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® D* advantage of an ELT (with perfect AO)

O Area Telescope ~ D?
o 1/Area of Point Spread Function ~ D?

® Degraded by
o Wavefront Error ~ S?

© Optical Throughput
© Thermal Background

® = Function of temperature, emissivity
O Etc.
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Thirty Meter Telescope

RoINTESOUNGCE n '

® |nverse of observing time.
A 2

O @(g) is 2D PSF profile normalized so [ ¢(g)dQ =1

o Ais telescope aperture area

O fpg is a photon flux of background per unit area, unit time,
and unit solid angle
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® PSSN = & x [bg0 o | ?®
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® PSS Normalized to a reference case.

X oo

o A, telescope aperture as designed, unvignetted by Lyot
stop

O fpgo telescope background with a perfectly aligned and
sized Lyot stop

O @q(p) diffraction limited PSF
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On Axis PSSN Budget

Item K
PSSN MCAO NFIRAOS + IRIS Imager | 0.123
Wavefront Error (PSS « S%) 0.592
High Order WFE in nm -> S"\2 0.617
Lo Order WFE broadening PSF -> S 0.960
Throughput (PSS < 1) 0.328
Telescope Requirement 0.910
NFIRAOS Requirement 0.800
IRIS Imager Requirement 0.450
Pupil Shift (1% Undersized L.vot 0.702
Loss of pupil area 0.887
Undersized Lyot mask PSF broadening 0.791
Background [PSS o (1+1,/10)"] 0.958
Thermal Background 0.960
Scattered Light 0.999
Out of focus ghosts 0.999
Image Smearing (PSS oc S) 0.950
Image derotator
Offset b/w OIWFS/IRIS Focal plane
ADC errors
Amplitude non-uniformities 0.994
Atmospheric scintillation 0.994
M1 segments T.P variation 0.9998
Ghosting (PSS o« 1-2¢) 0.999
Static focused ghost <5 x10*|

cleji Canada

'

172 nm
71 nm

Reducing this 30% Loss of
observing time is the motivation
for this talk

NFIRAOS Cooled to-30C

0.5mas allocation

0.93+/-0.03



® 1% end-to-end pupil misalighment causes:
® 30% observing time penalty!!

o If Telescope pupil is misaligned onto IRIS Lyot stop due to
tolerances

© Then Lyot stop should be undersized to block background

IRIS is the first light
Imaging Spectrograph
for TMT.

NFIRAOS
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Thirty Meter Telescope: w & : - LO§§ O'f 't'r]roug'rlput Infrared Imaging Spectrograph

® |yot stop defined by undersizing factor a = 2 X shift

© fraction of the telescope pupil diameter Dy, .

® All interior edges intrude into aperture
© Serrated outer perimeter is shrunk by aD,4
o Central obscuration is enlarged by aD,4
© The M2 spider widths are thickened by aD,4

oo = 0.02 causes
119% loss of Area!
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Canada

NIC-C\RC

® Smaller, less-filled pupil Mask for 1% misaligment,
causes 21% decreased PSSN

® Because S? declines rapidly with broader PSF.

® PSF <p(5) is squared absolute value of the Fourier

transform of pupil function P, 5 ,
o Vignetted by Lyot Stop T sz.q,5); (B is as-built pupil shift)

2
oo = 0.02 causes

219% loss from
PSF broadening
alone!

Ptei)TLs@,a.B)
® P =|FT [ PoranTy o5 0 AP
tel(p)! LS(p,a,B) 4P
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0.005 0.01 0.015 0.02 0.025 0.03

Undersizing factor a (fracton of diameter)
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® A decade ago we decided to do “twice as good as
Gemini for Lyot masks undersizing.” So we picked
+/- 1% for pupil misalighment

® |t is challenging for the Telescope to steer its pupil
accurately onto DMO within NFIRAOS.

® NFIRAOS has a goal to work with D/240 pupil shift on
DMO -- causes tomography errors.

® NFIRAOS wavefront error budget allocates 27 nm for
tomography effects due to pupil shift

TMT.AOS.PRE.17.088.RELO1 10
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mask - shiftin % Dia. | Proposed Budget On-axis Kband

+1% Dia. Lyot Mask 1% Radius 0.887
Undersizing -

Telescope to DMO throughput losses

Errors in Feedback to 0.2 Lyot Mask Undersizing 0.791
TCS from NEIRAOS due _ PSF broadening losses
to segment exchange Required Thermal Background at  0.96
(Proposed) & .
Other errors in pupil 0.365 (% radius) 1% Radius -30C
onto DMO NFIRAOS throughput 0.8
1+1 0, 0,
Delivered pupil w.r.t. PRI L o IRIS throughput 0.45
interface to IRIS i
IRIS pupil 0.2 Etc.
IRIS Lyot mask position aberrations
w.r.t. NFIRAOS Rotator (55 uRad) 0.08
interface. bearing
Runout

TMT.AOS.TEC.15.103.DRFO1
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TMT

Thirty Meter Telescope

Pupil rotates on CCD of
RTC PWFS | Pyramid WFS

Star selection mechanism: XY stage
+ Pupil Steering

Pupil Position
errors fed back
to telescope

) | M1->DMO | L oL
l Rotating Lyot Stop
\ y  owmo | 1 -

: = " ‘QI B & :|
E | ) Instrument
7 T™T é'pil rotates I / D

LWEFS

Interface >
Lyot Stop

Image rotates on i i
foca% et on DMs with Instrument derotator

_ ﬁ , Zenith angle compensates image rotation due
Zenit an for to Zenith angle and/or paralactic
paralactic angles angle

TMT.AOS.PRE.17.088.RELO1 12
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® Science Path is blue horizontal line

— e ———— — —

Pupil Calibration
Equipment

Steering
Mirror

Star Selection
Mechanism X/Y Stage

| I
NSCU OAP4-L |
arcs & flats Ml 9 DMO ___________ e ]

n I l interface

Telescope I I OnP1 sc'e"
Light :I DM11 2 4 OAPZ OAPRnyg g OAP4-S
NGS TTP clenu BS:
| | alibration || IIR science mode
L

mirror || hort wavelength

Interface - 0
Science Path Components Ly ot S top




Thirty Meter Telescope

Input Window Source

Simulator

OAP 3 S Ny

‘| Pinhole

‘ Mask
OAP 4-S & -
OAP 4-L
OAP1

Instrument Selection

Mirror
Pyramid
DMO WEFS

Beamsplitters

Laser WFSs & OAP 4-V

Trombone



"% Pupil Feedback ife Telesce 0)e
Thirty Meter Telescope ‘6 ’ rfe _

® On-sky, NFIRAOS will feed
back to the telescope
control system:

O Image position

© Quasi-static wavefront
error

© Pupil shift error signals

Figure: Control Architecture for adaptive optics observations

® TCS will adjust the
alignment of TMT’s three
mirrors

TMT.AOS.PRE.17.088.RELO1 15
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Thirty Meter Telescope

Calibrated in daytime
via Focal Plane Pinhole  Star Pickoff

mask and DMO & Pupil Pyramid CCD
actuator pokes. steering ' Camera
Pointing Model for 7 mirror / XY Stage
motors (XYZTT +ADC) Patrols
Focus stage Curved
Field of

Zero point of pupil view

images on CCD verified
by actuator pokes in

afternoon

PWFS then is pupil Light comes from ADC
reference for telescope below

feedback on-sky Modulation Mirror

TMT.AOS.PRE.17.088.RELO1 16
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Annular Synthetic Real TM#.Rupil TMT rotated 90°
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1-;% CircularpmatCcHed Nilt: QKAY
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Thirty Meter Telescope

TMT Fupil, 24x24 pixel sampling _—
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THT pupil matched Hitor reopongs

pupl rnatche II'tar reEponse
15 x Ammilar bl matehed fitor reaponss '
1.0 I T T T I I Y
-1.0 -0.5 0.0 0.5 1.0
. h . . . Actual pup'ld:ﬂ placernent (pixel)
Gain adjustment factor for the configuration on the right shoul i)gnlj instead of Y

1.8: negligible effect TMT.AOS.PRE.17.088.REL0O1 19



Cnad%i'
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In dark time (no Moon), background light is 10x
lower and with matched filters, the pupil position
estimation error increases from ~0.010% RMS to

~0.022% RMS

o Error due to M1 segment reflectivity non-uniformity
remains at ~0.005% RMS

Using an annular matched filters that ignores the

spiders only increases pupil estimation error from

~0.022% RMS to ~0.028% RMS

© Error due to segment reflectivity non-uniformity reduces

to ~0.004% RMS
TMT.AOS.PRE.05.164.DRFO1
TMT.AOS.PRE.17.088.REL01 20
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Thirty Meter Telescope

M1- DMO pupil position

Pupil position estimation error

M3 pointing error

Sensitivity of pupil steering mirror(%D /
mrad of mechanical motion)

Angular resolution of motors (urad)
Repeatability of motors (urad)

Accuracy of motors (urad)

Poiniting model error

Non-uniformity of M1 segment reflectivity

RSS (yellow and orange terms)

Sum (yellow and orange terms)

RSS (orange terms)

Sum (yellow terms)

RSS (orange terms) + Sum (yellow terms)

2.985%
10
20
40

0.417% Budget = 1/240 of pupil diameter

0.010% Based on simulations of how well pupil position can be determined on the PWF5
0.002% How well M3 can repoint (see section 4.2 of TMT.AOS.TEC.15.103.DRF01)
0.030% NFIRAOS pupil centering mirror requriement

0.060% NFIRAQS pupil centering mirror requriement

0.119% NFIRAQS pupil centering mirror requriement. Must be no more than ~0.1pix no to lose to much flux
0.050% Ability to build a model

0.005% Due to recoating schedule

0.146%

0.276%

0.032%

0.234%

0.329%

TMT.AOS.PRE.17.088.RELO1 21
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® 2 pins go into slot & hole Pins.adjusted laterally
BN CEUment truss via clearance holes

Tip/Tilt and axial
adjustment shims

Cooled enclosure
e -30degC

e C(Class 10,000 clean
room

TMT.AOS.PRE.17.088.RELO1 22
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Thirty Meter Telescope

——————————————————————— ————————— oo ————————

Retro-
sphere

Plane of
travel of XY

Stage

TMT.AOS.PRE.17.088.RELO1 23,
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Thirty Meter Telescope

® Cameras & WFS inside NSEN

Optical head

__ Ystage

Z stage

Thermal enclosure

HRWEFS

TMT.AOS.PRE.17.088.RELO1 24
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® Cis the XYZ centre of curvature of the focal plane
® C should have same XY coordinates as A
® A is the measured XYZ location of central pinhole

Image ;

|
NFIRAQS optical \!

axis |

|
NFIRAQOS focal : A
plane bow%

=

TMT.AOS.PRE.17.088.RELO1 25




TMT

Thirty Meter Telescope

Extra shimming required for some
pads to repoint NSEN

\

Image is
centred, but
pupil is off-
centre

S Delivered focallplanen

Alignment tolerance Delivered focal
plane w.r.t. interface to instruments

' Central Pinhole in NFIRAOS

T T

G E

321

General case: NSEN must be NFIRAOS Focal
translated repointed and shimmed
plane bowl

TMT.AOS.PRE.17.088.RELO1 26



® View looking towards NFIRAOS from NSEN WEFS.

Faro
Retrospheres

Invar Frame

Thermal
Enclosure
Insulation

Point Sources

Cold
Plate Heater Plane

TMT.AOS.PRE.17.088.RELO1 27,
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Thirty Meter Telescope

FalONlEcCKEIAIEWSHITSIHITTIE
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Il 11T fRe150

(17'50)

\ B\
x\ N

« | Faro
Tracker

W/4
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Thirty Meter Telescope

® Deviation varies from unit to unit with somewhat
random shapes.

® Unmounted/unloaded values are typically <100 prad

HPS-170 150 mm Pitch

® Each stage deviation is very|repeatable (<5 urad)

, ALLE DATEN (GRAFIK) Piich
, l Pointing of -
Bf'ad - HRWFS ~0.005 '
Pitch error N \

/. ' Pl stage measurements

Stage Travel

Okay

29



128x128 Lenslet array DM11 edge DMO central actuator

\ DMO edge DM11 central actuator : S
\,

Considered CA (mm) 300 366
Exit diameter (mm) 14939 1487
Exit distance (mm) -224085 +18575

Relative dia. on HASO 1 1.2
Parallax @+130mm
(mrad) 0.58 -7.00
(% of dia.) 0.87 -8.7
(actu pitch) 0.523 -6.374
Sensitivity (mrad/actu) 1.11 1.10

DM11 image is virtual (beyond focal plane)
DMO and DM11 shift in opposite directions
DM11 blurring is 13% of actu pitch if no field lens (f=-17.153m)

Maximum permissible stage runout in Z
0.025 T T T T

21um

0.02
0.015
0.01

0.005

Z position (mm)
o

-0.005 -

-0.01

-0.015 [

-0.02 -

-0.025

-100 -50 0 50 100
Filed position (mm) 130m m

aNENS

N /

@-130mm from axis On axis @+130mm from axis

DMO parallax (mrad)

0.8

0.6

0.4

0.2

DMO parallax seen from NSEN

= = = Perfect stage
— With 21um stage runout

-100 -50 0 50 100

Worst case 1-period sine wave (i.e. smallest slope) T\IT. AOS.PRE.17.088.RELOL  Field position (mm) 30



TMT

Thirty Meter Telescope

Rotating & XY
Cold Stop

Pupil viewing
optics
(deployable)

IRIS(IM2G NG ISPECHLY )]

WORIS

Infrared Imaging Spectrograph

T
TMT

ON-INSTRUMENT WAVEFRONT SENSOR 1/3 | Imager Detector Array 17° x 17°
Shawn in TTF with 2x2 Lenslet Array OPMWFS Entrance window
Fr " " erreremeerweewewwsyl E Deployed THIRTY METER TELESCOPE
imager Probe Rotaticn Stage > (=] > Sicer Fubott
FIXED Eluments A c
| o (| o | el 1)s |23 and max Neld
‘ 2 N *
| v o VN ' “1) § § [A*4x372%)
| Rotation 1 1 = N
| /[F’" NFo«slblhmm -
ki e 'z Fuuns Infrared b Spectrog-ah
I atmosphercl  yirrar Rotaton kop | Lerulet Prckoff
| Lenslet Dapersion l Fold mirror and max field
Ry Corractor ' €— ' (1403x1%15)
'-—_---_----—T _“____-..-_/l
Probe Pickoff, Collimatce, & Trombone ';‘“"""' °
| linear stage slements are coordinated cd Picko#t |
— Cu'hmnov 1 and 2 Mierar
[P R o <L L A
IRIS INTEGRAL FIELD

* RIS Science Dewar Entrance window

|

- ey e e TG e ER T EeEEe e -

SPECTROGRAPH

- e e e . .y

! II‘\\ B ) Sicer fold mirror Tpastise rog |
| ™A comimator 1 ,’A Feld Mirrar ] ] / ............................... ' . : o'e e & w"“" |
THMA ] I dmaa il T 4\ I
R T - 1§ LR [
! A SOmas L1 L2 SOmas L3,L8 I
4 e
l ' ‘. [ ' I." Shicer Mask C'_::—-—-.I
Lensiet Mask —— -
1 “Smasiit oo oY roia |
1z v ' >

1! Cothmator 1 LTI l - \/sticeriFu2 rror |
3 ] I Snccrlti}! - 1
' | /A /) Colemptor i |

|

Colimator 2
l Camara TMA L : ' I < Serae oo ) |
| Fodd Mirror Pupd Viewng Lens 1 sl | I Collmator 3 \ ) Collimuar 2 I
4 Viewing Lers 2 v | | "V‘s |
: POSTIC RN Pupit Viewing Lens : : : \\ Fasa Mum \\U . :
Grating
] Fixed Fold Mirror Camura TMA 3 1 ] e I
‘__ *25maaliL2 Camera 1 ~
I / | : |
I : | : “—> k2 Camera 2
| % (For AIT only) . ' Pupil Viewing Optics - I | ; |
| / Fold Maror | ] |
Sacer tw\, Shcer Pickot? > Camera 3
. L!ﬂ';lﬁ Folo Mieror Lenylet Pickodf ' ' '
rTor ot

L——--— ————— __,_-,.-'-.._.-,_J,E_-..-.t__-;:_-.-_--_ - — .L""ﬂ“&"" — — J



QRIS

Infrared Imaging Spectrograph

TMT

Thirty Meter Telescope

NFIRAOS output
focus

Collimator

Cold Stop

Camera

Serrated Pupil

<— Y linear stage

X linear stage

e

TMT.AOS.PRE.17.088.RELO1 32




® Must callbrate pupil alignment and wander on IRIS
Lyot mask during the daytime
o Derive XY & Rotation pointing model for IRIS pupil mask

0 As a function of Dewar rotation - in situ installed on
NFIRAQOS

TMT.AOS.PRE.17.088.RELO1 S5



TMT

Thirty Meter Telescope

What does Pupil Viewing Camera see?

© 1.5 um P-V waffle, H-band - +225% /-75% intensity
modulation at pupil imager

© Measure location to <<0.1% of pupil dia
correlation

er via

Amplitude at Pupil

Waffle on DM11 (Phase) viewing Camera

Talbot propagation
creates intensity spots
on pupil viewing
camera

See Véran

Friday Morning

TMT.AOS.PRE.17.088.RELO1
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On Axis PSSN Budget
Item K
1. Verify DMO to PWFS by poking DM PSSN MCAO NFIRAOS + IRIS Imager | 0.157
actuators in dayt|me Wavefront Error (PSS « SZ) 0.592
- High Order WFE in nm -> S"2 0.617
2. Record zero-pomt on CCD Lo Order WFE broadening PSF -> S 0.960
3. Use matched filters to measure pupil Throughput (PSS « 1) 0.328
during observation Telescope Requirement 0.910
4. Feed back errors to telescope NFIRAOS Requirement 0.800
IRIS Imager Requirement 0.450
5. Jointly calibrate DMO to Interface, and Pupil Shift ( 1/3% Undersized Lvot __| | [0.896
. . Loss of pupil area 0.962
Ir_]ter:face to LyOt stop using IRIS Pupll Undersized Lyot mask PSF broadening 0.930
VIEWINE camera Background [PSS oc (1+1,/1) "] 0.958
6. Move Lyot stop in XY as instrument Thermal Background 0.960
rotates Scattered Light 0.999
Out of focus ghosts 0.999
Image Smearing (PSS < S) 0.950
7. PSSN due to pupil alignment & Lyot stop Image derotator
undersizing expected to improve by Offsctb/# OTWES/IRISIEocipians
) . ADC errors
~3X; reSUItmg in 10% loss Amplitude non-uniformities 0.994
Atmospheric scintillation 0.994
M1 segments T.P variation 0.9998
Ghosting (PSS «< 1-2¢) 0.999
Static focused ghost <5x10™

TMT.AOS.PRE.1/.086.RELO1 39



