DEIMOS spectrograph for Keck (10 m)

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. 120



To get the same resolution on GMT:

= |ncrease the pupil diameter to keep resolution ( R= = 2—-)
= Largest grating assembly (?) 300x400 x 3

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. 121



To get the same resolution on GMT:

I Ml ® 7 N i W I % S0 e

A

= Increase the pupil diameter to keep resolution ( R = == 2

= Largest grating assembly (?) 300x400 x 3 ... can’t get bigger.

EAAIAG 2018 — RAB Le
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To get the same resolution on GMT:

What if you wanted the whole instrument to be smaller?

Can you win by making the pupil smaller, the collimator shorter?

GMT

Pupil
(entrance) PUDIl
Telescope P
= Focal plane (exit)
< —
: hcam
= ) f, ] f, T
< > cam
i d=
! Collimated beam
diameter
D = Telescope
Diameter

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.
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To get the same resolution on GMT:

Angles are magnified at pupil by — 6 =o:dE

1

Object height = h (mm)
Angular size = o (arcsec)

D = Telescope
Diameter

Pupil
(entrance) :
a Telescope Pupil
(- Focal plane (eﬂdt)
8] i
= P E— —— —
~—]
a h —
A
L \ <t f2 >V< f2 >
o : v J-
Collimated

beam diameter

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.
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To get the same performance on GMT:

= |ncrease the camera diameter to catch the beam off the grating:

= Lens material limit is ~400mm for crystals (CaF2) and high transmission glasses.

Canon Optron (~1990)
Hellma (~ July 2011)
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I\/Ilrrors & Structures
G .Telescope optlcs 101 ST
| — Strategles of the 3 GSIVITs
' Optlcal Conflguratlons

Segments
Structures ;

What do mstruments do and how’?
- Instruments optlcs 101 |
e BaS|c scallng relations for spectrographs
— Limitations for large spectrographs
— Strategies for GSMTs
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Options for single object (high resolution) spectrograph:

= The problem: getting resolution
= R~d/D (and D has gotten to big for d to keep up)
= R~ slit width ~ image size — GLAO could help GMT a lot!!

= Solutions:

= Go forit: — Everyone is going to do this as much as possible.
= Bigger pupils , ie. Larger gratings: biggest ~ 300mm width (1.2 m length)
= Requires large cameras ---- biggest is 450

= Clever optical tricks:
= Start folding the pupil: white pupil, folded pupil. — G-CLEF does this!
= Higher dispersion strategies: immersion gratings. — GMTNIRS does this!
= Split up the telescope pupil — ELT’s high resolution spectrograph will do this.

= Make the problem easier with GLAO — GMT does this over full field,
E-ELT does this over portions of their field

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.
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Make the problem easier:

&
M

Insufficient

Convenlent

Prsasunenspsmmnnmmansonnsd

Too high

Is there enough dispersion to separate the [slit images] at the desired

On 8m telescopes:

spectral resolution?

Images got better, slits got narrower!

On 30m telescopes: images in optical will not get smaller...

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.
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Options for wide fields of view: GMT

Metric for wide field science: A&gQ/02

|
>
I
>
@
v
<
[Tl
0p

= ¢ = efficiency (0.8 — 0.9 per mirror) .................. YES, but only to a point!
= Q=Fieldofview ... YES, but only to a point!
= O = image size (flux concentration) .................. YES

—> Highest € will not come with the highest Q, and vice-versa

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.
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Multiple fields of view: VERY hard to make work!
= VMOS for VLT* (“never worked well”)
= GMACS for GMT (reduced to 1 field)
= OPTIMOS for E-ELT (not moving forward)

= Fibers: increases field of view, maximum throughput 50%

= EVE for E-ELT (not moving forward)
AeQ)/0?2
= MANIFEST for GMT
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IMOS for E-ELT (not moving forward)

= Fibers: increases field of view, maximum throughput 50%

= EVE for E-ELT (not moving forward)
AeQ)/0?2
= MANIFEST for GMT

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst. 132



Options for wide fields of view:

VPH gratings: help keep cameras smaller
= several spectrographs in 4-8m telescopes
= GMACS

» GCLEF (cross dispersion)
= GMTNIRS (cross dispersion)

Conventional Surface Volume Phase Holographic
Relief Reflection Grating (VPH) Transmission Grating
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Optlons for Wlde flelds of V|ew

VPH gratings: help keep cameras smaller

VPH cross-
dispersion
gratings

= several spectrographs in 4-8m telescopes
= GMACS

Collimator
_——b
lenses

» GCLEF (cross dispersion)

Spectrograph

= GMTNIRS (cross dispersion) (o channes)

JHK/LM

- dichroic

A £ Q/ e 2 blue VPH cross disperser

J (910 Ipm)

_—-

red VPH cross disperser dichroic

(370 Ipm)
red camera, =500 mm (split @5400A)
all spherical, 9 element 4

5400 A - 10000 A

blue camera, =500 mm
all spherical, 9 element
3500 A - 5400 A

elliptical pupil transfer mirror
(f=1600 mm)
beam size: 200 mm

fiber feed and f/3 to

/8 focal ratio converte\

cylindrical Mangin
fold mirror : —_———————————
T— e ——

echelle grating
31.6 lpm, R4
(300x1200 mm) parabolic collimator
(f=2400 mm)
beam size: 300 mm
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My conclusions:

= GSMTs:
= All are challenging, but there are no show-stoppers
= GMT has some distinct advantages in terms of:
= $3$/ photon

= Building instruments for wide fields and spectral resolution!

= Instruments: There are solutions for excellent instruments:
= The instruments don't just “scale up”
= Best instruments will need to use all the optical tricks.
= For wide fields of view: Pick one.. High efficiency or largest field of view.

= Simple telescopes (optical systems) are better for IR and for AO (thermal background)
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Extra Slides GMT

This page intentionally left blank.
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TMT FOCAL SURFACE
& MOBIE SLIT MASK
(~550 x ~1250 mm)

RED FOLD
RED DETECTOR

e 5

RED CAMERA %

O DICHROIC COLLIMATOR
(~1m x ~1.8m)

7/ >
N\,

BLUE DETECTOR
BLUE CAMERA

N
/7 J

\ (3 ( ;
/ /

GRATINGS ~ X-DISPERSION PRISMS

WFOS
/
MOBI
Efor
T™MT
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Design Concept:. performance

Combine the two: Multi-Object, Broadband, Imaging Echellette (MOBIE)

— Extremely flexible: observer chooses
= # objects
= Resolution mode: Low — any slit length, 1 order
Medium — slit length fixed (5”), 1-5 orders available.
High — slit length fixed (4"), 1-6 orders available.

= Wavelength coverage: # of orders selected using narrow-band filters

ObjeCt 1 |:| e e
A

Spacing =
4"x 4 orders

\ 4
Object 2 ]

Working example — Multi Object Echellette [prism+grating] in IMACS on Magellan



DICHROIC
BEAM-SPLITTER

FOLD MIRROR \

(RED CHANNEL) COLLIMATOR
_".,\

MIRROR

SLIT MASK-

RED CHANNEL
ECHELLETTE PRISM

RED CHANNEL
DETECTOR

RED CHANNEL
SHUTTER

RED CHANNEL
FILTER SERVER-

INSTRUMENT
STRUCTURE

INSTRUMENT
ROTATOR

BLUE CHANNEL

DISPERSER SERVE/
BLUE CHANNEL IFOS
IMAGING MIRROR— BLUE CHANNEL 10BI
SHUTTER z for
RED CHANNEL BLUE CHANNEL ™MT
GRATING MOBIAN DETECTOR i
RED CHANNEL

2edin



That’s a good
start.

But we are
going up a x3-4
from the last
generation.

It's serious.
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Great Paris Exhibition
Telescope
(lens at the same scale)
Paris, France (1900)
@
Yerkes Observatory  Large Sky Area
(40" refractor Multi-Object Fiber
lens at the same scale)

Williams Bay, SP.I?e'igs%somg'c Gran Telescopio Keck Telescope
Wisconsin (1893) Hebei, Chlna ‘L::'F":IrrLzS Mauna Kea, Hawaii
® (2009) Canary lslahds, (1993/1996)
Spain (2007)
Hooker
(100") Hale (200")
Mt Wilson, Mt Palomar,
Califomia Califomia
1948 :
(1918 ( ) Gemini North Subaru \
.‘ HL Mauna Kea, Telescope Thirty Meter Telesco
9 Hawaii (1999) Mauna Kea, Mauna Kea, Hawaii (planned 2022)
Hobby-Eberly Southern African Hawaii (1999)
Telescope Large Telescope
(1979 1998) (1999-) Davis Sutherland,
Multi Mirror Telescope Mountains, South Africa
Mount Hopkins, Anzona Texas (1996) (2005)

Gemini South
Cemno Pachén,
Chile (2000)

BTA-6 (Large
Altazimuth Telescope)
Zelenchuksky, Russia

(1975)

Large Blnoc‘ﬂ.l.;r Telescope
Mount Graham,

Arizona (2005) Large Synoptic

Survey Telescope
El Peridn, Chile
(planned 2020)

Large Zenith Telescope
British Columbia, Canada

(2003)
-—— ]
Gaia Kepler
Earth-Sun L2 point Earth-trailing
(2014) solar orbit i
(2009) European Extremely

Large Telescope glil:rl‘:.]t?en

(o] Very Large Telescope cﬁifg?pﬁmae?%gb; same scale
Cemo Paranal, Chile
Hubble Space (1998-2000) 0 5 10m
James Webb Telescope 0 10 20 30ft
Space Telescope Low Earth
Earth-Sun L2 point Orbit
(planned 2018) (1990)

Magellan Telescopes
Las Campanas,
Chile (2000/2002)

Giant Magellan Telescope
Las Campanas Observatory,
Chile (planned 2020)

Overwhelmingly Large Telescope
(cancelle
Arecibo radio telescope a

the same scale Basketball court at the same scale

Tennis court at the same scale



&
-
§2
—
=
—
(7))
>
&
ol
/1_.\;
~
S
D |
\ |

Keck

144

EAAIAG 2018 — RAB Lec 2 — Ev of Tel. & Inst.



for TMT. a hybrid approach.

“Diagnostic” science “Discovery” science
Examples: targeted studies Examples: surveys
— Abund & kinematics of stars (20 Mpc) IGM structure and composition at 2<z<6
— Galactic and Local Group sub/structure stellar pops (chemistry & kinematics z>1.5)
Design priorities: Design priorities:
— Resolution (MAA): 8,000 — 16,000 Resolution (MAA): 1,000 — 5,000
— Multiplexing: 10’ s Multiplexing: 100’ s
MULTI-ORDER (cross-dispersed) SPECTRA SINGLE ORDER SPECTRA
Echellette spectrographs: Wide Field Multi-Object spectrographs:
ESI (Keck), MagE (Magellan), XShooter (VLT) DEIMOS (Keck), VMOS (VLT), IMACS (Magellan)

1 object. (N-orders, ‘prist.Cross=dispersion) N objects. . (1 order.each)

—

A (grating dispersion) N (grating dispersion)
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TITIEEEETEE  IMACS:

n. ‘. .5 .-. ...
4 e g . \ . : - -
R ; .-'_ L. 1/3 the field of view
PRI AR R 1/3 the resolution over the same wavelength range.
“. "" . LR
. ."h-. ;'o'
‘. ” I
'+ ®.
Resolution element
R = i = Z@E ~2A

tando =1
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5% IMACS:

P32 e
o R | |
o _"‘ e 1/3 the field of view
Rodke ST N, Use a lower density grating to keep same resolution...
B < g 113 e dn But only 1/3 the total wavelength range goes into the camera.
e_, |
' @
Resolution element
R = i = Z@E ~2A
S ¢ D
D
Seeing= ¢ =1 — a=¢—
_ d,
o O ———
.Illll
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