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Introduction to the team

A Optical design A Thank you to our reviewers

I Renate Kupke (+Proj Mgr) i
A Science Camera i
i Prof. Connie Rockosi !

Bruce Macintosh, LLNL
Brian Bauman, LLNL
Les Saddlemyer, HIA

I Michael Peck I Michael Fitzgerald, UCLA

i Rosalie McGurk Your expertise is and advice is
A Mechanical design highly valued

I Jerry Cabak

i Chris Ratliff

I Daren Dillon

A Electrical systems
I Barry Alcott



&= Introducing ShaneAO: The new Adaptive by i,
= Optics System for Lick Observatory

What the new system provides

in comparison to the old: ‘7
: = _NN
Old System ShaneAO
High Strehl in K band High Strehl in J, H, and K bands
J and H accessible | band accessible
Diffraction-limited imaging in K Diffraction-limited in J, H, and K
19 arcsec FOV 76 mas/pix 20 arcsec FOV 33 mas/pix

more sensitive science detector

Limited to short exposures 4-hour exposures
enables dim object spectra

Fixed on-sky orientation Instrument can rotate
to set the spectrograph slit angle
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Expanded Science Yo

ShaneAO

Lick AO science pixels ShaneAO science pixels




Expanded Science P

Adaptive Optics

chip area for more spectral resolution
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Strehl vs Wavelength
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Purpose of the Review © 5

AThe reviewdbs objectives
I Overview the system objectives & reguirements
I Subject the design solution to critique
I Achieve the milestone: design completion and
transition to fabrication stage
A Charge to the reviewers:

I Evaluate the design for effectiveness and
completeness

I Provide objective criticism and suggestions
I Evaluate readiness to move to fabrication
I Produce a summary report
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A 1:00 Intro
I Charge to the reviewers
I Top level requirements
I Science and science camera

A 1:30 Optical design e
A 2:15 Mechanical design

A 4:15 Reviewer closed session =

DM2 (Tweeter

A 440 FeEdbaCk or MEMS)

DichroicBeam |
Splitter Stage:
WFS

WFS Leg




- LA, Covaasyor
Key top-level Requirements -

A Diffraction-limited imaging in J, H, K bands;
science imaging in |

A 2 0unvignetted science field of view

A Field rotation

A Wavefront correctors at pupil conjugates

A Selects tip/tilt stars on a 60 arcsec radius field

A Opto-mechanical stability to enable a 4-hour
Abl i ndo e-Xphaurs across zenith)



ShaneAO Science Camera (IRCAL)
Upgrade

C. Rockosi, M. Peck,
R. McGurk, D. Cowley, M. Saylor
Shane AO Team
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Primary AO science instrument
I guest instruments also possible
I In operation since 1999, built by J. Graham, J. Lloyd, M. Perrin

(pol)
2 OFoV

Aperture wheel at focal plane, two filter wheels near cold stop.
i JHK, narrow-band filters, grisms, polarimeter

Motors outside dewar, coupled w/ feed-thrus

IR-Labs LN2-cooled dewatr.
i Good hold time, generally trouble-free.

Aluminum optical bench to match CTE of OAPs. Designed to allow
alignment at room temperature. Works well.
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A Relevant features of the current IRCAL:

I detector: PICNIC 256k, 76 mas/pix

A compare 3m diffraction limit in H:
0O.110 FWHM

I cold stop after aperture wheels
I stationary pupil mask at cold stop
A Successful workhorse instrument for
Imaging, polarimetry.
A Spectroscopy is a goal for upgrade

From Perrin et al. 2008
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IRCAL: upgrade plans

A New detector: H2RG engineering device
I 18 um pixels, 35 mas/pix
ACompareJ-band diffraction | imit O
I QE: goal > 80% for & > 1 um vs.
A Move cold stop before filter wheels for polarimetry
A Detents at each aperture wheel position for repeatable location
I reliable spectroscopy
A Enable TUB rotation of entire AO bench, including IRCAL
I slit rotation, occulting finger position, ...
A New cold mask on optical substrate, no mask for spider vanes

A Mechanical mods seem straightforward to implement. Reviewer
comments on ?



IRCAL: new detector plans ~ ®=

A New detector: H2RG engineering
device

I 18 um pixels

i I RCAL Fo¥ 6 600x600
PIX

I 34 mas/pix, compare J-band
di ffraction |

I Engineering device is missing
800 rows, otherwise meets I §
H2RG science specs

I Cutoff wavelength 2.5 um
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A El ectronics: Tel ed
JADE?2 interface card

T COTS cable + custom interface
board between ASIC and JADE?2
through dewar wall

A Software: Jason Weiss @ UCLA will
help (0.5 FTE) modify the MOSFIRE
detector software to work with the
new IRCAL

I disentangle IRCAL software from
the AO Bench software
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A H2RG, ROIC and ASIC in-hand
A Teledyne test data:

I CDS noise: 14 e- (single read),
5.1 e- (Fowler 32)

I QE:

800 nm 1um 1.23 um 2um

0.85 0.78 0.91 0.93
I H2RG data cold in test dewar
(4/24)

A ASIC, JADE2 and custom
Interface cables, Teledyne
software




UC Observatories

=, s o= l.\ Laboratory for
Background and Sensitivity =~ ©

ShaneAO

A Mt. Hamiltion NIR sky brightness, mag arcsec2
iJ = 16 H = 14 Ké = 13
A IRCAL Ks total background: 10.3 mag arcsec2
A Model sky, telescope and AO system emission and transmission

I sky spectra from Gemini SciOps, measured or representative
coating data, average observatory temperatures

i model validated by reproducing” Mauna Kea and Mt. Hamilton
sky brightness, Keck AO system background measurements.
NGAO document KAON501

A Useful comparison: Mauna Kea NIR sky brightness, mag arcsec
i J=16.1 H=13.8 K= 14.9
i NIRC2 background: K = 12.6 mag arcsec™
I Mt. Hamilton K-band sky > 6x brighter than MK
I Shane AO and Keck AO BG factor ~10 brighter than sky
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Background and Sensitivity

A Useful comparison: Mauna Kea NIR sky brightness, mag arcsec2
i Mt. Hamilton K-band sky > 6x brighter than MK
I Shane AO and Keck AO BG factor ~10 brighter than sky
I Keck AO system: 14 surfaces, <Tmk>5C
I Shane AO system: 12 surfaces, <Twmn> 10 C
I Shane AO system BG ~10x brighter than Keck w/ ~same # surfaces
I Difficult to explain with any reasonable model for Shane AO

I Consistent with optical model for IRCAL that shows cold pupil mask
IS 18% oversize

I Predicted IRCAL BG in Ks including oversize pupil mask:
11.1 mag arcsec

I remaining ~0.8 mag plausibly dust, coating degradation, model
uncertainty, ...
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Backup



H2RG Teledyne Test Data =

Parameter Unit Goal " Measured ‘" Pass / Fail
Read-out integrated circuit (ROIC) Hawaii-2RG - - By Design
Number of Pixel # 2048 x 2048 - . By Design
Pixel Size um 18 - - By Design
Outputs ™ Programmable 1, 4, 32 - 1,4, 32 _
Power Dissipation ! mw =10 =05 0.33 Achieves Goal
Detector Material HgCdTe - - By Process
Detector Substrate CdZnTe - Removed - - By Process
Cutoff wavelength @ 77 K (50% of peak QE) um 2.45-2.65 2.50-2.55 2.51 Achieves Goal
Quantum Efficiency (QE) 0.6 - 1.0 ym =% % 255 270 82 Achieves Goal
Quantum Efficiency (QE) 1.0 - 2.4 ym ©=% % =70 = 80 B5 Achieves Goal
Median Dark current @ 0.25 V' bias and 77 K e-ls =01 =0.M 0.003 Achieves Goal
Median Read Moise (single CDS) 7 e- <25 <15 14 Achieves Goal
Well Capacity at 0.25 V bias e- = 65,000 = 100,000 113,000 Achieves Goal
Crosstalk % <5 =2 0.8 Achieves Goal
Residual Image (Latency) ™ % 0.1 <0.01 0.02

Operability "™ % 2095 299 68.62

Cluster: 50 or more contiguous inoperable pixel % £ 1% of array = 0.5% of array 0.03

SCA Flatness " um =30 <10 8 Achieves Goal
SCA Paralielism "' um <50 <25 23 Achieves Goal




Science & Requirements

Reviewer Q&A
and Discussion
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Shane AO Optical Design

Light from telescope

ALPAO DM
‘ézzii —

-~
7

Vs

Periscope

Tip/tilt/
o " focus sensar
< . s focal plane
OAP2 \ Dichroic or
Mirror

MEMS DM':_,_,_,l

—

WFS field steering M‘ '
] e

’ . F o WFS dichroic, LGS
o ) or NGS

WFS optics

.

T IRCAL focal plane

|_ " oars

3D Layout

SHANE AO
3/23/2012

Lick telzscope + 230 relays DM3Zel{medNs v5, DN
Configurations 1,2,3,5,6




" L/«C) ;dbttéft
Lick 3-meter telescope ik

A 3-meter parabolic primary mirror

A ShaneAO will be mounted as a Cassegrain
Instrument

A Secondary provides f/17.1 1 /18 beam at
Cassegrain focus depending on position
(moved to focus telescope)

A Exit pupil is 16.8 m upstream of Cassegrain
focus with a diameter of 0.9 m

APl ate scale of approxi
Cassegrain focus
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Q: Why so much uncertainty in the F 72_5_/_2_2?;«2/ -
del i vered tel es3S®opef’ _ = o e i Sesu,
variation, which is +/- 1 subap, which kel #eEt B B e
means you need to keep updating the e g e N ;ﬁ'lr_
partial subap thinking, or at least you T i
dondt know whsultap you| T
situation is going to be? {{% s foorirt 5585 540.5

) _ ‘ Huiman o2 N e !”"f'f”",':,,os‘.’r I Hores: N -
A: The delivered telescope f/# varies 2 gose: ™ PR =)

507.88S

fﬂ”\/"‘ Wq;; /70*6'?-‘

from f/17.1-f/18 depending on the - %/79

location of the secondary mirror. Those o ot s 54 ,m, s

numbers are based on a hand-made ' LR i b 4 -

drawing and calculations from 1971. We | = ™ %w; 3%, z%'%;/;f““w%f’? 25t
have measured the position of the o ﬁ,mj’:j;“"-jaé/;; PR T
Cassegrain focus relative to the P arvonmcs O "{M iﬂ s M.W)
telescope tub at mid-travel of the - M_%,W s e A et i

secondary, but don't have any additional | s ags sodnegrrm U 3%—/(*7*“‘”
information about the f/# at that point. Taoasur Secomoner’ i t e o '
: | fr = =18y P ,——-4/%/439 :

1 Mso=_4/8 536,y \ &= .
NiproR Pobitueh To s i
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Wide field, 1t relay R

ShaneAO

A Unmatched OAP relay, f/17.5 input, f/28.5 output

A Low-order deformable mirror, 15 mm diameter, 52
actuators provides tip/tilt and low order, slow
correction

A Reflects 0.589 ¢ m(LGS) and NIR to second relay,
transmits 0.6-0.9 £ nto tip/tilt sensor

ATransmits 1200 field of

A Calibration stage located at Cassegrain focus
provides white light and red fiber source, and sky-
pointing acquisition camera for bright stars
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Reviewer Question © 5

Q:Opticaldesi gn: 1 6m curious (would |
why go to f/28.5 at the first rel
do this at the second relay?

A:. | would have preferred that, too. This is driven by layout
considerations. The 15 mm diameter DM + 30 mm field of view
made the packaging difficult with a matched relay. The focal
lengths of the OAPs are relatively short compared to the size of the
field.




A Voice-coil actuated

A 8 ¢ minteractuator
stroke (surface)

A 40 & mtip/tilt stroke
(surface)

A 250 Hz bandwidth

A Clear aperture of 15
mm

A Protected silver
coating
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+18693.6 A Measured woofer tilt stroke of

40 € mP-V, surface.
Requirement: 32 ¢ mP-V

A Departure from pure tilt
increases with tilt, up to ~150
nm RMS at full stroke. This can
be removed by tweeter

A Subaperture mapping on left, blue pads are
mirror actuators, square grid is 8x8 WFS
subapertures, the blue circle is the woofer
mirror clear aperture, the pink annulus is the
pupil image.

A Pupil undersized to account for uncertainty in
f/ # and beam wander

A Pupil image elongated by 2% due to 10AAOI.




- - by s,
Reviewer Question © 5

Q:The pupil size on the woofer seems
13.2x13.4 mm on the footprint diagram (elliptical probably due to 10

degree elongation), but in the text you say 15mm? | think the same

mismatch applies on the MEMS sizing too.

A:In my first order calculations | assumed a pupil diameter of 15 mm on
the woofer (similar with the MEMs - | considered the entire aperture in my
first order calculations). | later refined that to account for various factors to
get the final diameter. Clear aperture of the woofer DM is 15 mm.
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Quote 9143, B/S #1

A During LGS operations, visible
light will be transmitted to the
tip/tilt/focus sensor by a
dichroic beamsplitter,
transmission curve shown to

left.

80

Transmission (%)

A During NGS operations, the
dichroic beamsplitter will be
. replaced by a mirror, allowing
L AL WAL A A NN A ] all wavelengths to enter the

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500
Wavelsiiat Gii) Second re|ay

Phone: 602-200-9200
Custom Scientific, Inc. Fax: 602-200-9206
3852 North 15th Avernue optics@CustomsScientific.com
Phoenix, Arizona 85015 USA www.CustomScientific.com
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Q: Reasons for choosing to put dichroic after OAP2 rather than before?
Or after OAP3?

A:'m assuming you mean TT dichroic? | have tried placing it before OAP2
but the TTFS interfered with the woofer, FM1, and or the calibration stage.
Also a little tight with OAP1 for the dichroic changer After OAP3 would
mean sizing OAP3 to accept the entire 120" TT patrol field. For the WFS
dichroic we preferred the MEMs operating with closed-loop control.

3D Layout

SHANE AO
4/26/2012

Lick telescope + 2A0 relays DM52+L0mMEMs v8.2UX
Configuratién 1 of 8
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A Matched OAP relay maintains /28.5

A High-order deformable mirror, MEMs, 32x32
actuators on 0.340 mm pitch, 10.88 mm square

A Reflects 0.589 i 0.9 £ mlight to natural and laser
guide star wavefront sensor, transmits NIR (1.0-
2.4 € mto science instrument

A Passes anunvignetted2 80 ci rcul ar
A A deployable waveplate is used during polarimetry

A Provides diffraction-limited imaging at 1.0 € mover
the entire field of view.
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Q: Would it have made sense to have changed the f# into IRCAL? (p.
5)

A: | did consider this when we decided to move the pupil in IRCAL. It
would have been nice to have a larger pupil, as well. Mechanically it
was not feasible to shorten the focal length of OAP4. Also considered
lengthening focal length of OAP4 to give us more mechanical leading
into IRCAL, but tr ' o  eecpace of IRCAL
difficult.




: L’C) ey o
Tweeter Deformable Mirror

A Boston micromachines
MEMs device

A 32x32 actuator with 0.340
mm pitch

A Bandwidth > 1KHz

A Tilted window protects
device from environment
(primarily high humidity)

A Gold coated
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Tweeter Deformable mirror e o

SR A Measure single and 4x4
actuator stroke to left
A Pupil mapping on MEMs,
below, blue dots are actuators,
o eaa grid is wavefront sensor
subapertures in 16x16, pink
annulus is pupil image

500

500

PV Deflection [nm surface)

P @ o © e Qe LR N P e - o L] e (%) =}
poge ® epe g LR N ep e epeq e Qe ]
v . 2 B < ' E RN EN RN N LN RN BN BN I ) © )
140 V Biased VC Test on Single Actuators -t
00 poge [ XN X @ © B (A NN NN RN NN N < <
500 peoegogqoeqogeqogogeqgopogopeoge sgoge
y = 0.0238x - 0.2724x - 418.82

poqoegqgeqeogeqe eqge epogegegs eqe ]

g | - - - - - -
459. b @ N X © e Qe X N Y X o eq e © ® )
.E.' ® 140b(15,15] hbog e ge ) B eqQ e ep e < LE B . L B
s ® 140b(7,7) - S WS Ber S9 B
E 200 250 —Poly. {140b (7, 7]} pogegqe o e 9e eq e e PO @ aq e < e Qe
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Al EEEEEN | A A choice of two dichroic
RN | beamsplitters at pick-off to

a0 wavefront sensor allow for
switching between LGS guide
star, with some visible light
T | EEEE science enabled, and NGS guide
star with NIR science.

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500
Wavelength (nm)
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Science Instrument

Unmatched OAP relay with /35 Output

Pupil conjugate to coldstop located upstream of filter wheel
(grism and Wollaston prism)

Passes unvignetted, c¢i rcul ar 280 field

Equipped with a Wollaston prism, used in conjunction with
half wave plate, for polarimetry.

Equipped with narrow band filters for observations in J, H, and
K bands

Equipped with a grism for spectroscopy.

An aperture wheel provides a selection of slits, pinholes, and
an occulting finger

A H2RGhas18s mpi xel s, and a plate sc
Nysquist sampling in J-band

A
A
A
A
A
A
A



Existing IRCAL Science

Instrument

UC Observatories
Laboratory for
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ShaneAO

Optical prescription uncertain

Cold stop after grism and Wollaston
gives inconsistent pupil (PSF)
depending on polarization,

wavelength

IRCAL observers report extremely
high K-band background that does not

meet predictions

3D Layout

BERKELEY CAMERA
4/19/2012

Janos IRCAL prescription from 8-23-99.zmx
Configuration: All 1

5.2000 Millimeters

Scale:

Aperture Diameter:

5.0000

Footprint Diagram

BERKELEY CAMERA
4/19/2012

Spot Diagram
. Airy Rading: 42.75 mm
1 3 I 5
20.850 21.8 17.888 16.331 25.412
40.998 41.4 6.653 1. 48.31% Janos IRCAL prescription from 8-23-33.mx
ference : Chisf Ray Configuration 1 of 1

Surface 26:
Ray X Min =

Ray Y Min =
Max Radius=

—2.4987 Ray X Max = 2.4983
—-2.3972 Ray Y Max = 2.3790
2.4998 wavelength= 1.0000

Janos IRCAL prescription from 8-23-99.zmx
Configuration 1 of 1




Updated Science Camera, S
optical design

A Off-axis parabolas used in their optimum configuration for imaging

A Beam folded to area of dewar with space for H2RG and ASIC

A Cold stop repositioned (by moving entrance pupil into IRCAL)
before filter wheels, Wollaston, and grism

4/19/2012




)\ IRCAL OPTICAL PAT 7
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.
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A Used only during LGS observations. During NGS
observations, all wavelengths are reflected to
WFES and science path

A Receives transmitted 0.6-0.9 £ mlight through
tip/tilt dichroic beamsplitter

APatrols 1200 field of re

A Offers slow focus sensing through use of
astigmatic focus sensor

A TTES utilizes the 80x80 Scimeasure Little Joe with
24 ¢ mpixels.

APl ate scale at TTFS foca
three (binned) pixels per arcsecond



TTFS Optical Layout b

Woofer DM

Fold Mirror

Detector

Tip/tilt ) ) Filter +
dichroic Static periscope achromatic
OAP2 doublet
3D Layout
SHANE AO
4/10/2012

Lick telescope + 240 relays DM52+10mddENs v7. DMK
Configurations 1,2




Adaptive Optics

I e n S ShaneAO

With an astigmatic lens (about 3 waves of astigmatism) with axis tilted
at 45Awith respect to sensor pixels, defocus can be detected as a
signal in a quadrant sensor.

Focus sensing with astigmatic ==

=
L]
0.0000, 0.0000 mm 'E:I 3
—-400 —-200 0 200 400
Ssurface: IMA <— Defocus in pm ->
Through Focus Spot Diagram
LJ16958M - EPlano-Convex Cylindrical Lens - N-BE7
4/23/2012 Units are ym.
Field : 1
EMS radius : 5.806
GEC radius : 11.194 . TTS fullfield v2 wastig.zmx
Box width : 144 Reference : Chief Ray ~ Configuration 1 of 1




L, Losvssir
Wavefront Sensor (WFES) o i

A Can be configured for natural or laser guide star observations
through a change in the WFS beamsplitter and refocus

A Two modes of operation: 8x8 or 16x16 subapertures with a
possible addition of 30x30

A Active refocusing for change in distance to sodium layer
during operation

A A pointing and centering pair allow positioning of an off-axis
reference source within the science field of view.

A Each configuration has 4x4 pixel subapertures with a guard

band
A WEFS detector is Scimeasure CCID66 with 21 € mpixels
APixel scales are 20/ pixel and

subaperture modes, respectively



Wavefront Sensor Optical Path

A -~
Collimator lens Lenslet array Relay lens #1 Relay lens #2
Iris diaphragm \

Detector
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Q: Hmmmmeé . . mo r -eommanipath optics than previously. How
do you calibrate?

A: We assume the non-common path aberrations are low-order and
perform image sharpening with the calibration source.

Q: The WFES path focusing lens (before the field stop) is not producing

a pupil at infinity, so if you adjust the WFS stage focus (especially for

LGS), the pupil will change size. Is the change enough to matter? It

might. | think we had this issue for the last Lick AO system, but it

wasnot enough to hurt auspslredagarse we 01
f ocal | engt hs. | 61 | have to think ab:q
at what happens when you put in finite object distances (LGS)?

A: It is telecentric output (175 mm focal length lens about 175 mm from

MEMSs. | checked the telecentricity at that point a couple of ways. Did |

make an error in the design?
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Q:Expl ain the dot rel ay dédtypegoncept,andt 0 s
| 6m not sure why it woul d tighashbet t er ,
tolerances on focal length and requires custom optics.

A: You're right, it's not a 4-f design, and it's not necessarily better. | wanted

each of the WFS paths from field stop to detector to be exactly the same

length to facilitate changing between modes. | costed custom lenslet

arrays (in order to use stock relay lenses), and decided, because of cost,

to go with stock lenslet arrays and custom relay lenses. It was one or the

other to get the 105 micron subapertures on the WFS detector. | started

out with 4-f designs for the custom relay optics, but wasn't happy with the

lengths (mechanical) | needed to achieve the magnifications. Using one

lens for the relay did not give satisfactory results (I think field curvature or
distortion was large). At Keck they had used a field lens+lens approach for

the relays instead of a 4f to shorten them, and that seemed to work in this
case,too.l 6d be happy to discuss dettei gn al
constraints.
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Science Detector Image Plane ™50

ShaneAO

OBJ: 0.0000, 0.0000 (deg) 08J: -0.0038, 0.0000 (deg)
0BJ: 0.0038, 0.0000 (deg}
0.000, 0.000 mm
OBT: 0.0000, -0.0038 (deg} OBT: 0.0000, 0.0038 (deg)
Do -0.085, 7.020 m
no: 6.541, ~0.01¢ m 7,131, -0.014 m
Surface: IMA
Spot Diagram Grid Distorticn
SHENE R0 SHANE AO
4/23/2012 Units are m. Riry Radius: 38.19 mm 4/23/2012
Field : 1 2 3 1 5 Field: 0.0054 w 0.0054 h Degrees
RYS radius : 3.710 2.138 4.075 1.022 1.187 Image: 9.94 w 9.95 h Milliméters
GEO radius : 5.574 6.281 6.247 6.410 6.704 s IlmEs fog | Maximum distortion: 1.4096% s DVEEH s 71,20
scale bar : 100 Reference : Chief Ray configuration 4 of 8 | Scale: 1.000X, wavelength: 0.9000 pm 15n 4 of
Update Settings Print Window Text — — — -
Field Curvature Distortion 2.12E-003
TS +Y +Y
T T 1.80E-003
T T 1.498-003
1.18E-003
1 8.64E-004
+ 5.51E-004
T 2.38E-004
-7.52E-005
-3.88E-004
T T T T T T T T T T T T T T T T T T T T T T T T T T -7.01E-004
-La 0.00 Lao 2 o 2
Millimeters Percent ~1.01E-003
Field Curvature / F-Tan(Theta) Distortion W I3 T F 1
SHANE O avefront Function
4/23/2012
Maximum Field is 0.004 Degrees. gggég”;}ﬂ at 0.0000, 0.0000 (deq)
Wavelengths:  0.900 1.800 Peak to valley = 0.0031 waves, RMS = 0.0006 waves.
_ Tick telescope + 210 relays 52 i .20 Surface: Tmags :
configuration 4 of 8 E-Xn Pupil Diﬂeter: 9.6385E+001 Millimeters Lick ays DHBL+10mdEYs vA. DK
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A 1strelay produces a focal plane

®
with field curvature and
astigmatism at extreme field points

Spot Diagram

SHANE 20

4/23/2012 Units are mm.

Field 1 2 3 4 5

RMS radius : 9.628 29.272 29.328 29.321 29.321

GE0 radius : 15.938 54.410 48.710 50.420 50.420 Lick telescope + 120 relays DHSD+10nmEds v8.1ME
Scale bar : 250 Reference : Chief Ray Configuration 1 of 8

If focus signal from TTFS is
linear over a large enough .
range of defocus, instead of T
using the astigmatic focus
sensor to null the signal, we . .

can calibrate the zero focus T wimecers
position for different field T Ea—

4/23/2012
Maximum Field is 0.017 Degrees.

pOI nts . Wavelengths: 0.600 0.%00

Lick telescope + 240 relays M52+ 0m¥EMs vd. MK
Configuration 1 of 8
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. Ly o,
Focus sensor is linear b

ShaneAO

Astigmatic signal vs. defocus at TT sensor

05 - —

signal
o
o

39.0 39.5 40.0 40.5 41.0 41.5

Best focus = 40 mm
colors represent different amounts of astigmatism from 0.25 (red) to 4.0 waves (black)

Results from Fresnel
propagation simulation
suggest that signal is
linear over required
defocus distance.



Wavelength in pm

) -50 -40 -30 -20 -10 o 10
Focal shift in pm

Chromatic Focal Shift

LJ1695RM - Plano-Convex Cylindrical Lens — N-BK7
4/23/2012

Maximum Focal Shift Range: 58.7886 um
Diffraction Limited Range: 59.280 npm
Pupil Zone: 0.0000

TTS fullfield v2 wasti
Configuration 1 o

Astigmatic lens must be

L UC Observatories
Laboratory for
\ Adaptive Optics

ShaneAO

To detect focus shifts on order of
a depth of focus, the astigmatic
lens must be achromatic over the
TTFS wavelength range of 0.6-

09e m

" o+ it
{;? oh % % S
-60 -30 0] 30 &0

<— Defocus in

144.00




WES Optical Design Analysis, s,
8_X_8 ShaneAO

OBJ: 0.0000, 0.0000 mm B3 0.0000, 120 ER | o oo
&
m
m m
Lo
m m
m
& i
m m
Spot Diagram Grid Disteortion
Lens has no title. Lens has no title.
4/23/2012 Units are mm. 4/23/2012 . .
Field : 1 2 3 4 5 Field: 1.6971 w 1.6971 h Millimeters
BMS radius : 0.798 0.862 0.862 0.862 0.862 Image: 0.5934 w 0.5934 h Millimeters
GEO radius : 1.480 1.911 1.91 1.911 1.911 |wfs relay Ssubap v2.ZMX Maximum distortion: 0.0040% wis_relay 8subap_v2.ZMX
Box width : 21 Reference : Chief Ray configuration I of 1 Scale: 1.000%, Wavelength: 0.5890 um configuration 1 of 1

Hartmann spots are relayed Distortion of the Hartmann
from lenslet array focal plane spot grid produced by the
to WFS detector. Geometric lenslet array is small, as
spot analysis above show seen above (0.004%)
spots in center and edge

subapertures, in 0.589-0.9

€ mwavelength range,

compared to the size of a

WEFS pixel.



WES Optical Design Analysis, s,
:I gsi};:l gii ShaneAO

OBJ: 0.0000, 0.0000 mm OBJ: -1.6240, 0.0000 mm

. L

oz 0.000, 0.000 mm ez 0.640, 0.000 mm

OBJ: 1.6240, 0.0000 mm 0BJ: 0.0000, 1.6240 mm

@ &

Do -0.840, 0.000 mu nda: 0.000, -0.840 m

Surface: IMA

Spot Diagram Grid Distortion
Lens has no title. Lens has no title.
4/23/2012 Units are pm. 4/18/2012 o
Field : 1 2 3 4 3 Field: 2.30 w 2.30 h Millimeters
RMS radius : 0.488 1.328 1.328 1.328 1.328 Image: 1.15 w 1.15 h Millimeters
GEO radius : 0.755 2.603 2.603 2605 2.605 wfs relay 15subap v2.ZMX Maximum distortion: 0.0024% wfs_relay 15subap v2.2ZMX
Box width : 21 Reference : Chief Ray configuration 1 of 1 Scale: 1.000X, Wavelength: 0.5850 pm Configuration I of 1

Hartmann spots are relayed Distortion of the Hartmann
from lenslet array focal plane spot grid produced by the
to WFS detector. Geometric lenslet array is small, as
spot analysis above show seen above (0.002%)
spots in center and edge

subapertures, in 0.589-0.9

¢ mwavelength range,

compared to the size of a

WES pixel.
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There are four planes conjugate to the puplil in the ShaneAO
system (woofer, tweeter, lenslet array and coldstop). Each of these
were analyzed for the following pupil imaging effects:
AfPupil wa nadiefieldpoihte r of f

A Pupil distortion

A Pupil tilt and curvature

A Pupil edge blur (related to pupil wander i field dependent).

Each of these were evaluated compared to the relevant parameters
of the pupil plane (actuator or lenslet pitch).



Woofer has some pupll tilt, L Gz

Adaptive Optics

corresponding to 136 m at primary "

b Field Curvature Distortion
3
o ST
o +Y +Y
a
a . .
= 4 4
Aperture Diameter: 15.0000
Footprint Diagram T T
SHANE AO
4/24/2012
Surface 18: DM52 —+ i
Ray X Min = -6.6146 Ray X Max = 6.6146
Ray ¥ Min = -6.7355 Ray Y Max = 6.7857
Max Radius= 6.7857 Wavelength= 0.6000
and distortion. ik 1
71T 17 T T T T T1 T T T 17T T 1T T T 1T 17 17T T T T T T°7T 17 1T 17 1T 17 1T T T°71
-2.00 0.00 2.00 -0.2 0 0.2
Millimeters Percent

Field Curvature / F-Tan (Theta) Distortion

SHANE AO

4/24/2012

Maximum Field is 1500.000 Millimeters.
Wavelengths: 0.600 0.900

Tick teleseops + 240 reliys V241 OndEMs v pupilana lysis. IR
Configuration 1 of 5




MEMSs pupil has minimal beam L vz

Adaptive Optics

wander, tilt or distortion

11.0000 Millimeters

Scale:

Aperture Full X Width : 10.8800
Aperture Full Y Height: 10.8800

Footprint Diagram

SHANE AO

4/24/2012

Surface 36: MEMs

Ray X Min -4.7565 Ray X Max
Ray Y Min -4.8191 Ray Y Max
Max Radius 4.8788 Wavelength

4.7565
4.8788 Lick telescops + 280 relays DMG2+10miEMs v8. IR
1.0000 Configuration 3 ot 8




Lenslet array pupil quality is Ly L7

Adaptive Optics

acceptable

. The spot diagram at left shows
® ® geometric spots from the center
and edges of the primary mirror,
as imaged on the lenslet array.
. The lenslet array pitch is shown
on the scale bar. Similar results
for 8x8 and 26x16 subapertures.

MA: -0.150, 0.985 mm TMA: -0.150, -1.288 mm

Surface: IMA

Spot Diagram

SHANE RO
4/24/2012 Units are pm.
Field :

: 1 2 3 4 5
RMS radius : 14.454 21.871 21.861 24.321 20.023
GEO radius : 33.367 65.405 70.543, 62.380 Lick telescope + 40 relays INS2H bmd%s v pupilanalysis, M
Scale bar : 300 : Chief Ray Configuration 4 of 5

66.582
Reference

Distortion of the primary
mirror at the lenslet
array is 0.12%.

Grid Distortion

SHANE RO

4/24/2012

Field: 2121.32 w 2121.32 h Millimeters
Image: 1.61 w 1.61 h Millimeters
Maximum distortion: -0.1270% Lick telesonge + 20 relags INE2H1 s 8 pupilanalysts. D
Scale: 1.000X, Wavelength: 0.5890 pm configuration 4 of 5
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Cold stop must be undersized ®==*

To block unwanted thermal background, the cold stop must be undersized
to allow for pupil wander. The undersizing results in loss of throughput, so
there is a desire to maximize the pupil size. ] ___,.h o

3.8000 Millimeters
SRR Y

e )'

1 3 4
[} 7 19.922 064 19.532 20.085
— # 2.248 ] 362 18.9€5 48.480
[ X P
8]
0

2

Y 22,99 26
j GEQ radius : 42, 60.573 63.3 ~ Lick telesompe + 1h) relsgs MG+ Omis vf popi s, DA
\\\———v'// geale bar ¢ 100 feference : Chief Ray Contiguration 3 of 3

Pupil must be
Aperture Diameter: 3.7500 underSIZed by
SiAE 20 TSR DRAgRan approximately 200 € m

4/24/2012

Surface 84: cold stop

Ray X Min = —-1.8728 Ray X Max = 1.8736

Ray ¥ Min = —1.8745 Ray Y Max = 1.8746 Lick telescope + 280 relays DHG24+10umMEMs vA. DMK
Max Radius= 1.8750 Wavelength= 0.9000 Configuration 4 of 8
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Throughput 0 i

ShaneAO

Tip/tilt/focus sensor, 0.6-0.9
e m

Wavefront Sensor, 0.589 € m
Science, J-band
Science, H-band
Science, K-band

AO relay throughput
(average over bandpass),
not including sky and
telescope

87%

1%
70%
713%
7%
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Alignment
/,\l
Shane AO Alignment Manual \,’{'. - p ‘/
A We have an alignment plan »
that includes the alignment i
hardware indicated in the

figure at right:
A Alignment lasers
A Alignment telescope
A Reference spheres
A Cross hairs or pinheads

A Coordinate measuring
machine will be utilized to
define reference points (foci,
beamlines)

A Alignment begins from the
science focus, 2" relay first
working backward towards
FM1

Alignment laser
position

Alignment telescope
position

Alignment aperture
position

Reflecting sphere or fiber source
position
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- - by s,
Alignment (continued) © 5

A Alignment to science camera uses the tweeter and last fold mirror as a
pointing and centering pair
A Alignment to telescope uses the telescope pointing and the first fold mirror
as the pointing and centering pair.
A The TTFS lens will be aligned to the TTFS detector off-bench
A The WFS configuration optics will be aligned off-bench
A To adjust alignment of WFS optics after changing modes:
A If adjustable iris can close down to pinhole size, then this part can be
done with calibration lamp. Iris provides point source for WFS optics
A WFS detector has x-y motion with picomotors, align wfs detector to
lenslet array
A With calibration source on and iris open, adjust field steering mirrors
until MEMs is aligned with lenslet/detector grid.
A On-sky, with starlight. adjust FM1 until pupil is centered in WFS.
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ShaneAO

Optical Design

Reviewer Q&A
and Discussion



ShaneAO Opto-Mechanical |, ...
. @ Adaptive Optics
SUbassembIIeS ShaneAO

Presentation Schedule:
1. Overview, Assembly Description (<10 minutes)
2. Optomechanical subsystems (90 minutes)

3. WES (15 minutes)
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ShaneAO System R St

ShaneAO

Primary
Mirror

Tub

Support Frame

AO Table

Lower Electronics




Main Mechanical Subassemblies %=

ShaneAO

Light From
Telescope

DM1 (Woofer) EM1

Dichroic Beam

Splitter Stage: Tip/Tilt
TTS Sensor
(TTS)
DM2 (Tweeter
or MEMS)
Dichroic Beam
Splitter Stage:
IRCAL

WES

WFS Leg

OAP3 OAP4
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ShaneAO

Subassembly Review Topics:

MEMS DM mount
Tip/Tilt Sensor Stage
Tip Tilt Dichroic Stage
WES steering mirrors
OAP mounts
Periscope

IRCAL Mount

FM1

. Low Order DM

10. Calibration Stage

11. Optical Bench Design
12. Optical Bench to Telescope Mounting

©CONOOhwWNE



ShaneAO

GBSER 23 L UC Observatories
& ) = Laboratory for
&) MEMs DM Assembly Design R
* ; e b

Agenda:

fOverview and Requirements
Meflection analysis: FEA
ASummary

Meflection Testing



MEMs DM Assembly L i,

ShaneAO

Overview/Requirements:
Aositioning stage for MEMs DM (Boston Micromachines Kilo)

ASpecifications:
AX-Y positioning range/precision: 3mm/1 micron
Avaximum Deflection Allowance for worst case change in gravity vector (450
AL micron - linear displacement N
A arcsec - angular displacement

MEMs DM

5 picomotors

Slotted
Pivot Disks




MEMs DM Assembly L i,

ShaneAO

MEMS DM Integrated in AO assembly: Stress Relief Bracket

DM Window
5 DOF Stage, Modified New Focus Focus 8082



UC Observatories

l. Laboratory for
MEMs DM Stage &

ShaneAO

MEMS DM Stage:

Motorized

Travel, 1/
AVieets resolution and -
range specs. $3390.00

AStock design not rigid
enough
AVodification:
-Harder Kinematic @ zoom (F Enlarge
SU rfaC eS Drawings Literature & Downloads
-More preload force e o o 2
] The 8082 XYZOx0Oy Motorized Wide Five-Axis Tilt Aligner increases the utility
—A n al yS | S an d kinematic stages by motorizing each of the axes. The addition of Picomotor™
. . stage allows remote high-resolution (<30 nm) adjustment of various combine
eX p erl m en tS S h OW It Ox, and Oy. Model 8082 five-axis aligners are ideal for positioning modulators
i S C I OS e to al I OWEd coupling light into waveguide devices. 8-32 and 1/4-20 tapped holes.
deflection limits
-Repeatable
deflection with new

materials

Additional Series

Model 8082
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MEMs DM Kinematic Stage FEA %

ShaneAO

Objective:

1. Assess maximum angular and linear deflection of MEMs due to 90
degree change in gravity vector

Assumptions and Conditions:

=

Load of 20 N and 30 N normal force against each set of spherical supports
(Different load for each orientation)

Gravity vector changes from telescope at zenith orientation to horizon orientation
No base support deflection

Optical table does not deflect

Spheres are made of stainless steel

Stock kinematic base plate is made of 6061 T6 Aluminum

MEMs PCB is made of acrylic (properties readily available)

MEMSs housing is made of 6061 T6

All parts are rigidly connected/bonded

©OoNoOh~WN



MEMs Kinematic Stage FEA ik

ShaneAO

Meshed FEA Model:

Five Spherical
Supports Gravity Vector




MEMs Kinematic Stage FEA i

ShaneAO

Worst case gravitation induced flex
(exaggerated by 40,000x): lIteration 1
Linear deflection: 1.8 microns

Angular deflection: Greater than 5 arcsec

UZ (mm)
4.532e-005
-2.359e-004

. -5.172e-004
. -7.985e-004
. -1.080e-003

1.361e-003

-1.642e-003
-1.924e-003
. -2.205e-003

. -2.486e-003
-2.767e-003
-3.049e-003

-3.330e-003




MEMs Kinematic Stage FEA Yo S,

ShaneAO

Worst case gravitation induced flex (exaggerated by
20,000x): Iteration 2, Stiffer support bracket
Deflection of MEMs in Z: 0.6 microns -OK

Angular deflection: 3.3 arcsec -Not OK

UZ {mm)
1.566e-005
-7 241e-005
. -1.605e-004
. -2.455e-004
. -3.366e-004
| -4.247e-004
-5.127e-004
I -6.005e-004
. -6.8589e-004

. -7.769e-004

-5.630e-004
-9.5531e-004
-1.047e-003
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ANSYS FEA Contact Model "o

ShaneAO

Description:

1. 2D axisymmetric model

2. Kinematic stage contact modeled with nonlinear contact
interface surfaces

3. Nonlinear Stainless and Aluminum material properties

4. Stainless (SST 440C) 3/ 80 diameter b
5. Kinematic 6061-T6 Aluminum base

6. Applied 20 and 30 Newton forces in sequence

7. Base later modified with sapphire
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FEA Model Shows Brinelling ®=-

ELEMENTS
MAT MU

Finer Mesh,
better accuracy

SHANE AQ Kinematic Contact Medel - Model 2B

ShaneAO

DEC %2011
112613



UC Observatories

Deflection Results Summary ‘%=

ShaneAO

Defl ection of 3/80 SST Ball ( De

Base Material

Applied Load Aluminum Sapphire

20 N 2.50 1.34

30 N 3.38 1.93
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MEMSs Kinematic Stage

Conclusion Remarks:

ACommercial Stage Did not Meet Deflection Requirements
ANet change in deflection for 90 degree change in gravity vector
ALess than 1 micron linear displacement
A\pproximately 3.3 arcseconds angular displacement

KOur Design Solution
AStronger springs (may be too much for picomotors)
MRefabricate base from harder material: M2 Tool Steel

MSolution was tested in lab

Astronger springs can get deflection to less than 2 arcsec, this is the recommended solution,
picomotors will work with preload up to 20 Ibs, but no warranty for these high axial forces
(per New Focus)
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ShaneAO

Addendum: Deflection Testing

Meflection Testing performed to measure actual
deflection to back up analysis and determine if there are
other contributors to deflection/instability

Goal: Create atest setup where we mimic the deflection
we would expect for different telescope pointing
directions both with and without New Focus 9082 and for
other test configurations such as stiffer springs and
harder kinematic materials




MEMSs Kinematic Stage " e

ShaneAO

Addendum: Deflection Testing
1.50 O.D. LVDT s

Alest Set Up: Zenith Orientation

LVDT

New Focus 9082

Mahr Millitron Amplifier
(0. 0000050
=127nm)

2 axis rotation table



MEMs Kinematic Stage " e

ShaneAO

Casel : stock kinematic stage configuration

1.50 O.D. LVDT

New Focus 9082




MEMSs Kinematic Stage " e

ShaneAO

Case 2 : No Kinematic Stage, Baseline

Alest Set Up: Orientation (45A, -45A)

LVDT

New Focus 9082: removed

Mahr Millitron Amplifier
(0. 0000050 re
=127nm)

2 axis rotation table



MEMSs Kinematic Stage " e

ShaneAO

Case 5: M2 Tool steel and additional preload spring on
weak corner
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ShaneAO

Post Experiment Photo: No plastic deformation, repeatable




MEMs DM Kinematic Stage Summary %
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ShaneAO

Casel: Case 2: NO Case 3: Heavil Case4: M2 Tool/Case5: M2 Tool StgCase6M2 Tool Stee
Stock Kinematic |Preloaded Stoc
) . . Steeland 6to 1] and9to1l1llb and15to 201b
Kinematig Stage, Fixe¢Stage (approx 1 Ib breload reload* reload
Stage Rodg Ibs typica)** P P P
Maximum Deflection
within 22.5° of Zenith 3.7pum 0.5um 0.5um 1.4pm 1.2pm 0.8um
Maximum Angular
Deflectionwithin 22.5°|7.3 arcse{( 1.0 arcsec 1.0 arcsec 2.8 arcsec 2.4 arcsec 1.6 arcsec
of Zenith
Maximum Deflection
within 45° of Zenith 4.6 pum 0.5um 1.7pm 2.2um 2.1pm 1.5pum
Maximum Angular
Deflection within 45 (9.0 arcse{( 1.0 arcsec 3.3 arcsec 4.3 arcsec 4.1 arcsec 2.9 arcsec
of Zenith
Hysteresis (at Zenith) 3.0um 0.5um 0.9um 1.1ym 0.6um 0.25um
Angular Hysteresis 5.9 arcse( 1.0 arcsec 1.8 arcsec 2.2 arcsec 1.2 arcsec 0.5 arcsec

*May be due primarily to thermal expansion, temperatures not monitored, calculated
gravity deflection estimate: 0.1 microns
**Kinematic surfaces brinnelled after this test, could lead to difficult position control
***No Brinelling observed with M2 (Rockwell 65 C scale hardness) kinematic

surfaces



L UC Observatories
I " I " e Laboratory for
I p/ I | t S n S O r \) Adaptive Optics
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A-unctional Requirements for Tip/Tilt Sensor
Mesign description
Meformation analyses

KEA

MAMoment Rigidity (IKO)

Ainematic Doublet Mount Deformation: Sphere

on Cylinder Hertzian Deformation

Alignment
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Tip/Tilt Sensor

Functional Requirements:

A Position Specifications (stringent ones in Bold):
A Doublet lens axis must be within +/-0.1mm of CCD center
A +/- 30mm travel in x and y (must be able to position anywhere in full field of
view)
A x/y tilt of lens axis must be within 0.05 degrees of CCD normal
A Range of Z adjustment for doublet lens or CCD +/- 25 microns (now relaxed)
A Perpendicularity of x-y trajectory relative to beam axis: +/-25 microns
A Straightness of stage: <6 microns
A Gravitational deflection allowance (for 3 hour exposure time):
A Change in position of CCD relative to Optical Bench:
A Linear displacement< 2.5 micron
A Angular displacement<1 arcmin
A Change in position of CCD relative to lens: <0.5 microns
A Change in position of filter wheel relative to CCD and lens: <0.1 degree
angular displacement -FEA complete

A Sequence of Events for TTS while on sky

Our target acquisition sequence is as follows:

1. Center TTS in middle of range

2. Center tip/tilt (TT) star in science camera.

3. Based on offset between science object and tip tilt star, drive telescope to center
science object on science camera.

4. Drive TTS to center TT star on TTS. Once the TT star is centered on TTS, no
movement of the TTS will be required (unless the flexure is bad enough that
we need to offload to the TTS, but | can't see that happening more than a few
times an hour, and it would be a very small movement (~50 microns)).
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Tip Tilt Sensor
Assembly

Incoming beam axis
from telescope
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ShaneAO

Tip/Tilt Sensor Description:

-Main El ement: Sci Measure C39 80x8
-Needs to move anywhere in x-y field of view (60mm x 60mm)

-Currently design utilizes Griffin Motion x-y stage along with mechanisms fc
camera, TTS doublet, and filter wheel

Griffin Motion X-Y stage

SciMeasure C39 CCD
Camera 80x80

Fixed Filter Wheel
Mount
Filter Wheel
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Tip/Tilt Sensor

ShaneAO

Tip/Tilt Sensor Description:

-Some items removed for clear view

s S 3 XY precision adjustment screws
(CCD to doublet alignment)

ﬂ' ; SciMeasure C39 CCD

ﬁ Camera 80x80
[f | Tip/Tilt Z Thorlabs KS1R,

detachable kinematic face
Doublet Clocking Grip
l/ (Glued in place)
3 Spring loaded
: Q plungers: opposing
adjustment screws
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Tip/Tilt Sensor

ShaneAO

Tip/Tilt Sensor: Top View

-Components removed for clarity
Jacking Screws: For
adding shims

Stage Mount: 6061

Nudgers

[—)

s New side exit DB connectors
replace existing (both
| ] shown)

Tooling Balls for initial

3 <  placement
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Tip/Tilt Sensor: Stage Positions

-Components removed for clarity

Table Position:
-30mm, -30mm

Table Position:
+30mm, +30mm

Table Position:
+30mm, -30mm
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ShaneAO

Objective:
1. Determine maximum linear deflection of TTS CCD camera and
doublet for worst case condition -should be less than 2.5 microns
A 3items to assess deflection
A Major structural parts
A Cross roller bearings (hertzian deformation)
A KSI1R kinematic lens mount

i, 4» STy
ﬁ'ﬁl%“"ﬁ;*‘ a8
R v( ,AV v 4
3
‘A

T|p/T|It Sensor FEA Assumptions and Conditions:

Rigid bracket base is fixed, no deformation of optical table surface (need to assess
separately with table FEA)

Linear carriage assembly is preloaded, treated as plane faces bonded to rail (no
Hertzian contact)

Assembly is initially aligned with telescope at zenith, aligned with gravity vector
Filter wheel is approximated as block of 6061 Aluminum with similar dimensions
All materials are 6061 T6 Aluminum unless otherwise noted

Linear deflection value is critical, goal is to be under 2.5 microns

Worst case change in gravity vector: 45 degrees. This is equivalent to a 3 hour
exposure of a celestial body

no

Noos®



Tip/Tilt Sensor Deformation Analysis %o .

ShaneAO

parts:

Gravity Vector

Fixed Base

Meshed View
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TTS Deformation Analysis Lo .

ShaneAO

Gravitation induced flex with change in telescope
position (exaggerated by 20,000x):

Latest Design: stronger table to stage mount
Baseline load: Telescope at Zenith
Net Deflection for Camera/Lens relative to bench: 1 micron



