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\ . Atmos’pheric turbulence: causes & characteristics

. AO systems
— Basic ingrediénts:_ D'efo_rmable mirrors & Wavefront sensors
~ NGAO & LTAO — how they both work.

Strategies for AO systems

 _  Post-focal systems

— Adaptive secondary fmirrors (ASMs)
Strategies of the GSMTs |
— GMT in detail — what's easy, what's hard... 5
=" E-ELT
— TMT

The big picture of GSMTs for science: telescopes+AO+instruments




Who did you steal those nice slides from? GMT

So, so many people:
Marcos van Dam,
Claire Max...
and everyone they stole slides from.

For GMT work:
the GMT team!

Antonin Bouchez (work on GMT)
Brian McLeod (work on GMT)

and the folks working with them.

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 3



| TOPICS 7

\ . * Atmospheric turbulence: causes & characteristics

. AO systems _
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 Strategies for AO systems |
 — Post-focal systems ' ;
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The goal:

diffraction limit images from telescopes

Minimum size of an image formed by light passes through an aperture:

Diameter of the first interference ring =2.44 A/ D

D is the diameter of the aperture. >

FWHM ~A/D

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 5



Key definition: Strehl ratio

The Strehl ratio is the ratio of peak focal intensities in the aberrated and
Ideal point spread functions

loser quide star
strehl: 36.2%

natural quide staor

strehl: 18.6%

uncorrected

strehl: 4 1%

Credit: Keck Obs.

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs
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Key definition: Strehl ratio GMT

The Strehl ratio is the ratio of peak focal intensities in the aberrated and
Ideal point spread functions

1.
\O/ABERRATION—FREE POINT IMAGE

ABERRATED POINT IMAGE

NSINU Credit;: Keck Obs.

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 7



Long exposures through the atmosphere

Ground: Subaru (8m) Space: HST (2.4m)

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs



The problem: atmospheric turbulence

The rippling appearance over a hot road is the same effect:

N, (A) Is a function of pressure and temperature.

EAATAG 2018 - RAB Lec 3 — AO and the GSMTs
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GMT

The problem: atmospheric turbulence

Cells of air at different T,P (“Kolmogorov” turbulence spectrum.)

solar out oL Inner scale |,.
uter scale L Minimum scale before

< ’/) /) turhulence dicipates
)
o (o)
h o
oo ©
(o) (o]
Wind shear
(o) (o)
(o)

convection

/ L g =, P e

ground

No “characteristic” length.

EAA IAG 2018 - RAB Lec 3 — AO and the GSMTs 12
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Atmospheric turbulence: Kolmogorov spectrum G;T




Turbulence arises in several places:

GMT

v

Free
atmosphere

~1km

f Boundary Layer

stratosphere )
<
Tropopause: (maximum turbulence here) ~
= __
10-12 km .
— —— )
wind flow OVW —
— —
-
J—
Heat sources w
In dome

14



Light rays and the wavefront

GMT

= Light rays are refracted many times (by small amounts)

= Smooth wavefronts - damaged

-\

Parallel light rays

] )

o ]

[
= (U

UV

Light rays affected by turbulence

15



Characterize turbulence strength by quantity r,

= Fried parameter: r, = Coherence Length
= size of the patch on the primary mirror over which the wavefront is correlated
" 1,(0.5um) ~ 15-30 cm at a good site (high altitude, west edge of a continent)

= r,~ A% (so “seeing” is worse at short wavelengths!)

5 B
T~ N

«— [,(0.5um)
< > [, (1um)

Primary mirror of telescope

Wavefront of light

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 16
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Coherence patches: t=0.001 sec explosure  emT

IRC +10 216

17
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Coherence patches: t> 0.1 sec explosure GMT

In the “seeing” limit:  Bgeeing What a star looks like
averaged over long timescales.

— Sensitivity ~ D?

(Credit: VLT)

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 18
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Coherence patches averaged: t > 0.1 sec exp. GMT

In the “seeing” limit: 6 = B gging What a star really looks like

averaged over long timescales.

— Sensitivity ~ D?

(Credit: VLT)

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 19



Coherence patches .. corrected by AO.

In the diffraction limit: 6~ (1.22 A/D) What a star really looks like
on an 8m with AO correction:

S o
Sensitivity ~ D The diffraction limit of the telescope.

(Credit: VLT)

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 20
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Correcting the atmosphere over 1 segment: GMT

25
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Correcting the atmosphere over 1 segment GMT

Deformable mirror

[dichroic \
- _
(=

i
/" ;,

> L=

“Science instrument”
(a video camera in Wavefront sensor

this case)
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Correcting the atmosphere over 1 segment GMT

Undistorted

The Basics wave Gont
of Adaptive \

: Distorted
OPtICS wave front

P\

eformable
Mirror Turbulent

Primary atmlospheruc
mirror o ini

Wave-front
corrector

Wave-front
deteCtor © 2008 Sky & Telescope
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GMT

Step 1. “wavefront sensing”

Universal method:
wavefront slope (pupil plane) = image displacement (image plane)

Axr=zWlx VT W(x)
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Step 1. “wavefront sensing” ... Shack-Hartmann lenslet array GMT

ABERRATED WAVE-FRONT

LENSLET ARRAY

CCD DETECTOR

At the pupil: sub-divide the aperture using a lenslet array.

Images form DISPLACED due to the wavefront tilt at that location in pupil.

All wavefront sensors measure wavefront derivatives

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 29



Step 2: put the opposite shape on a deformable mirror GMT

heedl % F et

31



Deformable mirrors: lots of options

Adaptive Secondary

Glass facesheet Mirrors

1000 actuators
| % AdOptica
(Microgate + ADS)

Xinetics

MEMS |
1000 actuators | aem SESSSEEE
Boston
Micro-
Machines

.\,'a

U Arizona

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 32
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Deformable mirrors: secondary mirror option GMT

2 mm thick Zerodur face sheet (hanging in the Magellan coating tank)

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs
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Deformable mirrors: secondary mirror option GMT




Key Issues: actuator density matters! GMT

—>| o |<—

Piecewise /

linear fit— Nt N\~ Phase ®

|\ —//l Primary mirror

< D>> ro >

Deformable mirror makes a piece-wise fit to the
shape of the incoming wavefront.

More pieces (better fits) are better!

35
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= Actuators needed for different telescopes

Key issues: actuator density needed

Piecewise /

|\

linear fit—

\ = Phase ©

‘//l Primary mirror

< D>>r,
Observing wavelength ( um)= 10 2.2 0.8 0.5
Telescope diam. (m) {4
4 1.3 7.6 22.8 40
10 2.7 18.9 56.9 100
30 8.2 56.8 170.7 300

EAA IAG 2018 -

RAB Lec 3 — AO and the GSMTs
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Shape of
Deformable Mirror

Incident wavefront Corrected wavefront

Credit: James Lloyd, Cornell Univ.




Key issues: rate of correction needed GMT

= Imagine a “frozen flow” of air ... how fast are the cells going by?
= size of the correlation length (cell in air): r,

= The wind speed where the turbulence is dominant: V

(the average windspeed above telescope, weighted by turbulence strength)

Wavelength (um) | 7 =LV, | f=1/1,=V, Ir,
0.5 10 cm 5 msec 200 Hz
2.2 53 cm 27 msec 37 Hz

10 3.6m 180 msec 5.6 Hz

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 38



Key issues: Isoplanatic angle

Reference Star * - gc;;r;fe
\ \
| \ \ o
= the angle on the sky over which the shape \ \
of the wavefront (from 2 stars) will be \ \
approximately the same .
= The guide star and science target must be 7
closer together than the isoplanatic angle.
Common
atmospheric |
path

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs
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Limitations of NGAO: guide stars need to be bright & close GMT

Close Enough Too Far Apart _
“Same “Different
Star 3 Galaxy &

turbulence” ‘ /
=4

4
,I' elescope
| 4
L]

Less than 10% of objects in the sky have a bright enough star nearby!
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Limitations of NGAQO: GMT

heedl % F ot W Lo

Pupll
(entrance) Telescope Pupil
_— Focal plane ﬂ (eﬁ(lt)
> \

D = Telescope
Diameter

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 42



Limitations of NGAO: guide stars need to be bright & close GMT

Pupll
(entrance)

ABERRATED W
LENSLET ARR¢
CCD DETECTO.

Telescope
= Focal plane ﬂ

D = Telescope
Diameter

You need enough photons in ~r, (20cm) aperture on the primary to make a

good measurement of the wavefront shape 1000 times per second!

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 43



o
OrO
(o)
©a®

GMT

Limitations of NGAO: guide stars need to be bright & close

Bigger telescopes need THE SAME brightness guide stars!

Pupll
(entrance)

ABERRATED W
LENSLET ARR¢
CCD DETECTO.

Telescope
= Focal plane ﬂ

D = Telescope
Diameter

You need enough photons in ~r, (20cm) aperture on the primary to make a

good measurement of the wavefront shape 1000 times per second!

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 44



Limitations of NGAO: guide stars need to be bright & close

Only ~5% of the sky is close to a bright enough star for NGAO

EAA IAG 2018 - RAB Lec 3



Excite sodium atoms by shining 589 nm light onto sodium layer
(Na D, line)

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs

Atomic Sodium Layer
& _
g e e ¢10km

Sodium
Fluorescence

Laser Beam 90 km

(&

- Credit: Peter Milone

46



Lasers making guide stars on 8-10m telescopes GMT

Left: Keck 2
Middle: Gemini N
Right: VLT

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs




Diffraction limited AO modes:

Natural Guidestar AO

Reference Star %

High
Altitude

e .
Ground

Telescope

Ground Conj. DM

On axis WFS []

0 = 0.02 asec
1-5 arcsec field

Bper Smemorand the GSMTs

Credit: Enrico Marchetti, ESO

Laser Tomography AO

Laser Guide
Stars

High
Altitude
Layer

Ground
Layer

Telescope

Ground conj. DM

WFS g? .

Camera

{\“\ | WFC

0 = 0.05 asec
~10 arcsec




Limitations of Laser Guide Stars: Cone Effect GMT

heedl % F L

[Sodium layer is at 90 km] vs. [astronomical objects at infinity]
%

-~ Different turbulence is sampled
- Problem worse for big telescope w

“Cone effect” or “focal anisoplanatism”
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GMT

Limitations of Laser Guide Stars: Cone Effect

= Solution:
= Use multiple laser guide stars to estimate the turbulence at many layers
= |solate the different contributions
= Apply the full correction with 1 DM

w w
P(OM)=p(0km)+@(5km)+@(10km)
LA N XN\ [~
Hence “LTAO™: ® (10 km)- X / 7/ |
L aser 1\ V. —
T omography ® (5 km) N N\
A daptive IAANAAN L
O ptics ®(O0km) 7
L \|/ _JE\\/
o> o> o
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Limitations of Laser Guide Stars: tip tilt GMT

= LGS is displaced on way up as well as on way down (snell’s law)
= Can't determine overall tip-tilt of wavefront

= Tip-tilt causes causes image motion or jitter
w

51



Limitations of Laser Guidestars: tip tilt




heedl % F

Limitations of Laser Guidestars: tip tilt GMT
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Lo

Solution: use one (or more) natural guide stars to sense tip-tilt
= Can use much fainter stars
= (Can use stars further from science object

Guide star needed (for NGAO):
mg < 15, 6 < 20”

x_/\\__\/_\

“Tip Tilt” Guide star needed (with LTAO):
mg < 18, 6 < 60" o

53



LTAQO: laser placement

= Place lasers to avoid contaminating your own field of view!

Vg
~ @@
L1 X
* . . *
*
% % %
O (10 km) T LA
OGkm) VT AT

/‘\/’—\\’____—/

L \l/ B\
o> &b &>
> @&

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 54
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GLAO: Partial atmospheric correction

= Alarge fraction of turbulence is
near the ground

= Denser air
= Heating (ground)
= Convection and mixing

= Ground layer contribution is
constant over a wide field of
View.

Ground Layer AO

Reference
*
Stars x

High
Altitude
Layer

Ground

RuEmse————

Credit: Enrico Marchetti, ESO
Ground (JUII_]. L 1V

Telescope

5



Ground Layer Adaptive Optics

Simulations predict we will get a 30-50% improvement over
a wide field of view from GLAO (up to ~10 arcmin)

0,6
q) —
S 04 s : ' -®=Uncorrected
s \
s 03 ~+-GLAO
0
H- 0,1
0
0.5 0.9 1.2 1.65 2.2 Credit: M van Dam, Adapted
Wavelength (microns) from simulations by Flicker

Ground layer AO works well at visible wavelengths, too!



Ground Layer Adaptive Optics
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GMT

= Use multiple laser guide stars to estimate the wavefront over many

layers

= Place the ground layer contribution on the DM.

P(OM)=p(0km)

HDM)=1/N ((O1 )+ P(042 J+..+P(
9)

% % %
® (10 km)y T Ll
®(Gkm) | T AN
/“\./’—\\'-~__/
® (0km) 7
L \|/ _B\\/
- o <
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Strategies: post-focal

An early AO system on Keck Il




Strategies: post-focal

i

Light from Telescope

An early AO system on Keck Il

/

3 L JIESees,
e
4 @ 4
1
16
17
S ®
6 .
8 10
18
12
11 NIRC 2
22
13 26
© ' T
27
3 (=)
28 ® 4
= Y@
NIRSPEC
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Strategies: deformable secondaries

World’s first deformable secondary: MMT (R. Angel & L. Close)

1064.7mm

13713mm

\‘ ™ WFS optical axis

Figure 1. The world’s first adaptive second-

Muagellan F/11 Adaptlve M2 dary: a 65cm 336 actuator ASM at the MMT.

EAAIAG 2018 -RAB Lec o —

68



el W7 N

Adaptive Secondary Mirrors

¥ S TN

2mm thick Zerodur face sheet
(mirrored)

Stable “reference body” surface

Voice coll actuators push on
permanent magnets face sheet
and controlled in closed loop.

Capacitive sensors measure

location of face sheet relative to
the reference body (~3 nm
precision at 37 kHz)

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs

VLT Adaptive Secondary Mirror

T S

PR
R




Adaptlve Secondary Mirrors

A W

2mm thick Zerodur face sheet
(mirrored)

Stable “reference body” surface

LBT mode shapes

* Voice coil actuators push on
permanent magnets face sheet
and controlled in closed loop. VLT Adaptlve Secondary error

o Capacitive sensors measure
location of face sheet relative to
the reference body (~3 nm
precision at 37 kHz)

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 71



.. TOPICS

\ . * Atmospheric turbulence: causes & characteristics

. AO systems
— "Basic ingrédiénts and key issues _
= NGAO & LTAO & GLAO — how they work.

. Strategles for AO systems
e Post focal systems ‘
o Adaptlve secondary mirrors (ASIVIS) %ﬁ“,
, A ]
o . Strategies of the GSMTs a8
— GMTin detail — what's easy, what's hard: ﬁl
o BELT. SR | N
ey B [
« The big picture of GSMTs for science: telescopes+AO+instruments




AO on GMT. 7 segments UNPHASED GMT

If you can correct the atmosphere,

you get the diffraction limit of the telescope.

minimum size = 2.44 lambda / (D)




AO on GMT. 7 segments PHASED

If you can correct the atmosphere, I

you get the diffraction limit of the telescope. |

‘3\;

I
minimum size = 2.44 lambda / (3D)

m

|
|

R R
NAOATABSE PRI
QAR LR

““ﬂr\’y‘- WY
R A
B A 74
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GMT

GMT levels of image correction:

heedl % F

= Natural seeing — no correction of the atmosphere
= GLAO (ground layer corrected only) — 30-50% better than natural seeing
= NGAO or LTAO atmosphere corrected over each segment, no phasing —
This gives the 8.4 m diffraction limit
This is not the goal.
= NGAO or LTAO atmosphere corrected over each segment, phasing —

This gives the full ~25m diffraction limit.



NGAO on GMT: get rough alignment

e S DR . o

Step 1. Get the telescope roughly aligned
using a “metrology truss™ laser system

(“Absolute Multiline” by Etalon Inc)
= Rate: once after acquisition of a source.

= Accuracy: =10 pm (x10,000 nm)

EAA IAG 2018 - RAB Lec 3 — AO and

the GSMTs 76



NGAO on GMT: phase telescope fast

Step 2: align in piston using “phasing
cameras”

Rate: 30 second frame rate

Accuracy: <30 nm RMS

dispersed fringe sensors:

» using a double slit sampling a 1.5 m-
equivalent square apertures of adjacent
segments

* Prism disperses fringes in vertical direction

 Tilt gives piston phase of adjacent
segments

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs

J Band
spectrum

seg piston [nm RMS]

104 =

103 =

Dispersed Fringe
Sensor

Elapsed Time [min]

S
n .
® Qo9
"
In phase 5 um In phase
out of phase r, =13 cm
*~—e 'mag 12.0 ||
*—e mag 13.0
*—e mag 14.0
o= mag 15.0
0 1 2 3 1 S
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NGAO on GMT: phase telescope fast

cameras”

Step 2: align in piston using “phasing

Accuracy: <30 nm RMS

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs

Rate: 30 second frame rate [faint stars ok!]

J Band
spectrum

seg piston [nm RMS]

[
o
S

=
o
w

Pl
o
[¥]

[
o
[

S e

Qe e

In phase

’u

Dispersed Fringe

Sensor

5 um In phase
out of phase r, =13 cm

1414

mag 12.0 |/
mag 13.0
mag 14.0
mag 15.0

2 3 a

Elapsed Time [min]
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NGAO on GMT: hold phase correct atmosphere GMT

Pyramid WFS Schematic

= Step 3: Pyramid wavefront sensors measure Pupil plane
4 Tiptilt mirror

atmospheric turbulence AND segment piston y
during exposures.

= Accuracy:

= 30 nm RMS mirror alignment

= Total wavefront correction with ASMs: 200 nm

= Rate: 1000’s Hz

100 200 300 00 500 10 150
Input wavefront (+ 65 nm) detector signal (1A/D mod.)

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 79
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NGAO on GMT: hold phase correct atmosphere emT

DR . o e e e e P ——l

Pyramid WFS Schematic

= Step 3: Pyramid wavefront sensors measure Pupil plane
4 Tiptilt mirror

atmospheric turbulence AND segment piston Yo
during exposures. /

I YD Modulation path
mage plane, f
Pyramid 4//“\\

= Accuracy:

= 30 nm RMS mirror alignment

Relay lens

100 200 300 00 500 10 150
Input wavefront (+ 65 nm) detector signal (1A/D mod.)

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs 80



.mn AO
] | | Instrument .

i %
1

— Direct Gregorian
Focal Surface




LTAO on GMT: GMT

_ |‘9 jlll
Laser PrOJeCtor n

Adaptive Secondary Mirror

7 8-m Primary Mirrors

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs



LTAO on GMT:. phase the telescope

.

= Step 1: Get the telescope roughly aligned
using a “metrology truss™ laser system
(“multiline system”)

= Step 2: align in piston using “phasing
cameras” [uses faint stars!]

"
EEXE
mn. n
RS
- n

e

EAA IAG 2018 - RAB Lec 3 — AO and
the GSMTs
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GMT

LTAO on GMT:
holding phase, correcting the atmosphere

= M1 and M2 edge sensor MAINTAIN position.

= Use Laser guide stars to measure and correct atmospheric wavefront over
each segment.

" Rate: 1000's Hz M1 Edge Sensor Unit

/I

Retro-reflector Module |

86
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LTAO on GMT:

holding phase, correcting the atmosphere
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= M1 and M2 edge sensor MAINTAIN position.

= Use Laser guide stars to measure and correct atmospheric wavefront over

each segment.

= Rate: 1000’s Hz

M1 Edge Sensor Unit

Optical metrology like this
Is done all over the planet.

Next steps:
design,
Simulate,
Test,
and refine.

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs

/I

Retro-reflector Module |

GMT
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Summary: 8se

Correcting telescope phase AND atmosphere GMT

heedl % F
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GMT

= Telescope phase error: /\—
= Average over atmospheric changes (30sec)

= Measure phase with Pyramid WFS

Summary:
Correcting telescope phase AND atmosphere

heedl % F
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Summary: oS¢

GMT

e

= Telescope phase error:
= Average over atmospheric changes (30sec)
= Measure phase with Pyramid WFS

= Measure atmospheric shape over each

segment with Pyramid (NGAO)

or
over segments only with Shack-Hartmann

wavefront sensor (LTAO)

Correcting telescope phase AND atmosphere

20
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Summary: 838

Correcting telescope phase AND atmosphere GMT

= Telescope phase error: /\
= Average over atmospheric changes (30sec)
= Measure phase with Pyramid WFS

= Measure atmospheric shape over each

segment AND gaps with Pyramid (NGAO
or

over segments only with Shack-Hartmann

wavefront sensor (LTAO)

= Hold phase during observation Pyramid
(NGAO) or Edge sensors (LTAO)

Al
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Summary: 838

Correcting telescope phase AND atmosphere GMT

= Telescope phase error: /\
= Average over atmospheric changes (30sec)
= Measure phase with Pyramid WFS

= Measure atmospheric shape over each

segment AND gaps with Pyramid (NGAO
or

over segments only with Shack-Hartmann

wavefront sensor (LTAO)

= Hold phase during observation Pyramid
(NGAO) or Edge sensors (LTAO)

2



Summary:
Correcting telescope phase AND

= Measure atmospheric wavefront shape
over the gaps (LTAO)

= Problem: lasers can’t be used with the
pyramid WFS, so there isn’'t a good
measurement across the gap.

= Solution: interpolate

= Uncertainty: ~125 nm bad weather

= Good enough?

= [n good weather: YES

= [n bad weather: boarderline.
= I[mpact: diffraction limit 0.07" vs 0.02:

E-ELT has exactly the same problem

I3
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Summary: 9~

GMT AO strategies: demonstrated vs being developed emMT

= Atmosphere limits image quality: no phasing needed
= Natural Seeing — active optics only: ASMs or FSMs

= GLAO — adaptive optics (ASMs), ground layer corrected over each segment

= Diffraction limits image quality: phasing needed

* NGAO — adaptive optics (ASMs),
phasing (pyramid WFS),
full atmosphere corrected over segments
AND gaps (pyramid WFS),

= LTAO— adaptive optics (ASMs), lasers,
holding phase (edge sensors),
full atmosphere corrected over segments (Shack-Hartman WFS)
AND gaps (interpolate!)
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Sclence Cases GMT

- — e e = A —d——

GMT Observing Modes

Single Object Multi-object (~75% extragalactic)
Field of view: Small Medium Wide
Dif.Lim.
Image Galactic|  Bright Faint Extragalactic
- science : . science
Quiality: Guide Stars Guide Stars

//\ ~20% of science cases

(mostly exgal science)

8m

Dif. Lim. Of those, ~50% can be done
with GLAO (lower resolution) or

In-instrument image correction.
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“TOPICS

\ . Atmos’pheric turbulence: causes & characteristics

. AO systems
— “Basic ingrediénts and key issues
'~ NGAO & LTAO & GLAO — how they work.

Strategles for AO systems

 _  Post-focal systems

—  Adaptive secondary mirrors (ASMs) .
Strategies of the GSMTs '
—  GMT in detail — wh_at’é easy, wWhat's hard.
L= E-ELT | |
~ TMT

The big picture of GSMTs for science: telescopes+AO+ihstruments
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E-ELT. deformable flat at M4, tip-tilt at M5

Secondary mirror (M2)
4.2-metre diameter
Convex

Zerodur

Fourth mirror.(M4)
2.4-metre diameéter
Flat
Thin
Adaptive §
Ceramic glass

- - Fifth mirror (M5)
Primary mirror (M1) 2.7 x 2.1 metres
39-metre diameter Flat

Concave . Fast Tip/Tilt
798 hexagonal segments DT = e
Active

L et R SR S e PR

Tertiary mirror (M3)
3.8-metre diameter

GMT

Science instrument
platform




...... T— Wi Secondary mirror (M2)
- ¥/ \ 4.2-metre diameter

Fourth mirror,(M4)
2.4-metre dlameter
Flat

Thin

Adaptive

Ceramic glass

!"{l .~ \ '
/) 1 ) \ '
‘::;IP‘::Q.\:F::::::::::=======:===a--c.--.--....-»:.--
e LN ) :

[ Lol \

Fifth mirror (M5) PRY e M
; v 2.7 x 21 metres S Tertiary mirror (M3)
39-metre diameter Flat 3.8-metre diameter

Coricave e Fast TIp/T llt Concave
798 hexagonal segments ‘- = S

Active

Primary mirror (M1)



E-ELT: Tl

" Secondary mirror (M2)
v 4.2-metre diameter
., Convex

‘ Zerodur

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs



New science with new capabillities:

R e —

Increased sensitivity: LIGHT!
» Collecting power: primary mirror area (~D?)

...but throughput goes down with the number of mirrors

reflectivity= 70-95% per mirror

. -, 4Sezcondar(;; mirror (M2)
= = A2 =\ .2-metre diameter
Throughput = 30-80% L
4 '\ Zerodur

)
i

Fourth mirror.(M4)
2.4-metre diaméter
Flat 2
Thin

Adaptive

Ceramic glass

Science instrument
platform

Fifth mirror (M5) Pl o
2.7 x 21 metres . Ay Tertiary mirror (M3)

Primary mirror (M1)

39-metre diameter Flat 3.8-melre diameter

Concave Fast Tip/Tilt Concave
798 hexagonal segments . Zerodur s 2 5

Active s e - . 1
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NFIRAQS Science
Calibration Unit
(NSCU)

M2 System

M3 Svstem

NFIRAOS First Light
w/IR Imaging Spectrometer (IRIS)
w/IR Multi-Slit Spectrometer (IRMS)
NIRES-B (Future) WIRC (Future)

HROS (Future)

N\ Wide Field Optical Spectrometer

First Light
(WFQS)
PFI (Future)
Alignment and Phasing
System (APS) IRMOS (Future)
MIRAQ with

MIRES/NIRES-R

(Future) M1 Optics System
Enclosure

Summit Facilities

Laser System
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TMT: like Keck — post-focal AO system

Input from
Telescope ™

76x76 DM at =0
h=11.2 km

Qutput to
scence
instruments
and IR T/TIF
WFSs
63x63 DM at h=0
km on tip/tit stage g g0

LGS WFSs
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Smulator Phase
Screen

OAP1

OAP2

S VNW
Truth WFS

LGS
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NGS WFS 60x80
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laght
Visible
hght
Laser
Izt

LUt



- TOPICS

\ « Atmospheric turbulence: causes & characteristics

AO systems

— Basic ingredients and key issues
— NGAO & LTAO & GLAO — how they work.

Strategies for AO systems
— Post-focal systems

— Adaptive secondary mirrors (ASMSs)

Strategies of the GSMTs

— GMT in detail — what’s easy, what's hard.
— E-ELT

— TMT

The big picture of GSMTs for science:telescopes +/AQO + instruments




New science with new capabillities:

* Increased sensitivity: LIGHT!

« Mirror collecting power: increases with primary mirror area (~D?)

Collecting power ~ Area

!

Person Keck Iand II Giant Magellan Telescope Thirty Meter Telescope European Extremely Large Telescope
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New science with new capabillities:

* Increased sensitivity: LIGHT!

» Total collecting power: increases with D?, goes down with # mirrors

Collecting power = TD2/4 x (reflectivity)#mirors

{

Person Keck I and II Giant Magellan Telescope Thirty Meter Telescope European Extremely Large Telescope
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New science with new capabillities:

* Increased sensitivity: LIGHT!
e Total collecting power: increases with D?, goes down with # mirrors
e Increased angular resolution: sharper images

» Diffraction limit: improves with D

Minimum image size ~ 1/D

10m

{

Person Keck I and II Giant Magellan Telescope Thirty Meter Telescope European Extremely Large Telescope
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New science with new capabillities:

il ¥ 7 N W T X SN

* Increased sensitivity: LIGHT!

« Total collecting power: increases with D?, goes down with # mirrors
e Increased angular resolution: sharper images

» Diffraction limit: improves with D

* Full time AO and Ground layer AO: enabled by telescope configuration and ASMs

Seeing limited . Ground-layer corrected *
0=0.65" . . - 0=0.25"

[
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New science with new capabillities:

* Increased sensitivity: LIGHT!

e Total collecting power: increases with D?, goes down with # mirrors
e Increased angular resolution: sharper images

» Diffraction limit: improves with D

* Full time AO and Ground layer AO: enabled by telescope configuration and ASMs

Seeing limited: 6=0.65" = Ground-layer corrected: 6=0.25"
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Full time AO: NGAO, LTAO, & GLAO

Telescope + planned instrument field of view:

Keck GMT GMT with T™MT ELT
(2 mirrors) GLAO (3 mirrors) | (5 mirrors)
Ag 1 6 6 9 14

Q 81 50 50 24 11
g2 (0.65")2 (0.65")2 (0.25")2 (0.65")2 (0.25")2
AQ)/B2 1 4 25 3 10
(relative)

Metric for wide field science: AgQ/02

A = Area

e = efficiency (0.8 — 0.9 per mirror)
Q) = Field of view

0 = image size (flux concentration)

**Typical 75t percentile, R-band seeina.
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Full time AO: NGAO, LTAO, & GLAO

Telescope + planned instrument field of view:

Keck GMT GMT with T™MT ELT
(2 mirrors) GLAO (3 mirrors) | (5 mirrors)
Ag 1 6 6 9 14

Q 81 50 50 24 11
g2 (0.65")2 (0.65")2 (0.25")2 (0.65")2 (0.25")2
AQ)/B2 1 4 25 3 10
(relative)

Metric for wide field science: AgQ/02

A = Area

e = efficiency (0.8 — 0.9 per mirror)
Q) = Field of view

0 = image size (flux concentration)

**Typical 75t percentile, R-band seeing.
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Instrument scale:

—
e | e e
e y—] e
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Instrument scale: smaller i1s better!

HARMONI
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Instrument scale: smaller i1s better!

HARMONI




My conclusions:

AO is critical to the goals of the GSMTs

— For GMT, all AO modes will profoundly improve scientific impact.
The last generation of telescopes are all doing AO to great effect
Strategies for AO systems: ASMs are the only way to go.

The big picture of GSMTSs for science: telescopes + AO + instruments

— GMT is doing.a lot-of smart things to.maximize the performance.

— EELT & TMT will'collect more light but pay much more per photon and don’t
gain as much as the -diameters suggest.

— Instruments do science:

« Afast, nimble, instrument program is‘hewa telescope has high impact!

It is going to be an exciting decade for astronomy!
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THIS SLIDE INTENTIONALLY LEFT BLANK
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GMT Phasing Challenges

1. The doubly-segmented optical design

Tilt of an M1 segment can be perfectly cancelled
by tilt of the matching M2 segment, causing a

segment phase piston gradient to which Shack-
Hartmann sensors are blind

2. M1 segment thermal stability

Ohara E6 Borosilicate non-zero thermal
expansion (CTE = 2.8x10° /C) will cause
edge sensors to drift on ~minute timescales

3. M1 segment gap size

30-35 cm gaps are larger than the atmospheric
coherence length in the visible (10-20 cm),
requiring phasing sensors in the infrared

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs
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Phasing of Segmented Telescopes

= Strategy 1: Optical Delay Lines
= Used by all optical interferometers, MMT, and LBT

= An optical control loop (generally requiring a bright star nearly on-axis)
maintains drives a delay line in closed-loop to cancel telescope and

atmospheric phase piston errors

= Strategy 2: Telescope phasing + Edge sensors

= Used by the Keck and Gran Canarias telescopes

!

= Planned for TMT and E-ELT 5

‘
= A specialized natural guide star wavefront sensor :%
is used to initially phase the M1 segments "

4

= Edge sensors maintain the relative segment %

position vs. wind, gravity, and thermal effects
over timescales of weeks

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs
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GMT Phasing Strategy

1.  Absolute laser metrology truss aligns
segment to £20 um

2.  Telescope is phased across the full FOV
using the light of 3 off-axis guide stars

= Each AGWS probe includes a Dispersed Fringe
Sensors (DFS) at 1.05-1.35 um wavelength

= Multiple guide stars enable phase piston and its
gradients to be measured every 30 s

3a. Natural Guide Star AO

= Pyramid wavefront sensor controls telescope and
atmospheric phase piston on-axis (1 kHz)

= AGWS controls phase piston gradients (0.03 Hz)
3b. Laser Tomography AO

= AGWS controls phase piston on-axis and
gradients (0.03 Hz; provides sky coverage)

= Edge sensors maintain phased condition (500 Hz;
provides vibration rejection)

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs

J Band

spectrum

seg piston [nm RMS]

104}

103 =

102 -

10!

Dispersed Fringe

H Sensor
n. N
H
In phase 5um In phase
out of phase r, =13 cm
*—9 mag 12.0 |/
*—¢ mag 13.0
e mag 140
o—e mag 15.0

2 3 3 5
Elapsed Time [min]
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AO Wavefront Error Budgets

NGAO & LTAO
Wavefront Error Budgets

NGAO mode, V=8

(Requirement / Design)

LTAO mode, 20% sky @ b=-90

(Requirement / Design

High-order error [nm RMS] 170 / 107 260 / 255 .

AO high-order aberrations 108 / 65 202 | 222 Natural Guide Star AO
Atmospheric fitting 65 / 60
Temporal bandwidth 60 / 20 = Pyramid WFS segment piston
HO WFS measurement 55 [/ 14 . .

HO sllzshig 30 7 10 error is small, and validated
Tomography against lab experiments
Dynamic calibration

Atmospheric Segment Piston Laser TomOQFaD hv AO

Telescope Segment Piston 45 | 25 93 / 86 .

AO calibration 62_/ 62 76 [ 74 = Uncorrected atmospheric
NCPA calibration 35 [/ 35 . .
e WA segment piston and residual
Instrument Window (reflection) 20 / 20 te|escope segment piston are
LGS Dichroic (trans./refl.) 20 / 20
Pupil alignment on WFS 25 / 25 among the largest errors
Field-dependent aberrations ; . .

Uncorrectable telescope aberrations 30 / 15 30 / 15 u ReS|duaI W|nd'|nduced

Uncorrectable instrument 50 / 50 50 / 50 i i

L %9 /132 5T 158 vibration of Ml and M2 are

Image motion error [mas RMS] 1.85 / 1.37 3.10 / 2.60 Very uncertain

AQ Fast Tip-tilt errors 160 / 1.34 3.00 / 2.51
Tip-tilt measurement 0.50 / 0.10 = There is little margin to
Tip-tilt temporal bandwidth 0.50 / 0.17
Tip-tit aliasing 0.25 1 0.20 accommodate growth
Tip-tilt anisokinetism
Residual windshake 1.00 / 0.85
Residual mechanical vibrations 1.00 / 1.00 1.50

AO Slow tip-tilt errors 028 / 0.26 |0.28 / 0.23 LTAO Telescope Segment Piston nm RMS wavefront
Residual atmospheric dispersion 0.20 / 0.20 0.20 20% sky @ b=-90 Requirement / Design |
Residual flexure during exposure 0.20 / 0.17 0.20| Telescope Segment Piston 93 / 86

GIR rotation error 0.60 / 0.60 AGWS Measurement 50 / 45

Residual 088 / 1.24 0.41/ 1.70 ASM open-loop piston accuracy 35 / 33

Wavelength [um] 1.22 1.65 218 1.22 1.65 il M1 residual vibration 50 / 44

FWHM [mas] 10.7/10.7 | 145/1441190/189] 11.0/10.9 | 14.7/14.6 | 19.; M2 residual vibration 50 / 50

Strehl ratio 0.40/0.67 | 0.60/0.81 | 0.75/0.88 | 0.11/0.13 | 0.30/0.33 | 0.50, u.0o

E e in 50x50 mas 0.37/058 | 0.48/0.61 | 0.53/0.61] 0.14/0.15 | 0.28/0.29 | 0.40/0.40
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Simulations and Prototyping

Simulations 48 e-/s dark current, 4 guide stars

300 T T T T T T T T T

= High-fidelity simulations of the DFS indicate that currently-
available detector performance will limit AGWS phasing sky 250
coverage to ~80% (vs. 90% requirement)

Sky coverage:
81.5%

= Wind buffeting and edge sensor performance simulations 200

are still immature § 150

Prototyping

= Dispersed Fringe Sensor prototypes at Magellan have
provided confidence in the design, and identified calibration 50
iIssues (eg. real-time atmospheric dispersion calibration)

1.9%>150

o a0 100
On—axis piston error (nm RMS)

s
n
(]

Infrared integrating phasing sensor Visible high-speed phasing sensor Infrared high-speed phasing sensor
prototype: July 2012 prototype: Dec. 2015 prototype: Planned Mar. 2018
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Maturing the Phasing Strategy and Design

AGWS Dispersed Fringe Sensor

= 3" prototype DFS at Magellan will test the infrared camera, optical
design, and calibration strategies in March 2018. It will validate the
predicted phasing sky coverage in LTAO mode.

Edge Sensors and Wind Buffeting

= The GMT Integrated Model is maturing and should provide reliable
wind disturbances by Q3 2017

= Modeled wind disturbances will be validated against LBT and Magellan
accelerometer measurements

= Edge sensor design will be advanced by a JPL trade study beginning
August 2017, and lab prototyping in early 2018

Both major aspects of LTAO phasing
will be validated by mid-2018
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8 June Wavefront Control Peer Review

The review committee:

= expressed support for the wavefront control strategies and algorithms
presented

= had concern over the lack of margin in the current budgets, particularly
given the uncertain telescope vibration environment

= recommended further prototyping and model validation using
laboratory and on-sky experiments

= recommended deploying the AGWS Dispersed Fringe Sensors on the
GMT at first light, to gain experience

= Others?
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GMT

Summary

m The GMT phasing strategy is a variation on that of existing facilities:

= In Natural Guide Star AO, the telescope and atmospheric are phased in
closed loop on the Pyramid WFS, analogous to fringe tracking on optical
interferometers

= In Laser Tomography AQO, the telescope is phased using edge sensors
(similarly to Keck/TMT), but with continuous correction for thermal drift by
three off-axis Dispersed Fringe Sensors

=  The performance of the Dispersed Fringe sensor is well understood
as a result of extensive prototyping on Magellan

=  The ability of the edge sensor system to control wind shake has not
yet been demonstrated

= Higher-fidelity wind disturbance simulations and validation are planned
= Edge sensors will be prototyped in early 2018
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AGWS - carries phasing probes GMT
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AGWS Located at Heart of GMT

1] | AO
] Instrument
-

Direct Gregorian
Focal Surface




Control Level

Electronics Room




Phasing Optics
Probe & Mechanisms IR Camera
Electronics

Linear
Basestage

Steering

Rotary Drive
ry Mirror

and Gear Baseplate

Linear /
Optical Stage



N

R+l (600-900nm)
bandpass minimizes
moonlight

 One channel at a time

e Each channel balances <

EMCCD

| Camera

FOV, number of 320mm
subapertures and speed




Dispersed Fringe Sensor Measures Relative
Piston Of The 7 Segments — Not Measured By

Other Sensors

Image formed
H from subaperture _
and dispersed FFT of image

00¢ JIIj

Vertical position of peak by arrow
depends linearly with piston error



Implementation of IR Dispersed Fringe Sensor 38:
&

Y e
Fixed L4

for initial
alignment







Visible Sky Coverage Calculation

Assumptions GMT
Parameter Value
Seeing 0.79” FWHM at 500nm (75" percentile)
Bandpass R+I
Central wavelength 715nm
Bandwidth 300nm
Photometric zero point 9.0 x 10" ph/sec
Quantum efficiency 0.8
Optical throughput 0.48
Excess noise factor 2
Read-out noise 0.5¢-
Dark current 0

Sky background 15° from full moon

16.3 mag/asec” (R+])

Sky background 30° from full moon 16.8
Sky background 60° from half moon 19.7
Sky background for no moon 20.7




~rope Geometry compinea Vvl

Catalogs

e F N W N U

Shadow of M3 Example star field with R<15% mag

1500
1000 F

500+

=500+

-1000

-1500
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That Meets NSIQ Error Budget

GMT

e Er?o}budget allocation is 25mas EE80 diameter

= Assumptions:
= 48x48 subapertures

= 48 Zernike terms
= Put in random centroid errors. Calculate and apply correction.

= Result: 17mas RMS centroid error is allowed.
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Additional Factors Increase Allowed Error

= 3 probes -> 1.7

= Gainof ~0.5->2.0

= Additional aberrations in AGWS and telescope polishing errors -> 0.9

GMT

Mode Performance Closed loop Factor for | Allowed
requirement Factor multiple probes measurement
error per spot
WFS 17.4' 2 V3 60
TL] 28° 2 vV 1 56
Guide TBD TBD V1 TBD

EAA IAG 2018 - RAB Lec 3 — AO and the GSMTs
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Magnitude Limits are TT/7: R=16.7, WFS:

R>18
Magnitude 13 14 15 16 17 Q_
15° from full moon 1.13 2.02 4.00 8.61 19.7 479
30° from full moon 1.09 1.88 3.5 1.23 16.2 384
60° from half moon 1.03 1.64 2.66 4.39 7.58 14.3
No moon 1.03 1.64 2.59 4.20 6.94 12.1

Table 6: RMS centroid error (mas) as a function of R-band guide star magnitude

TT7 mode (req=56mas)

Magnitude 10 11 12 13 14 15 16 17

Amplification 11.0 275 685 122 122 122 122 122
Read-out noise 555 222 089 050 050 050 050 0.50
15° from full moon 1.36 2.11 336 560 946 173 354 827
30° from full moon 1.39 2,11 342 538 928 15.7 29.7 67.6
60° from half moon 1.33 2.11 349 530 845 13.7 21.7 374
No moon 140 212 336 524 831 134 215 358

Table 8: RMS centroid error (mas) as a function of R-band guide star magnitude in TT7 mode
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Natural Seeing Sky Coverage Is >99%

GMT

At Galactic Pole

o With AGWS tracking

e 15 deg from full moon

TT7 magnitude limit

/5% seeing

20

M3 obscuration + AGWS tracking 60 deg

=
(=]

15

14}

19 | | 3 JOUUIO W F . Lt . bt : 2, e .
o

13

1 1 4
13 14 15 16 17
WFS magnitude limit

20



y coverage Jus
Requirement

~ S ] O ~5 - - - =
Phasing sky coverage at Galactic pole 95% SKky
1.0 . . — " - - coverage
- | required
' by AO
0.8 | specs
0.7
Q
(@)
© 0.6
L
3
> 0.5
%
04 Detailed simulations of
0.3 fringe sensor show
that J=13.5 required to
0.2 meet 50nm phasing

budget with 3 sensors

01 | | | L L
12.0 12.5 13.0 13.5 14.0 14.5 15.0 15.5 16.0
Phasing ] mag limit




®
Guide Mode Used to Mitigate LTAO Windshake :3:

GMT
Ty ] ° « Effective ry=11cm due
) &3 to anisoplanatism with
Ea D . actual r,=15cm and
S on-axis AO
= 12 —1sdegrommuimoon  *  FUll aperture guider
o Y 30 deg from full moon located 10’ off-axis
s ° <=0 deg from halfmoon e (). 7msec integration
o ° time
O 4
2
0 T T T T ]
0 0,2 0,4 0,6 0,8 1
Sky coverage fraction
Magnitude 10 11 12 ;3 14 15 16
Amplification 934 234 571 122 122 122 122
Read-out noise 653 261 107 05 05 05 05
15° from full moon 130 208 337 6.29 11.0 190 37.2
30° from full moon 125 219 334 5.4 938 163 323
60° from half moon 142 225 358 552 887 132 211
No moon 143 191 337 538 8.08 133 229

): RMS centroid error (mas) as a function of R-band guide star magnitude in LTAO mode
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Secondary Truss
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Supports M2 Assembly
Stiff, lightweight,

Low wind area,

Blocks very little light
Accommodates cell




GMT Image Simulations

GMT

Natural seeing at GMT site:

0.40 arcsec resolution
(1.65 pm)

Diffraction-limited resolution:

0.013 arcsec
resolution

= 30x higher resolution

= ~40x higher point-source
sensitivity”

= >100x higher contrast near
bright stars
C. Peng
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GMT Image Simulations

GMT
Natural seeing at GMT site:

0.40 arcsec resolution
(1.65 um)

Diffraction-limited resolution:
0.013 arcsec resolution

30x higher resolution

~40x higher point-source
sensitivity”

>100x higher contrast
near bright stars

C. Peng
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GMT Image Simulations

Natural seeing at GMT site:

0.40 arcsec resolution
(1.65 pm)

Diffraction-limited resolution:

0.013 arcsec
resolution

= 30x higher resolution

= ~40x higher point-source
sensitivity”

= >100x higher contrast near
bright stars
C. Peng
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GMT Image Simulations

GMT

Natural seeing at GMT site:

0.40 arcsec resolution
(1.65 pm)

Diffraction-limited resolution:

0.013 arcsec
resolution

= 30x higher resolution

= ~40x higher point-source
sensitivity”

= >100x higher contrast near
bright stars
C. Peng
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GMT Image Simulations

GMT

For Harvard Magazine
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Phasing Strategy

2) AGWS Dispersed Fringe Sensor

1.  Telescope laser metrology truss provides
initial alignment to £10 um (30) wavefront

2. Telescope is phased and maintained phased
at low bandwidth (~0.01 Hz) by the AGWS

= 30 s frame rate
= <50 nm RMS accuracy at 90% sky coverage

= +40 ym wavefront capture range
3a. NGAO Mode

= Pyramid WFS controls telescope and atmospheric
segment piston error on-axis (~30 nm RMS)

3b. LTAO Mode
= Atmospheric piston error not controlled

= Wind buffeting and vibration are controlled by feed-
forward from M1 and M2 edge sensors to ASM
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Dispersed Fringe
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Phasing Strategy

3b) M1 & M2 Edge Sensors (LTAO)

1.  Telescope laser metrology truss provides
initial alignment to £10 um (30) wavefront

2. Telescope is phased and maintained phased
at low bandwidth (~0.01 Hz) by the AGWS

= 30 s frame rate
= <50 nm RMS accuracy at 90% sky coverage
= +40 ym wavefront capture range

3a. NGAO Mode

= Pyramid WFS controls telescope and atmospheric
segment piston error on-axis (~30 nm RMS)

3b. LTAO Mode
= Atmospheric piston error not controlled

= Wind buffeting and vibration are controlled by feed-
forward from M1 and M2 edge sensors to ASM
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One star of
this
magnitude
for segment
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And three stars of this magnitude for wavefront sensing,
at the South Galactic Pole
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What do.-telescopes do"and how’7

- I\/Ilrrors (collect and focus Ilght)

& Structures (pomt and foIIow targets support Optlcs)

N Challenges and I|m|tat|ons
: ',"-°_ Telescope optics 101 S
' , St_rate_gles ofthe.3 GSMT_SJ SRS

Strategles of the 3 GSlVlTs

What do instruments do and how’?**
~_ Instruments optics 101

Ba_S|c scaling relations for instruments.

- Challenges and limitations
— Strategies of the 3 GSMTs

+ GSMT Comparison



New science with new capabillities:

* Increased sensitivity: LIGHT!
e Collecting power: primary mirror area (~D?)

...but throughput goes down with the number of mirrors

Collecting power ~ Area

!

Person Keck Iand II Giant Magellan Telescope Thirty Meter Telescope European Extremely Large Telescope
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New science with new capabillities:

R e —

Increased sensitivity: LIGHT!
» Collecting power: primary mirror area (~D?)

...but throughput goes down with the number of mirrors

reflectivity= 70-95% per mirror

. -, 4Sezcondar(;; mirror (M2)
= = A2 =\ .2-metre diameter
Throughput = 30-80% L
4 '\ Zerodur

)
i

Fourth mirror.(M4)
2.4-metre diaméter
Flat 2
Thin

Adaptive

Ceramic glass

Science instrument
platform

Fifth mirror (M5) Pl o
2.7 x 21 metres . Ay Tertiary mirror (M3)

Primary mirror (M1)

39-metre diameter Flat 3.8-melre diameter

Concave Fast Tip/Tilt Concave
798 hexagonal segments . Zerodur s 2 5

Active s e - . 1
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New science with new capabillities:

* Increased sensitivity: LIGHT!
» Collecting power: primary mirror area (~D?)

...but throughput goes down with the number of mirrors

Input from Source Science
Telescope ™~ o simulators ;:TJT:::T,ME light
Sereen Visible
hight
Laser
OAP = Izt
4.5 OAP1
QAP .
4-L
OAP2
Output to
science S~ VNW
nstruments T Truth WES
and 'R\;;T; NGS WFS 60x80
$ LGS
63x63 DM at h=0 I' ™ Trombone

km on tip/tht stage 6 60-6&!) OAP
LGS WFSs 4.V
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New science with new capabillities:

* Increased sensitivity: LIGHT!
. Collect o : _p2

» Total collecting power: gets better with D?, gets worse with # mirrors

Collecting power = TD2/4 x (reflectivity)#mirors

{

Person Keck I and II Giant Magellan Telescope Thirty Meter Telescope European Extremely Large Telescope
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New science with new capabillities:

* Increased sensitivity: LIGHT!
» Total collecting power: gets better with D?, gets worse with # mirrors
e Increased angular resolution: sharper images

» Diffraction limit (smallest possible image): gets better with D

Minimum image size ~ 1/D

10m

{

Person Keck I and II Giant Magellan Telescope Thirty Meter Telescope European Extremely Large Telescope
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* Increased sensitivity: LIGHT!

» Total collecting power: gets better with D?, gets worse with # mirrors
e Increased angular resolution: sharper images

» Diffraction limit (smallest possible image): gets better with D

* Full time AO and Ground layer AO: enabled by telescope configuration and ASMs

Seeing limited . Ground-layer corrected *

0=0.65% | _ ‘M 0-0.25%

i
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New science with new capabillities:

* Increased sensitivity: LIGHT!

» Total collecting power: gets better with D?, gets worse with # mirrors
e Increased angular resolution: sharper images

» Diffraction limit (smallest possible image): gets better with D

* Full time AO and Ground layer AO: enabled by telescope configuration and ASMs

Seeing limited: 8=0.65" Ground-layer corrected: 6=0.25"
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New science with new capabillities:

* Increased sensitivity: LIGHT!

» Total collecting power: gets better with D?, gets worse with # mirrors
» Increased angular resolution: sharper images all the time

» Diffraction limit (smallest possible image): gets better with D

* Full time AO and Ground layer AO: enabled by telescope configuration and ASMs

Minimum image size ~ 1/D

10m

{

Person Keck I and II Giant Magellan Telescope Thirty Meter Telescope European Extremely Large Telescope
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GMT'’s design strengths for science:

heedl % F

o Full time AO
» Diffraction limited (w/ low background, high throughput — 2 mirrors to focal plane)

* Full time Ground Layer AO (same)

* Wide, useable field of view: 10 arcmin (20 arcmin with field correctors)

o 1 arcsec/mm plate scale = smaller instruments = better performance
» Availability of optical materials (glass and gratings)
» Wider field of view accessible to slit masks (for faintest objects)
« Wider field of view accessible to fibers (for higher multiplexing)

» Faster concept-to-telescope — nimble instrumentation program

EAA IAG 2018 — RAB Lec 3 — AO and the GSMTs
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Full time AO: NGAO, LTAO, & GLAO

Telescope + planned instrument field of view:

Keck GMT GMT with T™MT ELT
(2 mirrors) GLAO (3 mirrors) | (5 mirrors)
Ag 1 6 6 9 14

Q 81 50 50 24 11
g2 (0.65")2 (0.65")2 (0.25")2 (0.65")2 (0.25")2
AQ)/B2 1 4 25 3 10
(relative)

Metric for wide field science: AgQ/02

A = Area

e = efficiency (0.8 — 0.9 per mirror)
Q) = Field of view

0 = image size (flux concentration)

**Typical 75t percentile, R-band seeina.
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Full time AO: NGAO, LTAO, & GLAO

Telescope + planned instrument field of view:

Keck GMT GMT with T™MT ELT
(2 mirrors) GLAO (3 mirrors) | (5 mirrors)
Ag 1 6 6 9 14

Q 81 50 50 24 11
g2 (0.65")2 (0.65")2 (0.25")2 (0.65")2 (0.25")2
AQ)/B2 1 4 25 3 10
(relative)

Metric for wide field science: AgQ/02

A = Area

e = efficiency (0.8 — 0.9 per mirror)
Q) = Field of view

0 = image size (flux concentration)

**Typical 75t percentile, R-band seeing.
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Instrument scale: smaller = better
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