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1 PROJECT OVERVIEW

1.1 TheMCAO Project

The Gemini Multi-Conjugate Adaptive Optics (MCAQO) system is a proposed fecility
ingrument for the Gemini-South telescope that is intended to provide uniform,
diffraction-limited image qudity & near IR waveengths across an extended fidd-of-
view. This will yidd increeses in sdentific utility and observationd efficency well
beyond what is feasble with a conventiond AO system, and provide unique capabilities
for Gemini-South in the 2004-9 time frame. For a range of criteria, mean performance
over a one square arc minute fidd-of-view will be comparable to the on-axis performance
of the Altair laser guide gar (LGS) AO sysem for Gemini-North. Sky coverage will dso
comparable or somewhat superior.

GEMIN

The MCAO sysdem will largdy diminate the impact of anisoplanatisn on AO
performance by compensating atmospheric turbulence in three dimensons.  This will be
accomplished usng multiple deformeble mirrors (DM’s) conjugate to distinct ranges in
the atmosphere, which will be driven with commands computed from wave front sensor
(WFS) measurements of multiple laser- and natural guide dars. At this point, these
features have been embodied in an implementation concept that meets the requirements
of a practicd AO sygem for the Gemini-South telescope. The basic gpproaches and
nealy dl the components usad in this desgn reman highly comparable with the current
generation of AO, and the system architecture is a natura generdization of conventiona
LGS AOQO systems.

1.2 TheProject Team

Figure 1 illudrates the organization of the MCAO project team. Other individuds
contributing to this report and its appendices include Mark Chun (IGPO), Glen Herriot
(HIA), Rdf Flicker (Lund Univ.), Ledie Saddlemeyer (HIA), Jacques Sebag (IGPO),
Ray Sharples (Durham Univ.), and Doug Simons (IGPO).

Gemini Project
Manager
J. Oschmann

|

MCAO MCAO
Project Manager Project Scientist
B. Ellerbroek F. Rigaut

[ I \

Systems Optical Design Mechanical Design
B. Ellerbroek J. Oschmann Eric James

Science Case
F.Rigaut
M.Chun

T. Davidge(HIA)
|

Richard Buchroeder (ODSY || (David Mongomery)
Jm Catone

Celine d'Orgeville SMorrls(HlA)

Redl-Time Launch Telescope/ MCAO
Control Electronics Beam Transfer Optics] Control System
C. Boyer Electronics C. Boyer
C. Cater

Lasers
C. d'Orgeville

C. Mayer (OS)

Figure 1: MCAO Project Organization Chart.
HIA is the Herzberg Ingtitute of Astrophysics,
ODS is Optical Design Service, and OS is
Observatory Services. The remaining team
members are employees of IGPO.
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1.3 The Conceptua Design Review

The Conceptud Design Review (CoDR) for the Gemini MCAO system will be presented
on the 30" and 31% of May, 2000, a the Gemini-North Hilo Base Facility in Hawaii. The
purpose of the CoDR is to determine if the MCAO stience case, system performance
andyss, system/subsystem design concepts, and cost and schedule edimates are
aufficiently wel defined and encouraging enough to warrant additiond work a the
prdiminary dedgn levd. The review committee consds of nine astronomers and
engineers from the Gemini partner counties and ESO with particular interes and
expertise in adgptive optics and indrument design.  The review will be followed
immediatdy by a two day meeting in Hilo of the Gemini Science Council (GSC), which
will review the committee's findings and assess the MCAO project in the context of the
Gemini indrument program overdl.

1.4  The Conceptud Design Documentation

The purpose of the documentation is to explain the science case, derived requirements,
sysem architecture, system peformance edtimates, and subsysem design concepts for
the MCAO sysem. The intended audience is the CoDR committee, other CoDR
attendees, and interested GSC members.  The main body of the report is written for this
reedership as a whole, with more detalled and specidized support documentation
provided by the Appendices.

The man body of the report is organized to follow the agenda of the CoDR itsdf. The
remainder of this section provides a brief summary of background, progress, and plans
for the MCAO project, and outlines its reaionship to the Gemini instrument program
overdl. The following three sections are devoted to system-levd topics (i) The science
case, (ii) an overview of MCAO system parameters, performance, and architecture; and
(i) a review of system peformance modding to date. The next and longest section
summarizes the functiona requirements and design concepts of the individua subsystems
such as opticd design, red-time control eectronics, and lasers.  Two brief sections on
operationa issues and interfaces conclude the main body of the report. The gpendices
areincluded as reference materid separated by index tabs at the back of the binder.

1.5 Project Background

Since 1992, the top-levd peformance requirements for Gemini AO systems have
included the capability of ddivering a Strehl of 0.5 a 1.65 microns under median seeing
conditions. Laser guide stars have been viewed as a method for achieving a smilar leve
of peformance over a larger fraction of the sky. The initid image qudity requirements
for Gemini dso included a specification for a 50% encircled energy diameter of 0.1 arc
second a 2.2 microns over a 1 arc minute field, indicating an interest in high angular
resolution over regions much larger than the isoplanatic patch sze. A forum was hdd in
April 1999 to discuss the options for achieving and implementing these requirements for
the Gemini-South LGS AO sysem. The review pand for this meeting recommended
that:

MCAO Conceptual Design Documentation 2
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The [Gemini] Project should conduct a dgnificant but time-limited dudy of a multi-
conjugate adaptive optics system for Cerro Pachon.... The study should address the
theoreticd andyss, stience drivers, technicd chdlenges, sysems engineering, and
programmatics of such an AO sysem. .... [T]he RP [review pand] recommends that

Gemini adopt as aggressve a schedule as possble to bring this cgpability to the
community.

GEMIN

The recommended feashility study was led by Francois Rigaut and ran from May to
September 1999. It concluded that “...for an 8-m class tdescope dl the required
technologies [for MCAOQO] are available except the laser systems,” and that “we have not
identified any fundamenta theoreticd or technologicd limit that prevents us from
implementing a MCAO sygem for Gemini-South.” An initid review of the science case
identified numerous science areas which would benefit dgnificantly from amaospheric
turbulence compensation over 1-2 arc minute fields, including the physics of nearby dars,
das in other gdaxies the evolution of gaaxies, and gdaxies as probes of high z
dructure.  The feeshbility study obtained the fird rigorous modding results indicating
saisfactory MCAO peformance with laser guide sars.  The sudy dso identified the
MCAO design space for system-levd parameters, including the corrected field-of-view,
the number and location of guide $ars, and the order of the WFS's and DM’s.  With the
exception of the guide dar lasers, these parameters were found to be consstent with
exising AO technology and practical subsystem designs.  The requirements for the guide
dar lasers do imply engineering advances beyond currently available lasers, but are no
different than the requirements for a conventiond LGS AO sysem when viewed on a
per-guide-star basis.

The results of the feashility study were presented to the Gemini partners, Science
Committee, and Board in a series of meetings from September to November 1999. The
GSC

“...grongly recommend[ed] proceeding with the Conceptual Desgn...leading to a
CoDR in early 2000.... It should culminate in a CoD Review by an independent
pand with attendance from the partner countries.”

The Gemini Board next approved proceeding with the Conceptud Design effort and
endorsed the recommended review process.

1.6 Project Progress

The MCAO Conceptua Design effort has occupied the interva from December 1999 to
May 2000. During this time, the IGPO-led desgn team has pursued technicd and
scientific interchange with the Gemini partners and provided written monthly updates to
the NPO's. Work during this phase has focused upon (i) refining MCAO system
performance estimates via detailed modding; (ii) updating the science case on the basis
of these edimates, (iii) developing a comprehensive and practicd system architecture
and a corresponding concept of operations, (iv) verifying laser system requirements and
inititing a laser development plan; (v) refining and detailing subsystem design  concepts
in the areas of grestest complexity and risk; and (vi) reviewing the cost and schedule
estimates for the MCAO project.
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Detalled system-levd modding and trade studies during this phase have established the
basdine parameters for AO components, and obtained end-to-end performance estimates
for this basdine sysem with Cerro Pachon atmospheric turbulence conditions. Some of
these sysdem parameters incdlude  Fdd-of-view dimensons, DM conjugate ranges and
actuator geometries, LGS locations and sgnd levels guide star laser beam qudity; WFS
gpatid and temporad sampling rates for both laser- and naturad guide dtars, and budget
dlocations for AO implementation erors such as non-common path aberrations and
cdibration erors. Performance metrics include mean Strehl ratio and Strehl variability
as a function of waveength and zenith angle PSF full-width hdf-maxima and encircled
energy radii; and edimates of naturd guide star magnitude limits and sky coverage for
MCAO. An essentid milestone in this work has been the development of a control
dgorithm that effectively decouples the LGS- and NGS-driven components of the control
loop. This indght greatly smplifies sky coverage cdculations, and facilitates practica
implementation of adgptive modd control dgorithms that can dgnificantly improve NGS
meagnitude limits.

Pardld to the modeling efforts, severad groups have worked on the MCAO science case.
MCAO is not drictly spesking an insrument, but an interface between telescope and
ingrument than can boogt the instrument capabilities and/or dlow new programs. As a
garting hypothess, we have assumed basdine ingrumentation conssting of a one square
arc second wel-sampled imager and a multiple deployable 1FU spectrograph. This effort
was twofold: firsly, MCAO was examined in view of the overdl Gemini science drivers.
Each science program, as identified in the Abington report, was reviewed and the gains
brought by MCAO were esimated. We identified three kinds of programs. (1) The
programs that either do not benefit from any kind of AO compensation, or that do not
benefit additiondly from MCAO (eg. the search for brown dwarves); (2) the programs
tha will benefit from the 10-20 multiplex gain provided by MCAO with respect to
classcd AO; and (3) the programs that are enabled by MCAO because they require a
very stable PSF over a ~ 1 square arc minute fiedd. Most programs are in the second
category. MCAO peformance was dso gauged with respect to NGST capabilities.
Despite the higher background from its ground-based location, a Sgnificant fraction of
the Design Reference Misson programs can be dated wdl in advance of the NGST
launch. Secondly, two teams made focused efforts on specific science cases. “Probing the
ealy dages of gdaxy evolution in nearby gdaxies” led by Tim Davidge, and “Digant
gdaxies’ led by Smon Morris. Both conducted detailed evauaions of MCAO gains,
based upon actua data andyss of smulated images, and compared the results with a
classcd LGS AO sysem. Agan, these studies demongrated the MCAO multiplex gain,
and the increase in sengitivity and robustness brought by a spatialy stable PSF.

The oveadl sysgem architecture of the MCAO design is highly andogous to many
conventiond LGS systems, such as the Mauna Kea LGS AO sysem (MK LGS-AQS) for
Gemini-North. Magor subsystems include the Laser System (LS), Beam Transfer Optics
(BTO), Laser Launch Telescope (LLT), AO Module (AOM), MCAQO Control System
(MCAO C9), and the safety system (SALSA). The physca and functiond interfaces of
these subsystems are bascdly smilar to the MK LGS-AOS, adthough of course severd
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subsystems do incorporate multiple laser beams, DM’s, and WFS's. The Operationa
Concepts Definition Document (OCDD) describes the system control  architecture,
concept of operations, and calibration methods developed for MCAQO. The approaches
used can be consdered natural generdizations of the methods dready implemented or
planned for conventional LGS AO systems.

GEMIN

Three laser risk reduction projects have been initiated after the failure of the Mauna Kea
LGS laser system proposal process in November 1999. Two of these projects involve
collaborative funding with the Center for Adaptive Optics (CfAO), NSF, and the US Air
Force Research Laboratory. All three projects propose laser systems based upon sum
frequency mixing beams from solid-state Nd:YAG pump lasers. Two projects intend to
demonstrate breadboard lasers in the 25-40 Watt range by early 2001.

Subsystem design work during the CoD phase has concentrated upon those aspects of the
feashility study design of grestest uncertainty, risk, or cost. Approaches have been
formulated for propageting multiple beams through the BTO and maintaining correct
dignment of the LLT. An integrated tolerance andysis of these closdy related designs is
now in progress. Opticd designs have been developed for the science- and LGS optica
paths through the AO module. These designs meet specifications in the areas of image
quaity and pupil digortion, can be efficently packaged, and are manufacturable.
Vendors have been contacted to verify the basc performance characterigtics, interfaces,
and price ranges for key AO components including WFS CCD arays, deformable- and
tip/tilt mirrors, and optica filters. A design agpproach for the red-time dectronics has
been determined on the bass of benchmark cdculations for the red-time control
dgorithm.  This solution appears quite reasonable in terms of the required number of
boards, complexity, and cost.

The project cost and schedule estimates presented in the feashility study have been
reviewed and remain essentidly vdid, granted postive results in the laser risk reduction
projects over the course of the next year. Cost and schedule estimates are summarized in
a separate volume,

1.7 Project Plans

Pending approva of this conceptud design, the preliminary design phase will begin work
towards a Prdiminay Desgn Review (PDR) planned for April 2001. This four month
delay from the schedule proposed in the feashility study report reflects the overdl IGPO
workload during the firg haf of 2000, and aso brings the PDR date into aignment with
end of the laser risk reduction projects. Work packages and/or contracts for design work
on the LLT/BTO, AOM, and MCAO CS subsysems will be initiated early in the
preliminary desgn phase, with the IGPO retaining responshility for system integration,
interface control, sysem modeling, and laser R&D management. The duraion of the
remaning project phases remain as before, leading to a Criticd Desgn Review (CDR) in
April 2002, completion of subsystems by October 2003, and system integration and test
by July 2004.
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1.8 Science Insrumentsfor MCAO

Efficdent utilization of the MCAO sysgem will depend upon the avalability of a large-
fidd IRMOS and near-IR imager with complementary desgn characteriics.  The
IRMOS should include multiple deployable IFU’s (up to ~20), provide sufficient spectra
resolution to work between the OH lines, and have a 12 ac minute fidd. It will likdy
use technology under development now within the UK, Audrdia, and US for Gemini’'s
GIRMOS project. The imager should provide at least Nyquist rate sampling over a 60 arc
second fidd.  This implies a condderable number of pixds (2k by 2k for Nyquist
sampling in K band; about 4k by 4k for J band). Both instruments should be matched to
the f/30 output beam from the MCAO system, and provide diffractionlimited image
quaity over the adbove fidds. Such ingruments would yied unique scientific capabilities
before the launch of NGST sometime around 2009-10. The IRMOS would remain
competitive with NGST given sufficient spectra resolution.

GEMIN

The Gemini indrumentation program is in the mids of replanning to divert resources
nomindly intended for future nonrMCAO ingruments into the aforementioned MCAO-
optimized imager and spectrometer. Fina decisons regarding the continuation or
cancdlation of planned instruments will be made during June 2000, upon review of the
revised plan by the GSC and Ingrument Forum. This restructuring must be completed
during mid-2000 in order to begin these new MCAO optimized ingtruments by 2001, and
have them completed when MCAOQ s available on Gemini- South in mid-2004.
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2 THEMCAO ScCIENCE CASE

21 Context

What are the important questions to ask in this reflection on the science case for the
MCAO sysem? The fundamenta question is not whether an AO complement should be
provided for Gemini South. This point has been settled a the Abingdon meeting with an
ovewheming answver from the Gemini agtronomicad community: All of the scence
programs of the Gemini misson, but one, do need AO to be effectively addressed.
Rather, the case we are going to try to establish here concerns MCAO versus more
traditiond AO. What are the reative gains brought by MCAO compared to AO? How
does it improve the output of the Gemini programs? Does it enable new programs? These
are the questions we should try to answer in the following pages. More specificaly, we
have examined in detal a couple of gpecific science cases (nearby gdaxies ddlar
population & distant gaaxies, in Appendix A)

To dat with, MCAO is not a usud ingrument. This science case transcends an
insrument science case, because (1) MCAO does not improve a handful of science
programs, but benefits all —except a few- of them. Solely focusng on a couple of science
program would have been too redrictive; this led us to approach the science case more
globally. Second, (2) MCAO is not an indrument by itsdf, but an interface between
telescope and indruments, MCAO is a facility improvement. In that respect, we have had
to assume an indrument suite. The latter is to be debated within the Gemini user
community. Early discussions took place a the Instrument Forum (05/2000), and will be
continued a the Gemini Science Committee (06/2000). A dedicated workshop is planned
for later this year tha should involve the community & large, where the insrumentation
progran defined & Abingdon will be revistedre-amed in view of the opportunities
opened by MCAO. In edablishing this science case, we have had to make assumptions on
future indruments. The basdine we settled on is:

A 4kx4k Nyquist sampled imager, with pixe scde of 16-20 mas, covering 66''x66'’

to 80" x80”

A deployable IFU with 0.1 gpatid resolution dements or less, with over 15

independent 1FUs.

In defining the science case, we should aso not forget the context of the use of this
Gemini South capability: whatever AO fadility is built, it will not redigicaly become
avallable before 2003-2004. This is over 4 years after the Keck and two years after the
ESO-VLT AO sygsems. It is therefore likely that the “easest” (most tractable) classicd
AO programs will be largey sarted by the time the Cerro Pachon system comes on line.
To put its community in the postion to address original and important science guestions,
Gemini will have to provide fadlity insruments that are a sep ahead of what is being
built currently.
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2.2 MCAOvesusAO
2.2.1 Needfor lasars

Naturd Guide Star AO (NGS AO) has been the lot of al AO indruments to date.
Because AO was new and 0.1" astronomy was entirdly uncovered -before HST-, a
number of programs have been done and the targets were not missng. However, limited
for decent compensation to the neighborhood of mg ~ 15 guide dars, it proved to most
effectivdly address gdactic astronomy (eg. solar sysem, dar formation —Y SOs, disks
brown dwaves), limiting the agpplication for extragdactic problems to the brightest
Seyfert gaaxies, starburst and QSOs. The sky coverage with NGS systems is on the order
of a percent. To start addressng extragaactic programs, to make AO of wide use, LGS
are needed. They do not povide full sky coverage, but boost it to decent values (10 to
>90% depending on gdactic latitude). In our view, and again, congdering that (1) a large
fraction of the programs tractable with NGS AO will be wel advanced by the time the
CP AO comes on line and (2) a very large fraction of the Gemini core science involves
objects that are not reachable with NGS AO, LGS should be made a requirement for the
CP system.

GEMIN

Before examining in more detals the adequacy of MCAO with the Gemini science
programs, let us see in exactly what way it differs from AO, in terem of impact upon
astronomica observations.

2.2.2 MCAOQO Sengtivities

The derived limiting fluxes of a ground-based telescope with MCAO/AO or without AO
at Cerro Pachon, the Hubble Space telescope with NICMOS, and the yardstick NGST are
presented in Table 2. We lig the 5-9gma, 1 hour limiting magnitudes for spectra
resolutions of R=5 and R=10000. The backgrounds were taken from either the expected
sky backgrounds for Gemini, the NICMOS manud, or from Gillett & Mountain (1997).

The encircled energy fraction in the centrd 2x2 pixels is taken from smulated PSFs for
the MCAO, NICMOS NIC2 growth curves (HST Instrument Science Report NICMOS-
99-007), or edimated in the case of NGST (“NGST science instrument capability report”,
Dec 29, 1999). We reconfirm the results of Gillett and Mountain that at low resolutions
NGST has a sgnificant advantage (25 — 3 magnitudes) while a high spectrd resolutions
there is no SNR advantage. At these spectrd resolutions detector noise is important and
the Gemini advantage arises from the lower cosmic ray flux and hence fewer frame
readouts. In broadband imaging a 2.2 microns MCAO has a 1.2-1.7 magnitude
advantage over NICMOS and no AO cases respectively. Note that at high spectra
resolution the no-AO case has a fanter limiting magnitude than the MCAO but this is
through adit whichis 12 times larger (i.e. a2 pixd dit width).

2.2.3 Sky coverage

Table 1 summarizes the sky coverage for classca LGS AO (CAO) and MCAO, for two
gdactic |aitude and the three near-infrared bands
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GEMIN

CAO/MCAO S.C. [%] b=90° | b=30°
J 7/12 | 21/67
H 16/14 | 44/69
K 35/24 | 74]/82

Table1l: Classical AO and MCAO sky coverage

Assumptions for the MCAO and CAO sKky coverage computations are described in
section 4.4.3. For both cases, the sky coverage is computed as the fraction of the sky
within which the Strehl ratio loss is < 50% with respect with the noisdess performance

-on bright stars-. For ingtance, for the MCAO system, with a K band Strehl ratio of 60%
under median seeing, a Strehl 3 30% will be achieved over 24% of the sky a gdactic
pole latitudes. This table shows that the requirements for 3 Tip-Tilt NGS does not impact
the sky coverage compared to classca LGS AO. CAO shows some gain a high gaactic
latitude for the longest waveengths but MCAO recovers the advantage at shortest
wavelengths and shows larger sky coverage for low gdactic latitudes. Overdl, there is
only a moderate advantage for MCAOQO. The fact that it is less wavelength dependant can
be viewed as more easly enabling multi-wavelength imaging, a requisite for any program
that need color-color or just JK diagnostics.

Table2: Limiting sensitivities for MCAO/AO and no AO at CP, HST, and NGST.

No AO MCAO HST NGST
- Telescope
Diameter [cm] 800 800 240 800
. Thl’OUghpUtS (tATM =092, t1g. =0.8,tpo0s=0.75, t|nsT = 06)
troTaL 0.44 0.33 0.48 0.48
. Background [mag/arcsec? (Jy/arcsec?)]
| =21 mm(K’), R~5 13.8(2e-3) 13.8(2e-3) 16.9(1.1e-4) 20.3(5e-6)
| =1.25mm, R-5 16.2(5.5e-4) 16.2(5.5e-4) 20.9(7e-6) 20.9(7e-6)
| =2.1 mm, R~10k 17.1(1e-4) 17.1(1e-4) 16.9(1.1e-4) 20.3(5e-6)
| =1.25mm, R~10k 18.0(1e-4) 18.0(1e-4) 20.9(7e-6) 20.9(7e-6)
- Instrument (Ngak = 0.01 &/S, Nyegg = 15 €)
Pixe size 0.2" /2D /2D /2D
tIongest integration [sec]
R=5 120 120 1000 1000
R=10000 4000 4000 1000 1000
- PSF
g IN2X2 pixels
21m 05 04 0.3 04
1.25m 05 0.2 0.25 0.25

- Limiting magnitudes, 5s, 3600sec, aperture = 2x2pixels
R~5 [Vega magnitude(nJy)]

2.1 nrm (K") 23.2(370) 24.9(76) 23.7(230) 28.0(4.4)
1.25 nm (J) 24.8(190) 26.3(50) 26.0(66) 28.6(6.0)
R~10000 [Vega magnitude(nmidy)]
2.1 nm (K") 20.4(4.8) 20.3(4.8) 17.2(92) 20.1(6.2)
1.25 nm (J) 21.3(4.7) 20.5(9.7) 17.9(107) 20.5(9.7)
MCAO Conceptual Design Documentation 9
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GEMIN

2.24 Multiplex gan

This section addresses the gain in surface area brought by MCAO. To quantify this
mutiplex gan we mus fird examine the dass of wide fiedld programs that might be
addressed:

1. Programs that do not rdy on PSF uniformity, other than an approximady
consant FWHM, eg. morphology of rdativey bright gaaxies, dructure of the
|SM, color-color photometry in loose and bright clusters

2. Programs that do not rdy on PSF uniformity, but tha need the SNR gan
provided by high Strehl ratio (high Z duders, ddlar population in moderatey
crowded environments)

3. Prograns that rdy on a uniform PSF and fidd of view (arcg/gravitaiond
lensesiwesk lensing/high accuracy photometry, eg. delar population segregation
in globular clugters)

4. Survey programs that require the ultimate sengtivity over large fied of view (eg.
survey of Proplids, supernovae a high Z)

The case #3 is quickly settled: These programs (which we will come back to later in this
discusson) will hugdy bendfit — or will smply be enabled- by the uniform image qudity
of MCAO. For some of them tricky data reduction, as deconvolution or photometry
extraction through a field dependant PSF could provide a partia answer, provide —and
thisisthe mogt difficult- an accurate PSF calibration scheme can be established.

Cae #4 represents the archetype of programs enabled by the combined MCAO wide
fied + sengtivity gain. Some of these programs are presented Table 4 and in Section 2.4.

Case #1 and #2 is where the multiplex gain gpplies. Table 3 shows the ratio of the
MCAO/CAQ areafor which the Strehl islarger than Spear/2.

This actudly compares two comparable quantities -comparing the CAO isoplanatic patch
with the MCAO 1 square arcmin centrd area where the PSF is fully uniform does not
mean much.-

Table 3: MCAO and CAO compensated surface area

J H K
Fov MCAOF [“] 90 110 120
Fov CAOF [“] 20 30 40
Areagan 20 13 9

Table 3 shows that, for programs that need fiedd of view, MCAO provides a 10-20
multiplex gain. Such a lage number can make possble programs that were not
previoudy —because of the time required to complete. It can dso smply increase
efficiency, eg. trandate into more time spent on the object(s). This of course requires that
this multiplex gain can be exploited, that is, adequate ~ 2 arcmin ingrumentation follows.

We note that this multiplexing gain is not smply a maiter of doing CAO science fader;
the field covered by MCAO enables new opportunities. In particular, in cases #1 and #2,
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for objects larger than the corrected fidld of view of CAQ, the probability to have enough
guide dgars to mosaic n fidds equas the CAO sy coverage to the n-th power. For
example, to mosaic a fiedd with Strenl > Speq/2 @ 1.65 microns of a galaxy that is 1
acmin in diameter requires four CAO fidds. Using the numbers in Table 1, the
probability that there will be guide sars in each of these fidds is less than 4% a 30
degrees gdactic latitude and considerably less than 1% at the gdactic pole,

GEMIN

2.2.5 Uniform PSF

This feature is, as such, unique to MCAO. Although 0.1 magnitude error can be achieved
in some cases on fiedd of 10-30" with CAO (cf. Davidge), a unifoom PSF will likdy
vadly improve the accuracy of the image/spectra andyss. The actud study carried out in
the frame of the science case on nearby and disant gdaxies (cf. Appendix A)
quantitatively illustrate this gain’.

More generdly, it is the experience AO users that data reduction is a critica problem,
because of (1) the lack of proper and smultaneous PSF cdibration and (2) PSF spatia
variability in the fidd. For some programs (eg. selar populaion, sparse to moderately
crowded fidd) a PSF can be found in the fidd itsdf, by definition, however smdl the
fidd is For the mgority of the wide fidd prograns (high Z duders, gdaxy
morphology/evolution, YSOs, solar system, I1SM), this is not the case. Having a large,
uniform fidd goes a long way toward solving this problem: if a gar is present in the fidd
of view (I'xl’), it can be used for the whole 1'x1’" uniform field. Since, by definition
there are three m < 19 stars to serve as tip-tilt guide gars in a 2 arcmin diameter field, the
probability of having & least one in the centrd 1 square arcmin field is high (60%).

2251  Ondtitude conjugation

Although dtitude conjugated AO is a pefectly vaid concept for dtes with marked
dominant turbulence layer(s) a dtitude, it is not applicable for CP (see dso section
421). At CP the reatve gans of a sngle-conjugation AOS were found to be rather
gmdl -10% in isoplanatic angle-. This is why such a concept has not been explored for
Cerro Pachon, nor considered here for comparison with MCAO.

2.3 MCAO and the Gemini Science program

The science case for MCAO can be drawn from multiple sources: we can gsart with the
Abingdon report. Some are spelled out in the Altair science case and the NIFS science
case. We will discuss in the following how MCAO vastly improves the science output of
most of these programs. However, none of these science cases consdered the possbility
of wide fidd AO, and therefore did not expand on science cases that possibly made the
most of the MCAO posshiliies The NGST Desgn Reference Misson (DRM)
condtitutes an excdlent source of inspiration to build upon the MCAO science case. It is
ambitious, but we will see tha a dgnificant fraction of its programs are not out of reach
of Gemini+MCAO. In fact, MCAO, couwled with the right ingrumentaion, by its

! to be precise, the additional scatter in the CAO results for the stellar population case is due primarily to
SNR loss in the CAO image. In the distant galaxy morphology study, however, errors of 25-50% are found
on e.g. half light radii by mismatching the CAO PSF on and off-axis.
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rlativdly wide fidd and/or increased sengtivity, will podtion Gemini in between current

ground based facilities and the NGST.

Before entering the review of the science programs, it is useful to classify the programs

into categories that adlow comparison of MCAO and Classcd AO (CAO). The maor

gep forward brought by MCAO ae fidd of view and PSF uniformity. Sendtivity is
gmilar to that provided by CAO over smdler fidds. Three generad groups of program
can be made:

1. Programs that involve a sngle isolated compact object (<5°-10"): In generd there is
no MCAO advantage. There may be a dight advantage in sky coverage and in
cdibration of the PSF, if there is gppropriate cdibration stars in the MCAO fidd of
view. An example of this class of programsisthe study of individud sellar disks.

2. Programs that involve a sngle isolated extended object (10-120"): MCAOQO brings
larger fidd of view, PSF uniformity and possbly PSF cdibration. Note that it is
likdy that this type of object can not be mapped out entirely by CAO if appropriate
guide gars are not in dl sub-fields. In these cases MCAO enables new observations.
An example of this class of programsis studies of gaactic nebulae.

3. Programs involving multiple objects In addition to PSF uniformity and cdlibration,
MCAO brings a multiplexing advantage of 10-20.

GEMIN

Table 4 presents a review of the generic science programs presented in the Abingdon
report. The latter § very genad, and it is sometime difficult to estimate its full context.
However, we have tried to exercise our best judgment.

This table presents each program in light of the MCAO gains. There is no obvious case
for which MCAO would actudly do worse than classcd AO, dthough there are a
number of science programs were an optimized AO+coronograph facility is to be
preferred (NICI). The programs that do not require AO, as discussed in the Abingdon
report, are indicated in the comment column.

The programs are listed in column 2. Column 3 presents the classfication of the program,
in the terms presented above. Column 4 is a triad to assess the typical object dendity that
can be expected in a 1 arcmin square fidd. Some of these numbers have been taken in the
Altair science case (table 1 of the Altar OCDD document). Columns 5 to 9 check
whether a particular MCAO gain is applicable to this science program. “Enabled” means
that the program is actudly made possble by MCAO, and would be very difficult to
complete without it. Most of these programs are survey programs a the limit of
sengtivity of an 8-m telescope. Only the coupled gain of fidld and sengtivity provided by
MCAO can dlow these programs to be tackled in a reasonable amount of time. “Mult.” is
for “multiplexing”, and indicate the program that benefit from it. “FoV” (fidd of view),
“Uni. PSF’ (uniform PSF) are sdf-explanatory. “Cd.PSF’ means that this program could
benefit from having a cdibraion of the PSF smultaneous to the observaions, as
discussed aove. “WF.IM” (wide fidd imager) and “d-IFUS’ is for programs that
require/will greeily benefit from these focal plane instruments.
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24 MCAOQOIinthe NGST Era

The competing capabilities in the time frame of MCAO on Gemini ae ground-based
telescopes with AO  (eg. VLT, Keck) and space-based telescopes (HST & NGST).
Classcd, snge-DM NGSLGS AO sysdems (CAO) with smilar peformance are
planned on a least Sx large aperture telescopes.  All of these were designed for use a
near-infrared wavelengths and with the exception of the Gemini-North ACS Altair, dl
have their correcting dement conjugate to the ground. To complement these AOS most
faciliies have focused the focd-plane indrumentation on narrow-fidd imaging and
dngle-object imaging spectroscopy (i.e. IFU) Each of the Keck, Subaru, and VLT AOS
will have a 1024 InSb imager with critically sampled pixd scdes, a single-object dit or
integra-field spectrograph with R of a few thousand, and each has provisons for adding
adngleLGS.

GEMIN

Keck AO
NIRC2: 10247 InSh, Coronographic imaging, R=5k spectroscopy, 9-40mas/pixe
NIRSPEC: 10242, 13-74mas ditsx 1.1-2.2' dit lengths, R=2k-27k

Subaru AO
IRCS, 10242 InSh, R~400-20k, imaging at 0.022"" /pixel and 0.060'' /pixel.
CIAQO, Coronographic imaging

VLT AO
CONICA: 1024 InSh, 13.6-109.2"" /pixel, R=350-1400,
SINFONI: IFU, 32 x 32 dements 0.35"'-0.05'' /e ement, 1-2.5nm, R<4500

It is clear that the current set of AOS are geared toward detailed studies of single objects.
The main area where MCAO does not excd in this respect is in coronographic studies.
However, Gemini/NICI will be optimized to address these science cases.

In space there will be HST and NGST. It is very likdy that HST will continue to be
supported until NGST is online and its capabiliies & visble wavdengths ae wdl
matched with MCAO. The Advanced Camera for Surveys (ACS), to be ingaled next
year, will provide a Nyquist-sampled fidd of view of 30" x 30" in the HRC detector and
a fidd-of-view of 3x3 but with undersampled pixels (0.”049/pixd) in the WF Camera
The HRC detector fidd of view is comparable to classcd sngle-DM AOS while the
WFC provides a fiedld comparable to MCAO. The limiting sengtivity of the ACS (eg.
27.3 lhr, 10s in WFC F606W) complements the MCAQO broad-band limits making it a
good visble wavelength ‘companion camera for MCAO (or vice-versa). At near infrared
waveengths HST will likey have NICMOS during this period but its capabilities will be
surpassed by ground-based CAO a 2 microns in fidd dze, angular resolution, and
sengtivity.

NGST promises to open excting new frontiers in astronomy with its high angular
resolution and low background. The NGST vyardgtick capabilities as rdevant for a
comparison with a NIR MCAO system are an 8m primary €lescope with a 0.6-5 micron
camera with a FOV of 4' x 4', Nyquist sampled at 2 microns (8K x 8K pixels) and a 1-5
microns 100-object MOS with a FOV of 3x3 and R=100&1000 (Greenhouse et al.
(SPIE March 2000)). An illusrative set of science programs for NGST are the Design
Reference Misson (DRM) programs.  In general these programs are weighted towards
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large survey programs, guest observing programs will likey differ in scope considerably.
As a chdlenge, we ask the question of whether Gemini with MCAO can address the
science gods outlined in the DRMs.  Of the 25 DRM programs, 16 exploit NGST
capabilities a 1-25 microns. Not surprisngly dl the programs require some unique
capability of NGST to be completed. However, in roughly 11 (or nearly half of dl the
NGST DRM cases), Gemini with MCAO can begin to explore the science gods.  Of the
DRM programs that can not be done the limiting factor is ether (1) the required
waveength range (i.e. vidble or themd infrared) or (2) the depth of the observetions
required to achieve the science goas. In the later case the observations are generdly
broad-band imaging programs that in severa cases push the limiting depths of NGST.
For example, the complete program to map the dark matter distribution at high redshift
asks for nearly 200 days of observations. Of the 11 cases where MCAO can do some
agpect of the DRM program, the main enabling feature of MCAO with respect to other
ground based fadilities is the fidd multiplexing advantage.  Additiondly, some programs
such as dark matter gravitationd lenang program, classcd AO can not do the science
due to variations of the PSF across the fidd. With the launch date for NGST now 2010,
it appears that there is a window of ~6 years for Gemini/MCAO to pursue unchalenged
NGST science. An andysis of the individud DRM programs and the potentid of MCAO
isgiven in the section below.

GEMIN

Once NGST is operationd, Gemin/MCAO will reman compditive in a least two
aspects. Fird, as outlined by Gillett and Mountan (1997) a gpectral resolutions
Re 10000 the limiting sendtivity is driven in pat by the detector readout noise. They
extrapolate detector performance and find that at R~10000, there is little or no sengtivity
advantage for space. How big an advantage this is depends on the detector characteristics
in the respective insruments.  Second, within the yardsitck ingrumentation for NGST
there is no integrd-fild spectrograph. For a number of DRMs this is required.
Assuming that NGST has a dngle fixed IFU, there would ill be a congderable
advantage with MCAO and a deployable IFU spectrograph. Gillett and Mountain (1998)
show that at R~1000, NGST will have a factor of 35 gain in the SNR over a ground-
based. Thus if NGST only has a sngle IFU, then Gemini/MCAO with a ~15-20 dIFU
gpectrograph a R~1000 will have performance comparable to NGST. Initid estimates
from the gIRMOS design studies suggests that as many as 24 are possible.

24.1 Gemini MCAO and NGST DRM programs

The following is a very bief summary of NGST DRM programs and a discusson on how
Gemini with MCAO might address this science prior to the launch of NGST. No attempt
has been made to explore avenues to the DRM science other than as outlined in the DRM
programs. When MCAO can make headway into the DRM science, we note that Further
information on the DRM programs can be found a the folowing web page
http:/mww.ngst.gtsci.edu/drm/programshtml.  The  programs  that  target  another
wavelength range (visble only or therma/mid-IR) have not been listed.
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Cosmology and the Structur e of the Univer se:

GEMIN

Mapping the dark matter distribution at high redshift with NGST

This program uses weak gravitational lensing in very deep multi-band images to map the dark matter
distribution on scales from individual galaxies, through groups and clusters, up to the large-scale matter
distribution in the Universe on scales below about 3 Mpc. Mass determinations of clusters to high redshifts
will provide strong constraints on the evolution of structure. Photometric redshifts map the distributions
into time.

Requirements:

FWHM/ Strehl I Depth FOvV R
0.1 toresolve galaxies  V toM Kag~26-29 100an? — 5deg® 5

MCAO Potential: Fair. This program requires large fields to have a ddidicd ensemble.
For example, to map the dark matter distribution, the authors argue that a 5 square degree
field is necessay to obtan enough gaaxies within different redshift bins to sudy the
evolution of the didribution. Given that the basdine FOV of NGST is 4x4 and that
NGST has a large advantage in broadband imaging, a study of this scope is not possible.
However, the requirements of resolution and depth (at least on the bright end) can be met
in ~ 10000 second integrations with Gemini/MCAQO so the science coud be explored.

MCAOQO advantage over CAQO: Classicd AO can not access this science because (1) the
vaidion of the PSF will be larger than the week lensng effects and (2) the multiplexing
gan of MCAOQ is needed.

Measuring cosmological parameterswith high-z supernovae

This program and the program “The evolution of the cosmic supernova rates’ use NGST to find high
redshift Type la supernovae to measure cosmological parameters and the star formation history of the
universe.

Requirements:
FWHM/ Strehl I Depth Fov R
100mas @ 2 microns JtoM Kag>28 4x4 5, 100 (redshift)

MCAOQO Potential: Good. This program requires high-redshift SNe (z>1). With MCAO a
K" and a 4k x 4k imaging camera the 10ksec limiting magnitude is about 26 (Kag~28).
The figure below is figure 3 from Dahlen and Fransson (1998 Liege NGST Mesting). It
shows the predicted number dengity of Type la SNe for different bands (M,K,JI, and R)
for three different time delays (the time between the formation of the progenitor star and
the supernova). The yaxis is appropriate for the M-band curves while the other sets are
offset by factors of 10. Note that the magnitudes are given in AB magnitudes and that the
5-sgma 10000 sec limit for MCAO on Gemini is Kag ~ 28. MCAO is dready on te
plateau of the curves and it would take observations of ~2 fieds at this depth to find a
gngle Type la SNe. Its redshift would likey be around z~1.2 making it of condgderable
interest.  Such a program would require revidting the fidds but in a time smilar to that
outlined in the DRM, a handful of high redshift Type-la SNe at these redshifts would be
found. A redshift of the host galaxy would require alow resolution spectrum.

MCAOQO advantage over CAO:. multiplexing gain of MCAO is required to obtain a samdl
sanple of high-z SNe in a reasonable amount of time. CAO could do this program but
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the sengtivity to detecting the SNe would vary across the fidd and the time required
obtain a detection may be prohibitive.

GEMIN
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Probing the intergalactic medium out to the reionization epoch
This program proposes to search for the epoch of reionization of the intergalactic medium. The program
requires UV bright objects at redshifts z>5. The signature they are looking for is damping of the profile at
the redward side of the Lyman alpha forest. This feature appears when the the UV object resides in the
neutral era.
Requirements:

FWHM/ Strehl I Depth FOV R

100mas @ 2nm 0.7-5mn Kag <29 small 100

MCAQO Potential: None. This program relies on the low background of NGST and
observations from 0.7mm to 5nm. It is unlikey that Gemini with MCAO can tackle this
program. The lowest redshift objects would have the Lyman dpha forest a visble
waveengths.

Observing the IR transients of gamma-ray bursts and their host galaxies
Uses NGST to monitor GRBs and determine the redshift of the host galaxies. Initialy the redshift will be
inferred by multi-band photometry (1-10mm). The FOV is set by the precision of the high-energy
observatories. The NIR bandswill only detect the GRB if it is not heavily reddened.
Requirements:

FWHM/ Strehl I Depth FOv R

100mas @ 2mm 1-10mm Kag ~28 x4 100,2000

MCAOQO potential: None. In the case of an unreddened GRB, this program (for the NIR
bands) is possble. However, without the correspondingly deep thermd IR bands, many
GRB will not be found and the redshift of the GRB would require spectroscopy.
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Microlensing in the Virgo cluster and therole of baryonic dark matter in the universe
This program would monitor the starsin the Virgo cluster for microlensing to map out dark matter within
the cluster and M 87.
Requirements:

FWHM/ Strehl I Depth FOV R

30mas @ 1nm 1nm [~29-30 2x2 5

GEMIN

MCAO Potential: None. The predicted fluctuations are too faint.
The Origin and Evolution of Galaxies:

The formation and evolution of galaxies|: the deep imaging survey(s)
This program is a deep multi-band imaging survey to find the first star-forming systems. Eight filter bands
are proposed to measure the spectral energy distributions and obtain photometric redshifts. The deepest
field is obtained with 168 hours per field and reaches low star-formation rates at redshifts of z~20-40. A
shallower but wider field uses ~10 hours per filter and reaches AB=32.5 and samples the z~1-5 universe.
Requirements:

FWHM/ Strehl I Depth FOvV R

0.1"” toresolvegalaxies  0.5-5nm AB~325 1 sq deg. 5

MCAOQO Potential: Good. As illugrated in the figure below, MCAO can sart probing the
brightest galaxies to z~5.

MCAO advantage over CAQ: There are no preferred locations in the sky for this program
0 CAO can do dmilar dudies. The MCAO brings multiplexing advantage for imaging
and spectroscopy.

limagh
28 28

waveletgth rangs 1-3.5 pm
GUASATS
4 I stars, 1092,

stara, 10-%%,

AN e
dalfF * "

lag (F,

| EIRTF

Figure 2: Predicted number counts per 5'x5' field of view per logarithmic flux interval in
the NGST wavelength range of 1-3.5 micron. The thick lines, labeled 10, correspond to
objects located at redshifts z >10, and the thin lines, labeled 5, correspond to objects
with z >5. The upper labels on the horizontal axis correspond to Johnson | magnitude
(fromHaiman & Loeb 1998). See DRM description on web for more details.
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The formation and evolution of galaxies||: the deep spectroscopic survey(s)

This is a spectroscopic followup program to the “The formation and evolution of galaxies’ program.
Spectra will be obtained at R~100 to get the redshifts of the galaxies (AB~30-31), at R~1000 to estimate
metallicities, stellar ages, star-formation rates and dust extinction levels (AB~27), at R~5000 to study the
kinematics and provide masses, and with 2d imaging spectroscopy to a small number of galaxies (~20) to
study the physical conditionsin the star forming regions (AB~24.5).

Requirements:

FWHM/ Strehl I Depth FOvV R
0.1"” toresolvegalaxies  0.5-5nm AB~25-31 100-3000

MCAO Potential: Fair. At the higher spectrd resolutions Gemini with MCAO and a
deployable IFU spectrograph will likely do as wel as NGST in sendtivity dthough it will
most likely not have the same spectrd coverage. This will depend on the sky brightness
a R~5000 and the detector read noise characteristics. There is a possble multiplexing
advantage if NGST has only one IFU.

MCAO advantage over CAO: Field and multiplexing advantage of adiFU spectrograph.

The formation and evolution of galaxies|1I: cluster galaxies

This program is similar to the program “The formation and evolution of galaxies I”. The imaging depth is
similar with a goal to observe clusters at z~2. Spectroscopy at R=1000 would be used to obtain line
diagnostics as with the field galaxy program. Higher resolution spectroscopy R=10000 would be used to
measure kinematics within the galaxies and within the clusters.

Requirements:

FWHM/ Strehl I Depth FOvV R
100mas @ 2nm 1-10nmm 33atl 2x2 5, 1000, 10000

MCAOQO Potential: Good. MCAO can probe down to below L* in reasonable integration
times. Congderable potentid for cluster discovery as well as the kinematic study.
MCAOQO advantage over CAO: Field and multiplexing advantage of adlFU spectrograph.

Theformation and evolution of galaxies|V: therelation between galaxy evolution and

AGN

“The principal objectives of this proposal are to compare AGN hosts with the rest of the galaxy population
and elucidate any dependencies on AGN type and environment.” With NGST objects at z>3-6 can be
studiesin the H-alpha—[SI1] line diagnostics.

Requirements:

FWHM/ Strehl I Depth FOv R
100mas @ 2nm 1-10mm 33atl 2x2 5, 1000, 10000

MCAO Potential: Good. As dated in the DRM program, ground based telescopes will
tackle this program to z~2.5. Note that the fidld requirement in the DRM was st to aso
observe fidd gdaxies and absorbing systems.

MCAO advantage over CAO: CAO will address this science often usng the AGN as the
NGS reference source.

The evolution of the cosmic supernova rates
MCAO Potential: Good.  See “Measuring cosmologica parameters with  high-z
supernovae’ above.
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MCAO advantage over CAO: See “Measuring cosmologicd parameters with high-z
supernovae’ above.

GEMIN

TheHistory of the Milky Way and Its Neighbors

The age of the oldest stars from the faint end slope of the white dwarf luminosity
function in globular clusters
This program proposes to determine the absol ute magnitude of the end of the white dwarf cooling sequence
in nearby globular clusters. Observations must reach H~30-31 to reach the expected end.
Requirements:

FWHM/ Strehl I Depth FOV

20mas @ 1mm 1mm H~30-31 2x2

I

MCAO Potential: None. Can not reach required depths.

A complete initial mass function for old stellar populations
Program observes the Galactic bulge, Magellanic Clouds, and the 7 dwarf spheroidals to observe the mass
function at the end of the hydrogen burning sequence. In addition to providing a measure of the complete
stellar mass function over a range of metallicities, the program will determine the mass function of brown
dwarfsin star formation regions.
Requirements:

FWHM/ Strehl I Depth FOV R

40mas @ 1.65mm 1.65mm H~29 1'-100 5

MCAO Potential: Some. The program can be done in the Gaactic bulge. As noted by the
authors the main problem will be crowding.

MCAOQO advantage over CAQ: This program would be difficult with CAO because: (1) the
fidd of view needed would require gitching together many CAO fidds and (2) the fidd
varying PSF would cause variations in the crowding and photometric accurecy.

The ages and chemistry of the oldest stellar halo populations
This program will measure the main sequence turnoff of stars in the local group. This will be used to
compare the age distribution of the stars in the halos of other galaxies. In addition, giants as far out as
Virgo can be measured to infer the halo metallicities and their relationship to different Hubbl e types.
Requirements:

FWHM/ Strehl I Depth FOvV R

13 @ 0.5mMm 0.5-1mm V=30-32 1'-1000 @ 0.5mm 5

MCAOQO Potential: None. Program requires visble wavdengths and very high Strehls to
counter crowding.

TheBirth and Formation of Stars

The origin of sub-stellar mass objects. probing brown dwarfs and extra-solar planetsin
star-forming regions

This program aims to study the mass distributions, circumstellar properties, and atmospheric properties of
forming brown dwarfs and plantary mass objects.

Requirements:

FWHM/ Strehl I Depth FOV R
30mas @ 1mm JN Kap~26-30 4x4 5,3000
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MCAO Potential: Fair. As noted by the authors, the groundbased telescope will perform
asgmilar sudy down to brown dwarf masses. MCAO enables this study by multiplexing

to get satistically reasonable field Szes and a stable constant PSF across the field to find

the objects.

MCAO advantage over CAO: Once objects are identified CAO can be used. CAO can be
used to search of objects aswell in specific regions.

GEMIN

Dynamics and evolution of the interstellar medium: cosmic recycling
This program explores the evolution of the ISM and what its enrichment and energetics are. A number of
observational programs are included from narrow-band imaging to high resolution spectroscopy.
Requirements:

FWHM/ Strehl I Depth FOV R

50mas @ 2mm JN Kapg~14-18 10'x10 10000-100000

MCAO Potential: Good. Other than fidd coverage (which may ill be an issue with
NGST), dl NIR parts of this program can be done as outlined in the DRM. This would
require a minimum R=10000 spectrograph and a wide-fidd imager.

MCAO advantage over CAO:. CAO's vaying PSF will affect the morphology, and
sengtivity across the fidd. Directed high resolution on specific objects can be done with
CAOQ.

TheOrigin and Evolution of Planetary Systems

Detection and characterization of extra-solar planets
“A program aimed at the detection and characterization of planets over arange of mass, age, stellar spectral
type, and physical separation from their central stars.”

Requirements:
FWHM/ Strehl | Depth FOV R
10° in constrast M <1mly small FOV 5,30000

MCAO Potential: None as outlined in the DRM. Requires high contrast. Spectroscopy
will be difficult for NGST aswell.

Detection and characterization of Jovian Planets and Brown Dwarf Companionsin the
Solar Neighborhood

This program will try to directly image brown dwarfs to Jupiter mass objects around nearby starsin the M -
band. Spectroscopic follow up isincluded.

Requirements:
FWHM/ Strehl | Depth FOV R
10° in constrast N ? small FOV 5,100

MCAQO Potential: Fair. As noted by the authors, ground-based AO telescope will study
the brighter, farther separated brown dwarfs, at shorter wavel ength.

MCAO advantage over CAO. No specific advantage but MCAO may provide better PSF
cdibrations.

A survey of the trans-Neptunian region
An imaging survey to map the structure of the Kuiper belt.

Requirements:
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FWHM/ Strehl | Depth FOV R
0.6-3mm R~30-31K~285 4'x4 5

GEMIN

MCAO Potential: None. As outlined in the DRM this program requires large fidds of
view and deep imaging.

2.5 The science requirements

After having reviewed the science case and edtablished the broad domain of agpplication
of MCAO, le us deive the requirements for the sysem. In edablishing these
requirements, a number of parameters have to be considered and baanced:

Sengtivity

Fed of view
Resolution

PSF uniformity
Sky coverage
Waveength range

ouh~howdpE

Other nonscience drivers that we have to keep in mind when specifying the sysem are:

1. Potentid ingrumentation: How can it take advantage of MCAO? What can
redigticaly be done?

2. Cod/schedule congraints

3. Riskgcomplexity

4. Technology availdbility

One of the problems we face in specifying the system is that dl these science parameters
are not independent (for instance there is an obvious trade-off between fidd of view,
sengtivity and PSF uniformity). In the discusson below, we have made use of our
knowledge of the sysem performance that was invedtigaied in pardld with this science
case.
1. Senditivity is a vitd parameter to address most of the Gemini and NGST science
programs It will be driven by the MCAO throughput and Strehl retio
MCAOQ opticd throughput should be larger than 75%
Strehl ratio: Congdering the telescope + instrument error budget, plus the
technology limits (computing power, DM power supplies, WFS readout), a Strehl
amilar to what was specified for Altair is adequate; 40% Strehl ratio a H band at
zenith angle < 15 degrees, under median seeing conditions. Commensurate
peformance a other wavedengths. The MCAO sydem itsdf and the future
insruments optical qudity should introduce as little aberations as possble
Requirement of a Strel > 95% for the AO module and S > 95% for the
instrument, assuming 80 modes are compensated by the MCAO system.
FWHM: The Strehl ratio specified above implies that the diffraction limit, in term
of resolution, will be reached.
2. Sky Coverage should be maximized too. As a guideline, it should be smilar or larger
than the sky coverage vaue achieved with a sngle LGSTTNGS sysem everywhere
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in the sky (3 10% a the gdactic pole is acceptable). Usng laser guide dars is a
requirement.
Field of view. This is a criticadl parameter. It has a large weght in the multiplex gain
one can achieve with MCAO. However, there is a trade-off. For ingance, enlarging
the fidd of viewv means reducing the Sirehnl ratio and resolution, therefore the
sengtivity, but potentidly aso means -if one is ready to drill a hole in the instrument
support structure, - larger sky coverage. Worse PSF uniformity is aso a price to pay
when enlarging the fidd of view. Because:

Sengtivity is of mgor importance

Guide dars congdlations covering more than 1 square arcmin induce sSgnificant

Strehl loss and large PSF uniformity variation everywhere in the fidd, including

close to the center.

Mechanicslimits the field to 2 arcmin in diameter

Image qudity should be as uniform as possble especidly a the center of the

field over the imager fidd of view

8k x 8k imager are unlikely and imager should not be grosdy undersample

many science programs have a sufficient number of objects to feed multiple IFUs

ina90’ fiddif view
We fed that an imager covering a fidd of 70-85” is appropriate, together with a d
IFU covering the whole 2 transferred through the AO input window. Therefore, the
fidd should be as uniform as possble in the centrd region covered by the imager.
The Strehl ratio outsde of this region should be maximized, in view of spectroscopic
goplicaions with potentidly a dightly large fidd (2 acmin crcular versus 70-85”
sguare).
PSF uniformity has been addressed within the point above. 3% rms variations over
the centrd 1 square arcmin field of view is acceptable, but a god is to lower this to
1.5%. A scheme to predict the PSF variation due to image motion across the field will
have to be worked out, leading to accuracy of 15% of better on the image’'s FWHM.
Wavdength range: AO gives its best in the near infrared. Therefore the MCAO
should concentrate on the 22.5 microns regime. However the 0.8-1 microns is dso an
interesting range, and should be consdered. Observations up to 5 microns should not
be precluded.
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3 SYSTEM OVERVIEW

3.1 Primary Subsysemsand Their Characterigtics

Figure 3 is a schematic of the sx primary subsystems of the MCAO system together with
their functiona and control interfaces. These subsysems are the Lasar System (LS),
Beam Trander Optics (BTO), Laser Launch Telescope (LLT), AO Module (AOM),
MCAO Control System (MCAO CS), and the Safe Aircraft Locdlization and Satelite
Acquigtion Sysem (SALSA). The fird-order subsysem parameters relating to AO
performance are summarized in Table 5. Following this brief overview, further detall
and explanation regarding these design features will be found in Section 4, Section 5, and
related appendices.

:(Cdibmion, : The Laser Sysem includes dl
: components needed to produce

GEMIN

and maintain five lasr beams a

MCAOCS the sodium D, wavdlength. This

includes the laser head(9),

s | AOM enclosure(s), €ectronics, control

Calibration) ReaTime | [wrs sysem, cooling system, and

Fast Conrdl || deta diagnostics. The basdine

o rerds aoproach is a  sum-frequency

<« ing ’it 4 ﬁ lasr with solid-state Nd:YAG

BTO |seam san | opon TR T pumps, since al three laser risk

> degnostics|| 9 = | 7 O | sience reduction projects are pursuing

B N this technology.  Further laser

Sommende” system  characterigtics  (pulse

o . Funciond | [ wreeagmers format, location on or off

sas | telescope, one or severd laser

ter || heads, etc.) are open a this time

LS | fomms pending the results of these
o projects.

Emergency msef%deswpe M2M1

halt pointing offloads .
————————————————————————— The Beam Trander Optics
delivers the five laser beams to
SALSA TCS/SCS/OCS/DHS the Laser Launch Telescope
The BTO sysem includes beam
S diagnogtics and dignment
_____ ;GSILGS sensors, active beam  dignment
................. Sciencefidd ar]d awlng’ Optlcd rdws to
. - . maintan Gaussan beam
Figure 3:  The principal functional and control profiles, sdfety shutters, and
interfaces of the primary MCAO subsystems and related polarization  control. The

Gemini subsystems and instruments. orientation  of the LGS

conddlation on the sky is controlled via an image derotator. Independent fast tipftilt
corrections, determined via feedback from the LGS WFS, are applied to each of the five
beams to compensate for turbulence-induced beam jitter on the upward propagation path.
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Laser Subsystems (Laser, LLT, BTO)
Number of LGS 5
LGSlocationsinfield (0,0, (+/-30,+/-30")
LGSsignal level at WFS 125 PDE' s/cnf/sec
(May berelaxed to 80 if necessary)
Transmitted beam quality 1.5 times diffraction limited
RMS 1-axis beam jitter on sky 0.05” (0.025" god)
Transmitted beam 1/€? diameter 03m
Launch telescope aperture, location 0.45 m, on-axis
AO Module
Number of DM’s 3
DM conjugate ranges 0.0,4.5,9.0km
Actuator pitch (output space) D/16, D/16, D/8
Number of WFS 5(LGS 3 (NG9
WFS order 16 by 16 Tipltilt
WEFS pixel subtense on sky 10 05’
WFSread noise 6 electrons None
AOM transmittanceto WFS 0.7 0.7
WEFS detector quantum efficiency 0.85 0.6
WFS sampling rate 800 Hz
Control System (Real time control)
Control algorithm Zona (LGS) Adaptive modal (NGS)
Processing latency + WFS read time 125ms <<1.25ms
-3 dB closed loop bandwidth 32Hz Adjustable (0-90 Hz)

Table5: Sdlected subsystem parameters determining MCAO Performance

The Laser Launch Telescope is located onraxis and mounted upon the Secondary Support
Structure.  The primary mirror of the LLT is deployable so that the secondary mirror
centrd baffle (hole) will remain functiond when the MCAO sydem is not in use. A
triangular mounting truss provides dignment repeatability with a goa of 1 arc second,
and the optica axis of the LLT is recdibrated after each deployment by observing a
bright sar with the BTO beam diagnogtics. The overdl mass budget for the LLT and
collocated components of the BTO is 125 kg.

Like Altair, the AO Module is mounted on the Instrument Support Structure (ISS), and in
effect serves as an optica relay between the telescope cassegrain focus and another
Gemini science indrument. The location of the focd plane is presarved, but unlike
Altair, the focd ratio of the output beam is adjusted from /16 to f/30. The opticd path
through the AO Module includes three stacked-actuator deformable mirrors located in
collimated space between two off-axis parabolas. The second of these parabolas serves
as the fagt tipftilt mirror.  After this mirror the light is split spectrdly into science, LGS,
and NGS opticdl paths.

The AO Module includes five LGS Shack-Hartmann WFS's, which will be implemented
usng ather one or five lendet arrays, cameras, and high-speed CCD arrays. Three NGS
quadrant detector tip/tilt sensors will be implemented as fiber-fed avalanche photo-diodes
located behind optica pyramids. Also, a higher-order Shack-Hartmann NGS WFS is
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under consideration for use as a nonred-time cdibration and diagnostics sensor.  The
LGS WFS's are adjugable in focus to match the current range of the laser guide dtars,

and the NGS WFS's are mounted on probe arms to patrol a one arc minute radius field.

The AO Module includes amospheric disperson correctors for the NGS- and science
optica paths, aswdl as source smulators for WFS cdibration and aignment.

GEMIN

The WFS camera digitizers, red time control dectronics, and DM high voltage amplifiers
are dso packaged within the AO Module and mounted on the ISS.

The MCAO Control System controls the dignment, operation, and diagnogtics of the
remaining MCAO subsystems, and will interface these subsystems with the Telescope,
Secondary, and Observatory Control Systems. It will be embodied in two
EPICS/VxWorks-based VME crates, with one dedicated to the AO Module and the
second serving the remaining MCAO subsystems.  Non-time-criticd  control  functions
will be executed via EPICS over the VME backplane. Time-criticd control interfaces
externd to the MCAO system, such as offloading tip/tilt corrections to the secondary
mirror, will be implemented usng reflective memory. Findly, the red-time wave front
control computations and associated background optimization tasks will be performed on
gpecialized RISC CPU boards.

The SALSA system includes a bore-sighted aircraft camera, al-sky aircraft cameras, and
any avalable radar feeds from locd traffic control agencies. Laser traffic control will
aso be coordinated with SOAR and other local telescopes. The procedures for predictive
avoidance of atificid sadlites, and whether they will be compatible with queue-based
observing, have yet to be determined.

3.2 System Performance
3.2.1 Image Qudity

Table 6 summarizes the image qudity error budget for the MCAO sysem for the ided
case of bright naturad guide stars. Wave front aberrations are expressed in terms of RMS
nanometers, and the Strehl ratios have been computed using the Marecha approximation,
S=exp(-f?). The vaues tebulated under tdlescope limitations are the standard Gemini
specifications as taken from the Altar eror budget. The vdues liged as ingtrument
limitations assume new ingruments developed for MCAO that incorporate higher-order,
on-ingrument WFS's for cdibratiion of non-common path errors. Both sets of estimates
will need to be reviewed based upon Gemini-North telescope performance and the
ingrument designs actudly developed for MCAO, but a the moment they represent the
best performance predictions available.
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MCAO Field-Averaged Error Budget (Bright NGS) Zenith 30 degrees  45degrees
1.0 Telescope Limitations 116 120 130
Strehl at 1.65 microns 0.822 0.810 0.784
Primary Mirror 60 65 75
Secondary Mirror 60 63 70
Alignment 20 20 20
Self-Induced Seeing 50 50 50
AO Fold Mirror 30 30 30
Science Fold Mirror 50 50 50
2.0 Instrument Limitations 65 65 65
Strehl at 1.65 microns 0.941 0.941 0.941
Flexurerelative to OIWFS 25 25 25
Higher-Order Image Quality Effects (TBR) 60 60 60
3.0 MCAO System 206 233 282
Strehl at 1.65 microns 0.542 0.456 0.316

Atmospheric Compensation
Fitting Error 111 115 132
Anisoplanatism 122 154 204
LGS Noise and Servo Lag 82 94 110
NGS Noise and Servo Lag (Bright Stars) 10 10 10
Scintillation (equivalent OPD) 9 9 9
Wind Shake (TBR) 34 34 34
Implementation Errors

Uncorrectable and Non-Common Path Errors 60 60 60
System Calibration Errors (TBR) 30 30 30
LGS Calibration Errors (TBR) 50 50 50
Total RMS OPD 245 270 317
Strehl Ratio at 0.85 microns 0.038 0.019 0.004
Strehl Ratio at 1.25 microns 0.220 0.159 0.079
Strehl Ratio at 1.65 microns 0.419 0.348 0.233
Strehl Ratio at 2.20 microns 0.613 0.552 0.440

Table 6: Image quality error budget for bright natural guide stars

The amospheric compensation portion of the error budget for the MCAO system itsdlf
has been derived from the detailled AO performance modding described in Section 4, and
assumes median Cerro Pachon seeing and a 1 ac minute square fidd-of-view. The
dlocation for non-common path erors is based upon the AO module optica design
presented in Section 5, but the remaning (smdl) tems for wind sheke and
implementation errors are preliminary alocations borrowed from the Altair error budget.

Table 2 gives a fidd-averaged Strehl ratio of 0.419 in H band for a zenith angle of O
degrees. The onraxis Strehl ratio is somewhat higher a 0.476, which is dso the on-axis
Strenl for a conventiona LGS AO sysem a Cero Pachon. These vaues can be
compared with an estimated on-axis Strehl of about 0.511 for Altair with a LGS, which
we have computed usng the same tdescope limitations, ingrument limitations, modding
methods, and median Mauna Kea seeing.

Anaogous Strehl raio caculations have been performed for severd different LGS sgnd
levels, and Table 7 summarizes the rddive reductions in fied-averaged Strehl ratios if
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the LGS signd a the WFS is reduced by 36% from 125 to 80 PDE’s/cnf/sec per LGS.
Although this fairly sgnificant drop in laser Sgnadl does not have a drastic impact upon
the Strehl raios in H and K band, usng the larger vaue as the MCAO requirement
provides a reasonable engineering margin.

GEMIN

Wavelength, nm 0 degrees 30 degrees 45 degrees
1.25 (J band) 0.954 0.947 0.924
1.65 (H band) 0.972 0.967 0.950
2.20 (K band) 0.9%4 0.981 0.969

Table7: Relative Srehl ratio reductions due to a 36% drop in LGS signal level

Findly, Table 8 ligs the rdaive RMS variability of the MCAO fidd-averaged Strehl
raio as a function of wavelength, zenith angle, and LGS lasr power. These vaues
include only the effects of amaospheric turbulence with bright natura guide stars, but the
uniformity of the Strehl ratio is quite good. Additiona sources of Strehl ratio nor:
uniformity indude NGS WFS measurement noise and any opticd aberations in the
stience ingrument itsdf.  The former error source is discussed in Section 4.4, while the
latter becomes a specification for MCAO- optimized indruments.

LGS Signal Level at WFS Wavelength, nm 0 degrees 30 degrees 45 degrees
1.25 (J band) 0.068 0.098 0.181
125 PDE’ s/enf/sec (requirement) 1.65 (H band) 0.040 0.058 0.106
2.20 (K band) 0.023 0.033 0.060
1.25 0.071 0.101 0.186
80 PDE'’ s/enf/sec (36% reduction) 1.65 0.042 0.060 0.110
2.20 0.025 0.035 0.064

Table8: RMS Srehl ratio variability over a square 1 arc minute field
3.2.2 Science Path Throughput and Emissivity

Table 9 ligs the incrementd throughput and emissvity for the science path with ADC
surfaces included. The values per surface are taken from Altair, and are based upon
protected Slver and measurements from a beamsplitter coating. The science path
includes 8 mirrors, a beamgplitter used in transmisson, and a removable ADC. The
Requirements from the FPRD are a throughput of a least 0.75 and an emissvity no
greater than 0.190.

Wavelength, mm 1.00 | 1.65 | 2.20 | 2.20 (emissvity)
Per reflection 0.979 | 0.986 | 0.987 | 0.013
Per air-glassinterface 0.991 | 0.987 | 0.989 | 0.011
Beamsplitter(net) 0.930 | 0.960 | 0.965 | 0.022
Overdl for 8 reflections 0.844 | 0.893 | 0.901 | 0.104
Overall without ADC 0.785 | 0.857 | 0.870] 0.126
Overdl for 4 ADC ar-glassinterfaces | 0.965 | 0.949 | 0.957 | 0.044
Overall with ADC 0.756 | 0.813 | 0.833] 0.170

Table9: Throughput and emmissivity estimates for the MCAO science path
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4 SYSTEM M ODELING
41 Godsand Tools

During the conceptua design phase, the principd god of the sysem modeing effort has
been to determine the highest degree of amosphere turbulence compensation which can
redidicdly be achieved usng MCAO on Gemini-South, and in particular:

GEMIN

Define the firg-order characterigtics of the system in terms of order of correction,

DM conjugate ranges, LGS configuration, and the corrected field- of-view;

Quantify system performance as a function of LGS dgnd levd and edablish a
basdline laser power requirement;

Determine NGS magnitude limits and initid sky coverage estimates,

Evauate the characterigtics of MCAO-corrected PSF's;

Interpret these results for particular science instruments and gpplications; and

Compare MCAO performance against Altair at Mauna Kea and a conventiond

LGS AO system at Cerro Pachon.

These gods have been achieved. Along the way we have developed a formulation for the
MCAO wave front control agorithm that dgnificantly smplifies sky coverage andyss,
and aso reduces red-time computation requirements while mantaining near-optima
performance.

The principd modeing tools used for detalled performance evauaion have been
described in the Feasbility Study report. These two codes are a Monte Carlo time
domain smulaion and an andyticd linear sysems modd. Both approaches provide an
integrated trestment of the four fundamenta error sources for astronomicd AO systems
(DM/WEFES fitting eror, WFS measurement noise, time dday, and generd
anisoplanatism).  For common input the two codes yidd highly consstent results,
dthough the andyticad agpproach yidds modestly superior performance for high-order
MCAO sysgems through the use of minima variance control agorithms derived from
atmospheric turbulence gatistics. On the other hand the Monte Carlo smulation is faster
to run, especialy to evauate PSF characteridtics.

At this point the other image quadity eror sources enumerated in Table 6 have been
incduded a multiplicative factors when evauaiing Strehl ratios and OTFs.  Both
modeling codes assume geometrical optics, dthough the effect of scintillation has been
edimated in a dde cdculation as described in Section 4.2.3 below. Implementation error
sources, such as WFS saturation and WFS/DM misregidtration, are aso not yet treated in
an integrated fashion. As the project progresses, we intended to incorporate as many of
these effects as is practicd into the smulaion to help in determining specifications and
tolerances for hardware components. We will aso continue studies of control agorithms,
paticularly in the areas of (i) red-time parameter optimization for changing amaospheric
conditions, (i) verfying loop dability, (i) improving PSF  uniformity, and (iv)
estimating the compensated PSF for image post- processing.
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4.2 Background

This section contains a brief summary of Cerro Pachon atmospheric gatistics and some
background information on two basic aspects of our approach to implementing MCAO.

GEMIN

4.2.1 Cerro Pachon Site Characterization Summary

The Cerro Pachon ste characterization campaign took place in 1998 and consisted of
four Generdized-SCIDAR runs a CTIO (January, April, June, October), bimonthly
balloon launches a Cero Pachon, and a week of Generdized Seeing Monitor
observations a Pachon. The campaign was conducted by Jean Vernin of the University of
Nice. Table 10 is a summay of the atmospheric conditions found in the sudy. All
parameters are specified as mean values at 0.55 microns. Further details may be found in
the fina report a the Gemini AO documentation archive page (http://mww.gemini.edu).

G-SCIDAR' G-SCIDAR Balloon GSM
Seeing [arcsec] mean/median 0.85/0.73° 0.89/0.78° 0.67 0.83
o [arcsec] 21 21 21 2.8
to [msec] 48 54 49
do [meters] 3.7 38
homop: [km above site]” 2.7 25
Lo [meters] 36
Scintillation [%)] 173 17.2 15.7 19

Table 10: Summary of results for the Cerro Pachon site characterization campaign

! Generalized SCIDAR analysis with dome seeing removed and ambiguous zero-altitude turbulence
attributed to dome seeing.

2 Generalized SCIDAR results with dome seei ng removed and ambiguous zero-altitude turbulence
attributed to ground layer seeing.

3 Median values were recal cul ated from the profilesby M. Chun. From thisanalysisthe mean values are
slightly smaller (<5%) than the values taken from the Final Report of Verninet al.

4 The optimal conjugation atitude is determined by minimizing the integral of (h-hopt)2 CuA(h).

Mog of the turbulence is near the ground but occasond drong layers a high dtitudes
(10-15km above the dte) do appear. The optima conjugate dtitude for a sngle DM is
about 2.5-2.7 km above the ste and yields only a very modest improvement in the
isoplanatic angle.  An average G-SCIDAR profile was obtained as an average of severd
hundred profiles with median integrated strengths (median ). A discrete 7layer fit was
made by fitting one-dimensond Gaussans to this profile  Table 11 beow gives the
relative srength of the layers and their wind velocities deduced from measured baloon
wind velocity profiles.
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Altitude Relative Wind velocity
[km above sea turbulence [m/q]
level] strength
2.7 0.647 6.6
45 0.080 124
6 0.119 8.0
85 0.035 33.7
101 0.025 232
15.8 0.080 22
185 0.015 8.0

Table 11. Discrete 7-layer fit to the
median Cero Pachon turbulence
conditions used for MCAO performance
analysis.

4.2.2 TheNeed for Multiple Tip-Tilt Natural Guide Stars

Conventiond LGS AO sydems incdude an auxiliay NGS WFS to measure tipfilt
because the exact location of the LGS on the sky is varigble and unknown. Anaogoudy,
the Gemini-South MCAO system will incdude multiple tip/tilt NGS WFS to measure
modes of tilt anisoplanatism that cannot be detected usng tilt-removed LGS WFS
measurements aone.  Figure 4 illudrates the notation needed for a brief explanaion of
this requirement. Condder a one-dimensond amosphere with two phase screens s(X)
and s(x) a ranges 0 and h. For a NGS or science target in direction g the net phase
accumulated through the two screens is f . =s1(X)+S(x+hg).  If these two phase screens
are canceling focus aberrations, eg. si(X)=X and s(x)=-X°, then the resulting phase
screen is given by f n(x)=-2hgx-(hg)®. This is a wave front tilt error that varies with the
direction g of the source, which is precisdly tilt anisoplanatism. Now for a LGS & range
H in direction g, the tilt removed component of the WFS measurements through the same
phase screens is [1-(1-(WH))?]x* due to the cone effect. This measurement is independent
of the direction qof the LGS, and tilt anisoplanatism cannot be distinguished from a
uniform focus error over the entire fidd. Smilar arguments apply in two dimensions to
astigmatic aberrations of the form xy or x*-y?, 0 there are a totd of three filt
anisoplanatism modes that are undetectable from the LGS WFS measurements.

Figure 4. Quadratic atmospheric
phase screens  induce @ tilt
Screen s,(x)=-x2 anisoplanatism that cannot be
at range h detected from tilt-removed LGS

WFS measurements.
Screen s;(x)=x>
at range O

Net aberration f ,(x)=-2ghx for a source
in direction q is tilt anisoplanatism
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The MCAO sygem for Gemini-South will messure tilt anisoplanatism directly using
three tip/tilt naturd guide dars, and these errors will then be compensated using the
multiple DM’s just as any other wave front aberration. The three other approaches to
measuring tilt anisoplanatism that were consdered were:

GEMIN

Tilt sengng usng LGS, which was rgjected as too speculative;

Higher-order WFS measurements from a sngle NGS. In principle, this gpproach
might work because the difference between NGS and LGS WFS measurements
provides an indicaion of the high-dtitude turbulence that is the source of tilt
anisoplanatiam. Our andyss indicates disgppointing results, a least for a
raively low-order NGS WFS that would provide acceptable sky coverage.
Higher-order WFS measurements from both Rayleigh- and Sodium LGS. This
goproach might adso work by identifying the high-dtitude component of the
turbuence, but it would introduce the sgnificant complication of additiona lasers
at asecond wavelength.

4.2.3 Scintillation Effects and the Ordering of Deformable Mirrors

Because of the effects of scintillation and diffraction, the ordering of deformable mirrors
has an impact upon the theoretical best-case performance achievable usng MCAO. The
DM’s should idedly be placed in the reverse order of the phase screens for which they
correct to avoid nonlinear cross-coupling between these corrections. However, pladng
the DM’s in this order would entail a separate opticd relay for each deformable mirror
and is highly impracticd. When the DM’s ae placed in the same order as the phase
screens for which they compensate, the pupil imaging between esch DM and its
conjugate plane in the amosphere is didorted by the intervening mirrors and phase
screens.  This effect can become significant for sufficiently strong turbulence, but appears
to be dmost negligible for near IR wavelengths at astronomical stes with good seeing.

Wave optics propagation smulations for a highly idedized AO sysem and amosphere
have been used to bound the magnitude of this effect. These caculations are based upon
a three-layer fit to the median Cero Pachon turbulence profile, with the altitudes of the
layers matched to the O, 4.5, and 9.0 km DM conjugates used in the MCAO optical
sysdem desdgn. The system agpeture is the entire propagation grid, and the phase
correction for each DM is st to geometricaly cancel the phase screen a the conjugate
dtitude.  Pefect correction is in fact obtaned when the DM’s ae placed in the
theoreticdly correct order. When they are placed in the reverse (practicad) order the
Strehl ratio at 1.65 nm is reduced to 0.998, which is equivdent to the RMS OPD of 9
nanometers liged in Table 6 for this effect. For comparison, the effect of scintillation on
the peformance of an ided, conventiond AO sysem was damilaly evduated by
correcting the total phase error with a sngle DM conjugate to h=0. The J band Strehl
ratio computed for this case is actudly somewhat smaler a 0.993, which is consstent
with the log-amplitude variance predicted by Rytov theory for this three-layer turbulence
profile.  These gmulations do indicate that the MCAO peformance loss due to
scintillation does eventudly begin to increase a visible waveengths.
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4.3  Optimization and Trade Studies

The trade studies to sdlect the firg-order AO system parameters have been based upon a
combination of sandard AO scding laws, practicd hardware congderations, and (as
required) detailled modding. Jointly optimizing al of the sysem design parameters (DM
orders, DM ranges, science fidd-of-view, guide star locations, etc.) by detaled andyss
and gmulation is clearly intractable, and at times we have been forced to proceed using
our best judgment one variable & a time. Four of these trade studies are summarized
below, and Table 6 in the preceding section ligs the resulting overdl performance
estimates for the MCAO system.

GEMIN

4.3.1 Order of Sensing and Correction

The basdine order of sensang and correction is sxteen WFS subapertures and DM
actuators across the diameter of the pupil. This choice is driven by the median seeing a
the Cerro Pachon site and practica hardware considerations. The median p of 0.166 m at
a waveength of 0.55 mm corresponds to 0.62 m in H band. For a Shack-Hartmann-based
AO system the Strehl ratio due to DM/WEFS fitting error can be estimated with reasonable
accuracy using the formula S=exp(-Ci(W/ro)>®), where C; is the fitting error coefficient
and w is the width of a subgperture in the plane of the primary mirror. Using G=0.3 for
the usud Fried WFSIDM geometry yields Strehl ratios in H band of about 0.718 for 12
by 12 subapertures, 0.816 for 16 by 16, and 0.868 for 20 by 20. This last vaue is
compaable to the fitting eror Strehl predicted for Altar with only 12 by 12
subapertures, which is consgent with the ratio of the median seeing vaues for Mauna
Kea and Cerro Pachon. Unfortunately, our judgment is that an MCAO system of order
20 by 20 is too risky due the required guide star laser powers. The cogt of the multiple
deformable mirrors, red-time control eectronics, and particularly the lasers woud aso
grow well beyond the estimates presented in the feashility study. However, reducing the
order of the sysem any further from 16 by 16 to 12 by 12 would degrade the nomina
Strehl in H band by an additiond 12%. More generdly, this reduction woud narrow the
system’ s operating range as follows:

Seeing: Must improve by afactor of 16/12=1.33 for equal performance;
Wavelength: Must increase by afactor of (16/12)¥°=1.27;
Air Mass. Must decrease by afactor of (12/16)°=0.619.

These ratios are large enough in our view to judify the increased cost and greater laser
power required for a system of order 16 by 16.

For the Gemini-South MCAO system design there are actudly three deformable mirrors
to specify. By vaying these parameters individually, we find that the order of the
uppermost DM conjugate to 9.0 km can be reduced from 16 by 16 to 8 by 8 without an
aoprecidble increase in fitting error.  This result is conggtent with the verticad digtribution
of turbulence a Cero Pachon. Similarly reducing the order of the DM conjugate to
h=4.5 km has a larger impact upon sysem performance, s0 we have specified orders of
16, 16, and 8 actuators across a collimated beam for the 3 DM’s. Section 5 trandates
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these values into actuator geometries for each mirror, Sgnd processing requirements, and
CCD array requirements for each LGS WFS.

GEMIN

4.3.2 Deformable Mirror Conjugate Ranges

The basdine conjugate ranges for the three deformable mirrors are 0.0, 4.5, and 9.0 km.

In theory, incressing the range for the third DM would yidd an improved 3-layer fit to
the Cerro Pachon turbulence profile and provide somewhat better performance for an
idel MCAO system with perfect knowledge of the turbulence. In practice, appreciably
increasing the range for the third DM is not attractive because:

Packaging the AO module opticd desgn and fabricating the off-axis parabolas
becomes more difficult;

The clear gperture and number of actuators required for the third DM increase;

The performance improvement actualy achieved with 5 LGS WFS is not
ggnificant, as tomography becomes more difficult with the decreesng overlap
between the beams at the longer range.

Fne-tuning or red-time adjustment of the sdlected conjugate ranges is unnecessary. As
illustrated in Figure 5, MCAO peformance is not a strong function of the exact match
between the DM conjugate ranges and the atmospheric profile.

LB [T T T I T T 0,10 Figure 5. MCAO performance
[ ] Few] [ R fams [amen] ] (for ~a sample  system
i i A . configuration) is a relatively
week function of the exact match
between the turbulence profile
and the DM conjugate ranges.
Finetuning or real time
adaptation of the conjugate
ranges to match site
characteristicsis not required.
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4.3.3 Corrected Fidd-of-View

With a continuous amospheric turbulence profile, MCAO can dgnificantly reduce but
not diminate the effect on anisoplanatism upon AO sysem peformance.  The mean
Strehl ratio will decrease with increesing fidd-of-view if the guide dar and deformable
mirror configurations are hdd congtant. The redive vaiadility of the Strehl ratio over
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the fidd will dso increese. Table 12, Figure 6, and Figure 7 illudtrate these trends as
computed for the median Cero Pachon turbulence profile and our basdine WFS/DM
configuration, but without including the effects of WFS measurement noise or servo lag.
The fidd-of-view for performance evauation is a square from 51.5 to 68.5 arc seconds in
width, and the five laser guide stars are located at the center and corners of the fidd. The
RMS vaiability of the Strehl increases farly rapidly with increesng fidd-of-view gSze,
goproximately by a factor of 1.5 for every increment of 85 arc seconds. The fidd-
averaged Strehl ratios aso begin to degrade more repidly as the width of the fidd is
increased beyond 60 arc seconds. As indicated by Figure 6 and Figure 7, this reduction
in Strehl takes place across the entire field and is not redtricted to the edges. All of these
effects become somewha more pronounced when LGS WFS noise and sarvo lag are
incduded in the cdculation. A one square arc minute field appears to be a soft upper
bound on MCAQ capability at Cerro Pachon with three DM’sand 5 LGS s.

GEMIN

Correcting for the non-common path aberrations in the LGS WFS optics for ranges from
90 to 200 km aso becomes more difficult as the sze of the fidd is increased, and the
optical design of the LLT and BTO subsystemsiis likewise complicated.

Findly, a levd comparison of the corrected fied-of-views for MCAO and conventiond
AO is difficult, snce the uniformly corrected field-of-view of the latter is usudly very
limited. A sandard definition for the radius of the corrected fidd for conventiona AO is
the angle a which the higher-order Strehl has dropped to 50 per cent of its onraxis vaue.
By this definition, the radius of the corrected field for the Gemini-South MCAO design is
about 60 arc seconds in H, compared with about 15 arc seconds for a conventiona LGS
AO system and the median Cerro Pachon turbulence profile.

Zenith angle, degrees 0 30

Fidd-of-view width, arc sec | 51.5 60.0 68.5 515 60.0 68.5

Jband 0570 0532 0.462 0.481 0434 0.358
(0.029) | (0.044) | (0.075) | (0.042) | (0.062) | (0.101)

H band 0.723 0.695 0.638 0.656 0.618 0.550
(0.017) | (0.026) | (0.043) | (0.024) | (0.036) | (0.056)

K band 0.833 0.814 0.775 0.768 0.762 0.712
(0.010) | (0.014) | (0.024) | (0.013) | (0.019) | (0.032)

Table 12: Mean Strehl (and relative RMS Strehl variability) asa
function of zenith angle, corrected field-of-view, and observing band.

4.3.4 LGS Signd Leved and Control Bandwidth

The LGS dgnd levd required for near-optimal performance of the MCAO system is 125
PDE s/cnf/sec a the WFS, and acceptable performance can ill be achieved a a signd
level of 80 PDE'Slcnf/sec. Determining the laser power requirement for MCAO is akey
issue, and we have gone to consderable effort to modd the noise performance of the
LGS WFS's and determine control adgorithm parameters that will minimize the effect of
noise. The deps in the andyds are outlined below, with additiona detail given in the
appendices.
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The noise performance of a Shack-Hartmann WFS using 2 by 2 pixels per subaperture
depends strongly upon the size and shape of the guide star images on the WFS detector
plane. For a LGS WFS, these images are a function of (i) the profile and qudity of the
outgoing laser beam a the launch telescope, (i) amospheric turbulence effects on the
uplink to the sodium layer, (iii) the thickness and range of the sodium layer, (iv)
turbulence effects on the downlink, (v) the sze of the LGS WFS subaperture, (vi)
imperfections in the Shack-Hartmann lendet array, (vii) the WFS detector aray pixe
gze, (viii) charge diffuson between adjacent pixels, and (ix) the offset between the
launch telescope and each individud WFS subaperture.  This last effect introduces a
subaperture-dependent elongation of the images, which in turn causes a different RMS
tilt measurement error for each subgperture and a partid correlaion between the errors in
the x- and y dimensons We have modded time-averaged Shack-Hatmann images
usng a MTF approach to convolve the spot broadening associated with each of the above
effects.

Figure 8 and Figure 9 illudrate the effect of WFS pixd subtense upon WFS noise
performance. Pixels smdler than the LGS spot size act as a field stop and reduce the SNR
and gan of the subaperture tilt measurements, while a pixd sze that is unnecessarily
large increases the blurring of the LGS images due to the charge diffuson in the detector
aray. The results in these fgures have been computed for a reasonably conservetive set
of LGS WFS parameters as described in the gppendices. We find that the optima pixe
dze is vary close to 1 ac scond. The €ffective sze of the LGS image for computing
noise performance is in the range from 0.55 to 0.8 arc seconds, depending upon the laser
beam quaity and the separation between the launch telescope and the subaperture in
question.
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Figure 8: Effective LGSWFSspot sizeasa Figure 9:  Fraction of LGS WFS spot
function of WFS pixel size for median energy incident on a 2 by 2 pixel quad cell
Cerro Pachon seeing, a O degree zenith as a function of pixel size for the same
angle, and a subaperture at the edge of the conditions as listed for Figure 8
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The above modds for the size and shape of the LGS WFS Shack-Hartmann spots can be
used to compute the noise datigtics of the WFS measurements as a function of LGS
ggnd levd a the WFS, WFS detector read noise, and WFS sampling rate.  Combining
the WFS measurement noise datistics with atmospheric turbulence daidics yidds the
covariance matrices that characterize the overdl rdaionship between LGS WFS
measurements and the wave front errors to be corrected by the AO control loop. These
covariance matrices can next be used to delermine minimd variance wave front
recongruction agorithms, and evauae sysem peformance as a function of the control
bandwidth. For each LGS dgnd leve, there is an associated control bandwidth that
balances the competing trends of servo lag and WFS measurement noise, and thereby
optimizes performance in terms of the resdua meansquare wave front error.  Repesting
this cdculation for a range of LGS dgnd leveds yields a plot of AO system performance
as a function of this paameter tha may be used to specify the LGS sgnd levd
requirement.

This trade dudy is computationdly intendve, snce sysem peformance must be
evduated as a function of two variables (Sgnd level and bandwidth) for each AO
configuration of interest. For this reason we have optimized the control bandwidths as a
function of LGS dgnd levd for a conventional LGS AO system, and then evauated the
resulting performance for MCAO. Sample results for the conventiond LGS AO system
are illugraed in Fgure 10; the atmospheric and AO parameters for these caculations
match the vaues for the basdine Gemini-South MCAO system design, except that the
system includes only asingle LGS and deformable mirror.
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Figure 10 illugrates that AO peformance is a very smooth function of LGS sgnd leve
if the AO control loop bandwidth is properly sdected. These results, and smilar
cdculations for a zenith angle of 45 degrees, suggest a requirement somewhere in the
range from 80 to 125 PDE'Scnf/sec for each laser guide star. The optimized WFS
sampling rates and —3dB closed loop bandwidths are about 800 and 33 Hz for this range
of ggnd levds In fact, these vdues ae dso near-optimd for an infinite LGS sgnd
levd and zero WFS messurement noisss A finite servo bandwidth attenuates the
response of the system to the high spatiad frequency components of the rgpidly trandating
phase screens at ranges above 510 km, thereby reducing the magnitude of the wave front
error due to the cone effect.

Findly, Figure 11 plots the resuts obtaned for MCAO udng this range of LGS sgnd
levels and the control loop bandwidths optimized for conventiond LGS AO. In
comparison with Figure 10, the difference in results between the ided infinite-Sgnd,
infinite-bandwidth case and a system with a signa level of 200 PDE slonf/sec and a 33
Hz closed loop bandwidth is more ggnificant. The reduction to the mean Strehl retio in
H band is about 6 per cent. Mogt of this error should be attributed to servo lag rather than
WFS measurement noise, and the reduction in Strehl in good agreement with scding law
edimates computed from the amospheric Greenwood frequency and the closed-loop
servo bandwidth. For MCAO there is little or no cone effect, so there is no reduction in
this error for a finite servo bandwidth to partialy offset the wave front error due to servo
lag. The incrementd performance pendties for reducing the sgnd leve from 200 to 125
or 80 PDE scnf/sec are comparable for MCAO and conventiond LGS AO. For this
reason a LGS signd levd of 125 PDE slcnf/sec remains a reasonable requirement for
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MCAO, with 80 PDE’s/cf/sec acceptable with some regrets.  Section 5.2 relates these
sgnd levesto the power requirements for the laser source itsdlf.
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At this point, there is ill some risk and uncertainty in these requirements to be addressed
during the prliminary design phase. The shape and sze of the Shack-Hartmann spots on
the LGS WFS focd plane need to be verified based upon find estimates for laser beam
qudity, performance of the BTO and LLT, the depth of the sodium layer, and the
characterigtics of the WFS lendet and CCD arrays. Modest performance improvements
may aso be possble by tuning the tempord dynamics of the AO control law. We have
tried to be conservative in the case of uncertainties, but will review and update our
estimates as new information is obtained.

4.4 Naturd Guide Star Modeling
4.4.1 Decoupling the LGS and NGS Control Loops

The error sgna for the MCAO control loop conssts of a combination of LGS and NGS
WFS measurements.  The NGS measurements are much fewer in number but have much
more variable characteristics. The laser guide stars have fixed locations in the fidd and a
nomindly fixed, rdatively low, levd of measurement noise. The naturd guide stars will
have vaidble locations and sgnd-to-noise ratios for each observation. Evauating NGS
megnitude limits and sky coverage for MCAO would be difficult if the entire wave front
recongruction agorithm had to be reevauaed for each new science fidd. Implementing
this gpproach in red time for actud observations would be even more difficult. These
difficulties can be avoided by decoupling the NGS and LGS components of the AO
control loop.
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Viewed abdractly, the relationship between the NGS and LGS measurements for MCAO
is not very different from the gdtuation in a conventiond LGS AO sysem. The NGS
measurements are necessary to correct a few low-order modes that are undetectable using
the LGS, and the magnitude and location of the NGS varies for each observation.
Current LGS AO systems implement two separate control loops driven by the LGS and
NGS WFS measurements.  To first order, the LGS-driven high-order loop is decoupled
from the performance of the NGS tip/tilt loop by the use of a tilt-removed wave front
recongtruction agorithm. The resdud errors in the LGS loop do couple into the NGS
loop (eg., resdua coma aberrations dias into the tip/ilt measurement for a quadrant or
centroid detector), but the magnitude of this coupling is acceptable once the higher-order
loop is closed. All of these comments are equdly vaid for MCAOQ, dthough (1) there is
more flexibility in sdecting the wave front modes to be controlled by the NGS loop, (2)
there are dso more options for conditioning the LGS control agorithm to decouple the
higher-order control loop, and (3) moda control becomes more vauable for the NGS
loop due to the greater variability between the modes to be controlled.

GEMIN

Severd approaches gppear reasonable for items (1) and (2) above. Methods for selecting
the NGS- controlled modes include:

(1a) Sdecting globd tip/ftilt and the tilt anisoplanatism modes described in
Section 4.2.2;

(1b) Computing a combined NGSLGS recondruction matrix, and sdecting the
columns of actuator commands which are driven by the NGS measurements.

The two approaches yidd very smilar sets of modes, and therefore virtudly identica
performance for the NGS loop as evduated for severd sample NGS congélations.
Option (1a) reduces the work involved in computing a new MCAOQO control agorithm for
each new fidd. The methods for decoupling the higher-order LGS loop from the NGS-
controlled modes include:

(28) Pre-processing the LGS WFS measurements to project off the influence of
the NGS-controlled modes; or

(2b) Post-processng the actuator commands computed by the LGS wave front
recondruction dgorithm to project off the NGS-controlled modes
themselves.

Either of these gpproaches would be implemented by pre- or post-multiplying the
coefficients of the LGS wave front reconstruction matrix by the agppropriate projection,
and therefore does not increase red-time computation requirements.

These various options for decoupling the two control loops may differ in the degree to
which resdud higher-order errors dias into the NGS control loop. The amount of
diasng associated with approaches (1b) and (2b) has been evauated and included in the
sysem peformance edimates in Table 6. See the gppendices for a more andytic and
precise description of the decoupling of the NGS and LGS control loops.
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4.4.2 NGS Magnitude Limits

Once the NGS and LGS control loops have been decoupled, the performance of the low-
order NGS loop may be determined using modal control. At present we have developed
codes and performed andyses to evaduate and optimize (a) the residual mean-square error
in each NGS-controlled mode and (b) the overdl resdud fidd-averaged phase variance,
but have not yet computed the off-diagona covariances between the resdud errors in the
different modes. Modulo this gpproximetion, the datistics of the resdud tipftilt jitter at
each point in the fidd of view can be computed from the gatigtics of the resdud erorsin
the NGS-controlled modes, and the corresponding Strehl ratio reduction determined.
Figure 12 illudrates sample results for triangular congtdlations of three magnitude 18 to
19 NGS. The NGS WFS moise modd used for these results assumes quadrant detector
APD tip/tilt sensors, with NGS zeropoints, sky backgrounds, and quantum efficiencies as
described in the appendices. No sharpening of the NGS image on the quadrant detector
by the adaptive opticsisincluded, snce thetip/tilt senang is performed in the visble.
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Figure 12: Srehl ratio reductions in H band due to noise and servo lag errors in the
NGS loop for two sample guide star constellations. The NGS locations and magnitudes
are indicated by the annotated triangles. The smaller squareisthe 1 arc minute field.

Figure 12 illugrates that the Strehl ratio reduction due to the errors in the NGS-controlled
tilt and tilt anisoplanatism modes is not uniform across the fidd of view. For imaging
indruments, we expect that the nature of the nonuniformity may be determined and
deconvolved via pog-processng based upon the datistics of the resdud tip/tilt errors
measured ly the NGS WFS's. For spectroscopy the reduction in Strehl should have little
effect, snce moderate amounts of tip/tilt jitter will broaden the centra core of the PSF
without reducing the fraction of PSF energy coupled through dit, on the order of 0.1 ac
second in width.

A dmpler, scdar indication of the performance of the NGS loop is the overdl Strehl retio
corresponding to the resdud fidd-averaged phase variance in the NGS-controlled
modes. For a fixed observing scenario and set of AO system prameters, this Strehl will
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be a function of (i) the magnitudes and locations of the three NGS, (ii) sky background,
and (iii) the disturbance spectrum for windshake-induced tipfilt jitter. A reasonable
definition of the NGS magnitude limit for MCAO is the vaue yidding a fidd-averaged
Strehl ratio reduction of 0.5 in H band.

GEMIN

Figure 13 illugrates the fidd-averaged Strehl ratio in H band for the NGS loop with a
sample NGS congdlation and two different sets of values for sky background and
telescope windshake. The NGS congdlation conssts of three stars of equad magnitude
located at the corners of an equilaterd triangle with base 0.87 arc seconds that is centered
within the 1 square arc minute field-of-view. The limiting NGS magnitude is about 20.3
for the optimigtic case of an 80% sky background (for Mauna Kea), and no windshake-
induced jitter. The limiting magnitude fals to about 19.1 for the more representetive case
of a 50% sky background and the “typica windshake” disturbance spectrum specified for
Geamini-North,  MCAO does not appear to be dramatically more or less sengtive to these
eror sources than conventional LGS AO, but we will investigate the use of OIWFS or
peripheral WFS tip/filt measurements to reduce the effect of windshake. We will dso
revist this subject as more accurae esimatesmeasurements of windshake a Cerro
Pachon become available.

MCAO H—band Strehl due to NGE SNR and servo lag
10 T — T T —T T T —T T T T

| Figure 13: Field-averaged Srehl
1 ratiosin H band for the NGSloop as
a function of NGS magnitude for
median seeing, a O degree zenith
angle, and a triangular guide star
constellation with a base of 0.87 arc
seconds. Solid: No windshake jitter,
N 1 80% sky background. Dashed:
Typical Mauna Kea jitter, 50% sky
background.
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Findly, Figure 14 illudrates the effect of a less favorable congdlation geometry on the
NGS magnitude limits. Reducing the base of the equilatera triangle from 0.87 to 043
ac seconds degrades the magnitude limit from 19.1 to about 184. Displacing the
equilaterd triangle from the center to one sde of the 1 arc minute fied increases the limit
by a further 0.2. Additiond results illugrating the impact of the congdlation geometry
upon the performance of the NGS control loop are given in the gppendix. Based upon
these cdculaions, we have spedified a limiting magnitude of 19 and a minimum triangle
area of 0.25 square arc seconds (corresponding to an equilateral triangle with base 0.75
arc seconds) for the sky coverage estimates presented below in Section 4.4.4.
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MCAO H—band Strehl due te NGE SNR and servo lag
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4.4.3 PSF Characteridics

The PSF can be formdly split into two components. one corresponding to errors in the
high order modes (servo lag and anisoplanatism errors for modes controlled by the
gysdem, fitting eror for the modes not controlled by the system), and another
corresponding to global image motion. The latter is exclusvely rdaed to the NGS-
controlled modes described in section 4.4.1.

The high order modes are the primary culprit for the well-known Core/Halo PSF shape.

To fird order for a Strehl ratio > 20%, the percentage of energy in the diffraction limited
component of the image is equd to the Strehl ratio. For a telescope with a samdl centrd
obstruction like Gemini, the fraction of energy in the centrd peek of aperfect diffraction
pettern is 82%. The energy in a digphragm of diameter 2 | /D is 80% of the tota energy
in the diffraction image, and the energy in a digohragm of diameter | /D is 45%. These
numbers, multiplied by the Strehl ratio of the actud short exposure images (determined
by the high order LGS-controlled loop) can be used as guideines in SNR estimations.

The hdo has characterigtics that vary with wavedength and qudity of compensation,
noise, etc, and cannot be described smply in an andyticd fashion. Its width varies
between the seeing width and some fraction (0.25-0.3) of this quantity, being reatively
gndler a shorter wavdengths It is worth noting that in al the AO smulations carried
out a Gemini, the hado seems to have a less detrimentd effect than for actud images
taken with lower order systems on 3.6-m telescopes. This may be because the contrast in
width between hdo and core is larger for an 8-m tdescope, the diffraction limit being
twice smaler. This increases the hao/core contrast by a factor of ~ 5. Also, the Strehl
ratios planned for the CP MCAO sysem are dightly higher than those achieved with
most AO the systems on smdller telescopes, increasing further this contrast.
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The dability of the high order PSF component is shown in Figure 6 and Figure 11. The
gpatia standard deviation of the Strehl ratio is given Table 12, and is of the order of 2.5%
in H band a zenith for the MCAO basdine. These fluctuations are expected to be quite
gable within +/- 1%, 0 that a first order correction on the photometry could achieve this
level of accuracy.

GEMIN

1. [ prrrrTe rrrrr” T prrrr e rrr rrrrTT prrrrre o prrrr prrrr prrrrT —
a%&ﬂ
0B 1 8 N 7
A A
)
T S A
- 0.8 H + 4 = A &
E +'H'4:H-+ + o+ & otor I i
vz "H'_++ E A
04r + E A
& g fn
& T 8 + 4
sl 5 + 1 VTR LT
% +H
Dok 1 1 1 3 m & Q.00 L 1 1 1 1 1 1
@ 10 2 Aw 40 5O B0 B 20 A0 40 B &w
dintanee Tistance [arcmec]
[0 T s T E
M o T ot T + +
TR
_ dgt}‘- —osefE & H o _11_"‘ +
g vaof 5&& ] ? & e
H . CHlea 4 . ]
L + El &, *
ERE- I pam o 1 B 0.anf -‘3‘-% E
: + 5 :
AR e F
B b, ++ + o4+ 8 o.a0 A A
§ H10E 15
t e
sk 3
OO0 EL 1 1 1 1 1 1 QLODEL 1 1 1 1 1 1
O 10 B0 J0 40 BR  BO G W Ap 3@ 40 B0 8O
Distanea [arcasc] Distanca [arcesc]

Figure 15: Srehl ratio, FWHM, 50% encircled energy diameter and percentage of light
through a dlit of 0.1” versus the distance to the central guide star.

The effect of the NGS-controlled modes on the image is solely to convolve the average
high order PSF component by a 2-D gaussan profile. An example of the resdud image
motion is shown on Figure 6 of Appendix G; for 4 magnitude 19" stars, tip and tilt vary
from gpproximatdy 10 mas to 16 mas within the centrd 1 square arcmin. It is important
to note that this resdua image motion will induce an dongaion on the image, Smilar but
gndler to what is observed in a one-star compensation sysem. The amplitude and
direction of the elongation depends on locetion in the fidd, the relaive brightness of the
NGS, the location of the NGS, and the C,%(h) profile and wind profile.

The PSF core broadening caused by the resdual image motion does not throw energy
vay far into the hado wings, as is the case for the imperfectly compensated high order
modes. For an equivdent reduction in Strehl, the effective loss in resolution, 50%
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encircled energy, or dit throughput is therefore more benign. For ingtance, the 50% Strehl
ratio loss that we adopt as an arbitrary criteria to estimate sky coverage is equivadent to a
broadening of the time-averaged PSF by ~ 40 mas in H band, which increases the FWHM
from 43 mas (diffraction limit) to 58 mas. The impact on the encircled energy depends on
the exact wavelength.  For spectrographs, however, whose pixel dements will probably
not resolve the width of the diffraction core, this effect will be very moderate.

GEMIN
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Figure 16: H band PSF profile. For zenith speuf!catlon fpr dl - indrument bult  to
and median seeing conditions dat_e is to deiver a Strenl pf 08 a H.
This includes dl aoaraions. It is
expected that most aberrations will be low order errors induced by misdignments. It is
graightforward to compensate for these low order aberrations, as long as they ae
cdibrated. Even fidd-dependent errors may be compensated usng MCAO. Attention
should be pad to meking such cdibration possble in future MCAO-optimized
indruments. Given this, we have reduced the ingrument contribution to the error budget
from an H band Strehl of 0.8 to 0.95. Care should be taken in desgning the instruments
S0 that no sgnificant chromatic aberration is not present, as it can not be compensated by
the AO system.

4.4.4 Sky Coverage

MCAO sky coverage (SC) has been estimated usng a Monte-Carlo code based on star
counts taken from the Gemini modd, which has been directly adapted from the Bahcal
and Sondra modd. Thousands of random fields were generated in the code, including
gtars from nk = 15 to 20. The potentid NGS congelations were examined for each field.
In particular, we computed the area defined by the 3 NGS potential candidates as the
cross product Vi,AVis, where Vjj is the vector separating guides stars i and j. The
candidate congdlation was vdidated if the norm of this product was over 1 square
arcmin, or was over 0.5 sguare arcmin and the congelation bounded the field center. In
al other cases, it was rejected. We alowed a dack of 15 arc seconds to center the science
field on the indrument. In practice, this means that if no acceptable GS congdlation is
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found, the case was re-examined with decentration of +/- 15 arc seconds in both R.A and
dec. This implicitly assumes that a least 1 square arccmin FoV ingruments are used, and
that the object does not need to be absolutely centered (i.e. there is no image qudity loss
associated with this decentering).

GEMIN

This code was run a two gdactic latitudes and for various GS magnitudes. The latter
were chosen to correspond to a Strehl loss of 50% with respect to the very bright star case
presented earlier in this section.

Resllts are given in Table 14. The same code was modified to dlow a coherent
comparison with Classca LGS AO (Table 13). For an arbitrary point in the ky, the TT
aror is split into two contributions the noise eror and the anisokinetism (TT
anisoplanatism). We arbitrarily imposed equa weight to these two errors. This seems to
be a reasonable criteria, since the sky coverage contribution from very bright sars a
large angles and very faint stars nearby tends towards zero. The optimum may not be an
exactly equal split of these two error contributions, but is not likely to be far from it. The
criteria used for SC egtimation for conventional LGS AO is the same as for MCAQO: 50%
Strehl ratio loss with respect to the Strehl obtained on-axis for very bright stars.

Sky C.aGa. | SkyC.atb=30° | LimitingNGS Omax

Pole magnitude
J 7% 21% 17.7 19’
H 16% 44% 18.3 26"
K 35% 74% 18.8 36"

Table 13: LGSO AO sky coverage at the galactic pole and 30 degrees galatic latitude, with assumptions
for the value of the limiting magnitude and the maximum angle to the TT guide star. These resultsare for
an AO system with one laser guide star and one Tip-Tilt natural guide star, and a 16x16 subapertures
Shack-Hartmann system. The sky coverage values are for a Strehl ratio of 50% of the value that can be
obtained on infinitely bright stars.

Sky C.at Ga. | Sky C. at b=30° TT star magnitudes
Pole
J 12% 67% 18,19,19
H 14% 69% 19,19,19
K 24% 82% 19,20,20

Table14: Gemini MCAO sky coverage val ues at the galactic pole and at 30 degrees galactic latitude. The
assumptions for the magnitudes of the 3 required Tip-Tilt natural guide stars are given. The sky coverageis
defined here as the fraction of the sky over which the Strehl loss is less than 50% with respect to the
infinitely bright star case.

Overdl, the sky coverage of AO and MCAO is comparable. AO has a dight advantage a
longer waveengths a high gdactic lattude, but MCAO recovers it a shortest
wavelengths and show a certain advantage a low gdactic latitudes. In fact, the need for 3
GS with MCAO seems to ke baanced by the fact that there is a Sgnificantly larger field
of view to find these GS (2 arcmin) with respect to AO, where the search fidd is
rdaivey smdler. This dso explans why MCAO sky coverage seems less sendtive to
the wavdength than for AO. This could be an interesting property, eg. when spectra
coverage (need for Jband) is an important issue for the observing program.
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Gad. lditude | #HST pointings | Staus>0[%] | Staus>05[%] | Staus>1 [%)]
al 11953.0 72.5425 44.2399 32.2262
20-30 1573.00 83.0896 61.9835 43.8652
50-60 1547.00 61.8617 20.0438 9.56690
80-90 452.000 63.4956 17.6991 5.75221

Table 15: Sky coverage computed from HST pointings and USNO2 catalog for three 19™
magnitude stars

In addition to this Monte-Carlo modeling, J-P.Vé&an and D.Durand of the HIA have
crossed HST pointing with the USNO 2 catdlog to estimate the occurrence of having 3
GS of aufficient brightness and in an acceptable spatid configuration. The results are
liged in Table 15. “Status’ in this table is the surface area covered by the GS
congellation in square arcmin, computed as the length of the cross product between the
two vectors defined by the bright-to-dim guide source separations. These numbers are for
a st of three guide stars of mr = 19, which correspond therefore to the H band sky
coverage numbers given above. These numbers are not directly comparable to the
numbers computed with the Monte-Carlo method, as here there no requirement on
centering the congdlation in the case of a 0.5 square arcmin GS “datus’. One should
expect the Monte-Carlo numbers to fal between the dstatus=0.5 and Status=1 numbers,
and they approximatdy are. Overdl, the numbers are condgtent. Another interesting
feature from the work done a HIA is that this computation included all HST pointings. If
one assumes tha the MCAO programs will on average point a target smilarly
digributed on the sky, Table 15 gives an average MCAO sky coverage on the order of
40%.

45 Summay

During the conceptua desgn phase we have peformed extensve modding of the
MCAO sysgem to edablish the basdine fird-order specifications for principd AO
components and evauate the resulting system performance. Certain parameters (order of
wave front sensng and correction;, DM mirror conjugate dtitudes, corrected fied-of-
view) yidd farly soft performance tradeoffs that are not dways suited to an explicit
optimization of a quantitative performance metric.  In these cases, basdine system
parameters have been sdected through a combination of smplified scding laws, practicd
hardware and cost consderations, and quditative judgment of what conditutes
acceptable performance.  Other parameters and issues (LGS signd level, NGS magnitude
limits, PSF characteridtics, sky coverage, and a practical control agorithm) are more
crucid for MCAO and have received the most careful analyss of which we are capable.
The results of these dudies provide reativey firm vaues for the requirements and
performance of aMCAO system as actualy implemented on Gemini- South.

Some of the findings of the system performance modeling effort include:
MCAOQO peformance is very uniform over a 1 square ac minute fidd, both in
terms of Strehl ratios and more genera PSF characterigtics,
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The Strehl ratio degrades gracefully out of the 1 square arc minute central field.
The usegble fidd with Strehl ratio above 50% of the pesk vdue is the full 2 are
minute field in H and K band, and approximately 1.5 arc minute at J band.

LGS signd level requirements are in the range of 80 to 125 PDE Senf/sec at the
WEFS detector;

Decoupled LGSNGS control agorithms have been developed that are feasble in
terms of evauation and implementation; and

NGS magnitude limits foo MCAO correspond to very useful vaues of sky

coverage, even when sky background noise and windshake jitter are taken into
account.

GEMIN

We will continue to review and sharpen these peformance estimates as more detailed
information becomes avalable on paameters including lasr beam qudity, sodium
column dengty, and windshake jitter a Gemini- South.
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S5 SUBSYSTEM DESGN
5.1 Adaptive Optics Module

The Adaptive Optics Module (AOM) includes al of the optics, sensors, and diagnostics
needed to compensate the input f/16 science beam and relay it to a science insrument at
f/30. These components include the principd eements of the red-time MCAO control
loop as described previoudy, namdy 3 deformable mirrors, a tipfilt mirror, 5 higher-
order LGS wave front sensors, and 3 tip/tilt NGS wave front sensors.  Additiond
components include atmospheric dispersion correctors (ADC's) in the science path and
the NGS WFS path, and three subsystems for WFS and DM cdlibration:

GEMIN

Smulated naturad- and laser guide dars located at the cassegrain focus near the
entrance of the AOM. These smulated guide stars are used for (i) verification of
optica dignment between AOM and stience indruments, (i) messurement of
DM influence functions and DM-to-WFS dignment, and (iii) closed-loop tests of
the MCAOQ control loop.

Local reference sources to illuminate the LGS wave front sensors with known
plane wave fronts and cdibrate for lendet-to-CCD misdignments and fabrication
errors.

An optiond diagnogtic, higher-order WFS used for wave front messurements of
the three NGS source smulators.  These measurements would be used
tomogrephicdly to flatten the figures of the three deformable mirrors  This
sensor  effectively  subditutes for the “DM  interferometer” found in severd
exiging AO sysems. It could be diminated if absolute adignment and postion
accuracy could be guaranteed for the AOM optics and DM actuators.

The AOM is mounted to the Gemini Insrument Support Structure (ISS).  The maximum
volume envelope is 2400 mm deep by 1500 mm wide by 1500 tal, and the mass limit is
900 kg. All service interfaces are through the ISS.  All red-time-control e ectronics for
the AO control loop must be packaged as part of the AOM.

5.1.1 Optica Design

The Adaptive Opticd Module, consiging principdly of an off-axis two-mirror relay
trandferring the f/16 cassegrain focus of the 8-meter telescope to a find insrument /30
focus, contains various optica pick-offs to effect wave front correction and to monitor
performance of the complete assembly.

The complete optical design of the AO module conssts of severd sub-designs that serve
joint or individud tasks. The Science Path through the module is nearly diffraction
limited throughout the visble spectrum, and fully so for the infrared. The service paths
that feed NGS and LGS inputs to their respective detectors are likewise nearly
diffraction-limited. Specid requirements beyond norma resolving power, such as precise
mapping of the deformable mirrors onto Shack-Hartmann planes, are addressed and
optimized.
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51.1.1 Desgn Requirements

Top-level opticd design requirements are summarized in Table 16. The requirements for
the science path are taken or derived from the FPRD. For the NGS path, the
requirements are sdected to maximize sky coverage, which requires (i) a wide spectrd
passband and a high throughput to optimize the NGS magnitude limit, (ii) optica
abarations which are smdl reative to the resdud turbulence-induced wave front errors
under good seeing conditions, and (iii) the largest possible field-of-view to acquire guide
das. The fidd-of-view for the LGS WFS path matches the fidd sze sdected in Section
4.3.3 to obtain highly uniform AO performance across the compensated field-of-view.

GEMIN

The remaining requirements for the LGS path are derived more from specific engineering
congderdions.  Opticd throughput must be as high as is feadble to minimize the
required laser sysem power. The vaue for the maximum alowable pupil misregidraion
between the DM’s and the WFS is based upon a combination of smulation work and
expearience with exising AO sysems.  This limit must incdude desgn resduds
febrication and dignment erors, and any dynamic misegidration induced by tipfilt
mirror adjusments or LGS jitter on the sky. Findly, any non-common path wave front
erors in the LGS WFS path should be smdl enough to be compensated via calibration
without saturating the linear dynamic range of the WFS. This limit is about 0.1 arc
seconds for the expected width of the LGS Shack-Hatmann spots. It must include
design residuds, fabrication and dignment errors, and the effect of LGS jitter on the sky.

Parameter Science Path NGS WFS Path LGS WEFS Path
Spectral 1.0-25(5.0god) 0.45-1.00 0.589
passband, mm (0.85-2.5 or 5.0 with changeable
dichroic)
Fidd-of-view 1 1 1 (width of square FOV)
radius, arc min 90—200 km range
Wave front Uncorrectable and non-common 0.15arcsec RMSspot | Peak subaperturetilts
quality path errors of 60 nm (40 nm goal) size (0.10 goal) lessthan 0.1 arc sec
Optical 0.75 0.7 0.7
transmittance
Pupil imaging Worst case pupil motion of 3% on | NA Worst case WFS-to-DM
instrument cold stop misregistration 10% of a
subaperture width
Emissivity 19% NA NA
Atmospheric 0.007, 0.85+/-0.07 nm 0.1 NA
dispersionat 45 | 0,010, 1.25+/-0.1mm (0.05 goal)
degrees, arc sec | 0,013, 1.65+/-0.1 mm
0.018, 2.20+/-0.2 mm

Table 16: AO Module Optical Design Requirements
51.1.2  Science Path

The Science Path in Fgure 17, from which the NGS and LGS beams are picked-off by
means of a beamgplitter, conssts of two unequa foca length, eccentric pupil
paraboloidd mirrors (OAFP's) that enclose three deformable mirrors (DM’s), and a find
beamgplitter plate that transmits the Science Path while reflecting light to the WFS optics
and detectors. For the current dedign, the firs OAP forms conjugate images of
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atmospheric planes a 8, 4 and 0 km onto DM2, DM1, and DMO, the latter being aso
conjugate to the image of the telescope’s secondary mirror, M2.  This is in dight
disagreement with the ranges of 9.0, 4.5, and 0 km sdected based upon more recent
andyss.

GEMIN

Although the Tdescope itsdf is a Ritchey-Chretien, the OAP's introduce a smal amount
of coma and adtigmatism over the circular one arc-minute radius fidd of view. The
transmitting beamsplitter, BSL, is nomindly 160 mm in diameter by 27 mm thick and is
made from fused dlica It introduces under .005 waves of monochromatic aberration in
the visble, and less in the infrared. It dso produces a very smdl amount of chromatic
laterd digplacement, which can be completdy corrected with a wedge angle of 1.8 arc
minutes if desred. This wedge would dso serve to reduce ghogting. Cacium fluoride
may be usad indead of fused dlica to iminate water absorption festures and extend the
spectral passband.

We invedtigated the effect of usng toroidd mirrors in place of OAP's because the
profiles of the two surfaces are so smilar. Sight tip adjusments diminate resduad coma
and produce an interesting candidate. However, the mapping on the image plane becomes
distorted compared to the near perfection achieved with the OAP design, and in addition
the foca plane is no longer truly perpendicular to the apparent optica axis. The OAFP's,
despite ther difficulty of fabrication, are warranted for this design. Prdiminary edtimates
indicate the mirrors should be obtainable at prices on the order of $10,000 (uncoated).

Figure 17, Fgure 18, and Figure 19 show respectively the science path layout, geometric
gpot diagrams for the centrd 1 arc minute square field of view, and spot diagrams over
the full 1 arc minute radius fidd of view. These figures do not include the science path
ADC or its effect on image qudity. The worg-case Strehl ratios at 1.65 microns over
these two fidds without the ADC are 0.988 and 0.960. The geometricd image qudity in
the NGS WFS path will be identicd except for the variations introduced by the different
ADC and beamsplitter.
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Figure 17: Science path optical layout Figure 18: Science pa'th geometrical spot
diagrams at the corners and edge of the
central square 1 arc minute field of view
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}@m - '@:m 5113 LGS Peth and Field Corrector
o, The LGS pah is more chdlenging. Five
e @ oA laser guide stars are symmetricaly arranged
R ot 1w, -t in the fidd of view, one dong the “axis’,
@ o @ the other four at angular distances of 425
arc-second in a cross-like pattern. While this
T b oo Lo, T pattern can be angularly rotated around the
e — A axis of the telescope, we have taken a worst-
%"%i";ﬁjx 1 40 0¥ ey COS2 OFientdion in which two of the stars

appear a the upper and lower extremes of

Figure19: Science path geometrical the meridiona plane of symmetry

spot diagrams at the center and edge of

he full 1 arc minute radi .
thefull 1 arc minute radius Because the range to the laser guide dars

varies between 90 to 200 km, the images formed after the two OAFP's shift axidly by as
much as 638 mm from the Science Path focus. The shift from the nearest to the farthest
LGS shifts the focd point by 350 mm. As might be expected, the telescope itsdf is no
longer fully correct for sphericd aberration and coma at these ranges, since the object is
relatively near rather than at infinity. Additiondly, the reflective rday composed of the
two OAP's shows different aberrations according to the conjugates at which it works.
Additiondly, its magnification changes with LGS range since it is a finite-conjugate relay
whose conjugates are being disturbed. This causes a change in LGS plate scale, a change
in exit pupil digance, a changing location of the image plane, and an unsymmetrical set
of aberrations that are ever changing.

We initidly consdered usng trombone mirrors to place the LGS images & a fixed
location. Given this, we found that a dngle asgpheric glass lens, moving dong with the
trombone mirrors, could produce well-corrected LGS images for any range. Since one
aspheric lens worked, we redized that two spherical lenses would do the same and be
easer to faboricate. And given two spherica lenses, we recognized the posshility of
moving them independently and achieving other gods, for example, holding the image
plane fixed in space, thereby eiminating the need for the trombone mirrors.

Unfortunately, the sharpness of image was inaufficient with two “zooming” sphericd
lenses, so a third was added. This resolved the image sharpness, fixed image plane, and
fixed plate scde objectives. The remaining issue was that the exit pupil shifted according
to the motion of the preceding corrector lenses, forcing the WFS lendet array plane to
shift with LGS range.  Although the individud collimators required to image the pupil
onto the Shack-Hartmann plane could be fixed, the location of the SH planes and dl
additiona optics on the way to the CCD arrays would have to move. So, we elected to
add pupil-zooming optics to the corrector optics and fix the location of the exit pupil;
indeed, to keep it telecentric a the intermediate foca plane regardless of the LGS range.
This can be accomplished in principle by surrounding the image plane with two identica
lenses digposed at equa distance from the intermediate focus. By symmetry, image
magnification is held constant regardiess of pupil zoom.

MCAO Conceptual Design Documentation 54
Rev 1.0, 05/15/00



MCAQ

GEMIN

One serious redriction to date was the designer’s god to force al the optics to lie dl to
the left of the focd plane This hes limited mechanicd smplicity and optica qudlity.
Additiona design work needs to be performed to obtain the smplest possible optics
conggtent with sufficient design optica qudity and fabrication and dignment tolerances.

Figure 20 shows the corrector optics a their relaive postions for four different LGS
ranges, from 90 through 200 km. Note that the lenses move not in sraight lines, but with
paths devised to produce optimum image quality and pupil contral. It remains to amplify
this as far as possible. Although the aberrations and pupil behavior to be corrected arise
from fore-optics that are not rotationdly symmetric, because they are dationary it stands
to reason that a fundamentdly sraightforward description of the fore-optics aberration
function with LGS range mus exid. This is gmilar to usng a tdescope with a
deliberately misdigned objective, a different object distances. This sort of function
should therefore be correctable with an off-axis corrector group whose variations are not

arbitrary, but amenable to smplification.

Figure 21 shows the

geometricdl optical

| g performance for the 90 km
= =ttt range, which tends to be
— e the mogst difficult, and
= worst, case. Note that al

— — enegy a 589 nm s
i =:=— Sl contained within an  Airy
= =1 Disc & dl fied postions
= — This indicates diffraction-

limited qudity a least for
the paper design. Table 17
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Figure 20: LGS path corrector optics configuration for 4

guide star ranges between 90 and 200 km.

+ B.689D
DET1 B.8LL7, 0.D0bd DEC

o

I -B.0m3, D.06% N
DBT: -H.8LL7. 4.DbPD DEC GET: D.bBbD. -8.8LL7 OEC
M 20.565, 0.029 W

IMA: 11,213, B.B49 M INA: 20,565, 28,600 MM

To

I 20.565, -28.63L MM

| SUSFACE: IR
SPDT _DIRGRAM
LGS F CURRELTOR FICAL PLANE
TUE MAY 9 2000 UNITS ARE NCIRONS
FIELD ' L 2 3 1 B
Eemsi 3R TN gL fms BEE  [CONFIGORATIGN ¥ OF T
i ' el ™ okl

Figure2l: LGS path geometric spot

diagrams for the 5 guide stars at 90 km range.
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4 ranges between 90 and
200 km. The largest error
is0.046 nm RMS.

Guide Star 1 2 3 4

200kmrange | 0.046 | 0.035 | 0.013 | 0.037

163kmrange | 0.028 | 0.028 | 0.028 | 0.024

127 kmrange [ 0.037 [ 0.031 | 0.022 [ 0.029

90 kmrange | 0.035 | 0032 | 0.020 | 0.035

Table 17: RMSwave front errors (in
microns) at the lendlet array plane for
LGSWFSoptical path. Guide star 3is
the on-axis guide star. Only 4 guide

stars are listed due to symmetry.
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5114  LGScallimator and “De-Anamorphoser”

The output from the LGS fidd corrector congss of five smdl fidd points that are
redtricted by a fidd mask that has five perforations, each subtending 3 arc-seconds (the
laser guide dars will be gpproximately 0.5-1.0 arc seconds in diameter a the sodium
layer, but ther images will be broadened because of atmospheric turbulence). The light
emerging from the mask is subgantidly telecentric. It must be callimaed, and a wel-
corrected pupil image formed on the Shack-Hatmann lendet aray with precisdy the
intended magnification factor. This pupil image should be “de-anamorphosed” to yield a
circular image of DMO in spite of the non-norma angle of incidence of the beams on this
mirror, and thereby improve the regidration between the DM actuators and the WFS
Subapertures.

Fve ar-spaced doublets, whose focd lengths are dightly adjustable by changing the
argpace, collimate the emerging light from the fidd mask. With apertures of jus 10mm
and foca length of 100mm, this "zoom” produces only smdl varidion in spherica
aberration. Alternaively, a cemented doublet with an adjustable negative "Barlow”
element can provide a greater range of focd length adjustment with less aberration. The
collimated rays congitute principal rays connecting the deformable mirror (DMO) and the
SH plane diffracted light then takes the nature of numerica aperture for this pupil-to-
pupil image. The magnification between DMO and the lendet array plane is proportiond
to the foca length of the collimator, which is adjustable to correct smal errors.

Because the deformable mirrors are inclined 10-degrees relative to the optica axis, their
projections on planes perpendicular to the axis are compressed by the cosne of 10-
degrees. We correct this nomind error with a sngle cylindrica lens dement, a solid
Gdilean telescope made from Schott BK7, 10mm in diameter, and 5.28mm thick, placed
in the collimated beam following the collimator. As might be expected with such a smdl
gperture and miniscule magnification, its aberrations are entirdly negligible.

The image of DMO formed on the 16x16 Shack-Hatmann lendet aray is 8mm in
diameter, with an individud lendet width of 0.5 mm. Pupil digortion between DMO and
the lendet array will degrade the performance and ability of the AO control loop by
dtering the DM-to-WFS influence matrix. In a LGS AO sysem, the feashility of
cdibrating for this effect is complicated if the nature of the digtortion changes with the
range of the LGS, Based upon smulations and the performance of exising AO systems,
the word-case 1-axis pupil digtortion should be kept to less than about 10% of a
Subaperture width, which must be dlocated between the following error sources:

Optica design resduds,

Opticd fabrication errors,

Opticd dignment errors; and

Beam wander due to LGS pointing error and tip/tilt mirror adjustments.

The last error liged will be dominated by the effect of tip/tilt mirror adjusments and is
expected to be no more than 3% of a subaperture width (worse case) a DMO. The worst-
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case optica design resduas are no more than about 5.5% of a subaperture width for
pupil distortion, but are unacceptably large when the trandation of the pupil with
vaiatons in LGS range is taken into account. The pupil mapping performance of the
current design for the LGS opticd path is summarized in Table 18.

GEMIN

Guide Star 1 2 3 4 Table 18: Worst-case 1-axis pupil mapping

200kmrange | 218 3.90|4.92 |2.88 errors between DMO and the lendet array

163kmrange |2.18]3.40[4.80 |4.83 expressed in terms of per cent of a

127kmrange |2.16] 284 4.86 |5.04 subaperture width. Only 4 guide starsare

Okmrange |2.10|2.26|5.08 |5.42 listed due to symmetry. The * overall”

Over dl ranges | 4.18 | 4.02 | 13.36 | 8.28 distortion value isincreased by translation
of the pupil image with LGSrange

Dedgn exploraion indicates that the sdf-imposed requirement that al dements of the
corrector lens lie to the left of the intermediate focd plane (which optimizes image
quaity a a fla focd surface) is limiting our ability to reduce the pupil motion. Since
diffraction-limited image qudity is not required a the focd plane we will modify the
optical desgn by dlowing a lens to lie to the right of the intermediate focus. With the
large f-numbers involved, the man &berdion a the intermediate image will be fidd
curvature, for which the obvious solution is a curved mask. We expect to reduce the
amount of pupil motion by &t least afactor of two, which will be sufficient.

The actud wave front sensors for the five LGS will be implemented usng ether 1 or 5
lendet arrays and associated CCD arrays. The packaging with 5 lendet arrays should be
draightforward with an opticad path of about 90 mm between the intermediate foca
surface and the collimators.  Figure 22 illudrates how the pupils from dl five guide sars
could be combined on a single sensor. Four rhomboida prisms are used to repostion the
Sseparate collimator axes very close together. The rhombs could in principd have semi-
circular output gpertures that actudly dlow the five beams to touch, but we have
assumed a separation of one millimeter between dl 8mm beams.  This additiona spacing
is condgent with placing dl 5 sats of Hartmann spots on a single CCD aray of 128
pixels. Transmisson by the rhombs is 100% except for two ar-glass reflections, and
internal absorption is indgnificant in Schott BK7 glass. Because the centrd beam has a
shorter path to the SH lendets, it may be necessary to add a field lens to ensure that the
exit pupil of the teescope fdls a the same longitudina distance as the other four paths.
This can be done with a snglet if the focd length of the collimator is gppropriately
adjusted.

MCAO Conceptual Design Documentation 57
Rev 1.0, 05/15/00



MCAQ

GEMIN

focal
Relay 54 plane
to GCD plane at
approx 7YX redwction
foca’ plane following
thg S-lers corrmectar

Adjustment for &35 rhonbic

L 23 mn radius cantral star only 10t Cylinder n:u":ﬁ:es

Frask wi 1d Pount rhanbs onts i '
ranl :'ﬂE. sidg wiew single shest off glass? Sl;. foca
Fﬁji\\ plane
e e 1 1.5
— —jii 5 \4\
A | o Liel
3 s i 4‘:]' b s %; ;
A f i [ 5%
T — = ?' = TLET :
e 5 . | Skack-Hartmann
! \ Y tenslets {5)
Bam ¢ pupil aEprox 1|:|"Jr-I
£t Collimathrs ki1 it / \ fran Coll inators

callimators Enamcrphoser
5 plates 5 places

FIRLL SCALE

Fig. 1. Bean Combiner to place 5 LGS 4
pnto a single CCD = EAR 5711700
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5115 NGSWFS Path and NGSLGS Beamsplitter

The opticd design characterigtics of the NGS WFS path are identicd to the science path
gpart from the ADC and beamsplitting dements.  As described in Section 5.1.2, three
quadrant detector tip-tilt sensors and possibly a diagnostic higher-order wave front sensor
are placed behind the NGS focd plane. The NGS and LGS paths are split after both have
been separated from the science path. The LGS and NGS return signds are separated
gpectrdly, since the use of movable pickoff mirrors for the NGS path would result in
ggnificant vignetting of the LGS beams.  Throughput to the LGS WFS a 0.589 nm mugt
be maximized to reduce laser power requirements, and average throughput to the NGS
WFS over the 0.45-1.0 mm passband must be maximized to improve NGS magnitude
limits and maximize sky coverage. Vdues of 0.99 and 0.95 for beamsplitter throughput
have been usad in the end-to-end transmittance ca culations presented in Section 5.1.1.6.

Just as importantly, leskage of the LGS dgnd into the NGS WFS must be minimized. At
Zenith, the defocused image of a LGS on the NGS fbcd plane covers a region of about
260 sguare arc seconds. The unfiltered background leved is equivaent to about magnitude
16 per square arc second for the LGS signd levels and NGS zeropoints used here. At a
zenith angle of 45 degrees the area is reduced to 130 square arc seconds, but the
background level increases to about magnitude 155 The dark sky background
corresponds to about magnitude 21.5 per square arc second. The required attenuation of
the LGS dgnd into the NGS optical path is consequently about 22.5-15.5=7 magnitudes,
or afactor of about 625-1.
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The above specifications for throughput and extinction can be achieved usng Rugeae
filters. The average throughput over the 0.45-1.0 nm NGS passband can be as high as
about 0.94 if the 0589 mm light is reflected, and the extinction requirement is adso
ggnificantly exceeded. We have not yet verified that Rugate filters are a feasble option
in terms of ther sengdtivities to variaions in temperaiure and angle of incidence. The
best extinction possble usng a more conventional multi-layer diectric coatings is about
50- or 100-1, which would degrade sky coverage by increasng the sky background to
about magnitude 19.5 per square arc second over about 0.36 square arc minutes of the
guide fidd. In this case, smdler laser line rgection filters might be placed immediady
before each NGS tip/tilt sensor.

GEMIN

As with the Science Path, it may be desrable to fabricate the beamsplitter with a dight
wedge to diminate asmal amount of laterd chromeatic displacement.

5116 Trangmittance Cdculations

This section summarizes the predicted transmittance for the LGS and NGS WFS paths.
See Table 9 in Section 3.2.2 for the Science Peth transmittance estimates.

The NGS tipfilt sensor path in the AOM includes 10 ordinary mirror reflections, one
reflection off the science beamsplitter, and a transmisson through the LGS/NGS
beamgplitter.  The NGS tip/tilt sensor proper includes one lens, one pyramid mirror
reflection, and one fiber-ar inteface. Both Rugate and more conventiond dieectric
coatings have been condgdered for the LGSINGS beamsplitter.  The transmittance
cdculaions are summarized in Table 19. It appears that the specified throughput of 0.7
can be met for red dars usng the Rugate filter. For the digectric coating there is a
relaive transmittance loss of about 10 per cent.

Wavelength 500 nm 700 nm
Transmission per reflection 0.944 0.979
10 reflections 0.562 0.809
Science beamsplitter, net 0.990 0.995
NGSLGS Rugate BS 0.950 0.950
NGSLGS didectric BS 0.850 0.850
Air-glass per surface 0.9925 0.996
ADC net (4 surfaces) 0.970 0.984
Lenses 0977 0.988
Pyramid mirror 0.944 0.979
Total transmission
With Rugate BS 0.473 0.728
With dielectric BS 0.402 0.651

Table 19: Transmittance estimates for the NGSWFS optical path

The LGS path contains 8 mirror reflections, 1 science beamsplitter reflection, a 5eement
corrector lens, 1 collimator, 1 anamorphoser lens, 1 rhombic fold prism, 1 SH lendet, and
a 4- or 6-dement transfer rlay between SH lendet and CCD. Table 20 summarizes the
optica trangmittance caculaion for these dements. The edtimated transmittance is about
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35 per cent (relative) less than the factor of 0.7 that has been used to estimate laser
power requirements.

GEMIN

Wavelength 589nm
Transmisson per mirror reflection 0.962
8 reflections 0.730
Science Beamsplitter net 0.993
NGS/LGS Rugate beamsplitter 0.990
NGS/LGS dichroic beamsplitter 0.850
Air-glass per surface optimized 589nm 0.998
5 eement Lens Corrector 0.980
Collimator 0.996
Anamorphoser lens 0.996
Rhombic combiner prism 0.996
Shack-Hartmann Lens 0.996
6-eement SH-CCD relay lenses 0.976
Total Transmission
With Rugate BS, w/o ADC 0.676
With dichroic BS, w/o ADC 0.580

Table 20: Transmittance estimate for the LGSWFSoptical path
5117  Fabricability

The overdl opticd performance specification for the MCAO system includes 60 nm
RMS wave front error for non-common path and uncorrectable wave front errors in the
AO module. Splitting this equdly (in quadrature) between the Science and LGS WFS
paths yields about 42 nm RMS for each, or about 0.08 waves RMS a 0.546 microns.
The RSS sum of uncorrectable opticd design errors, component fabrication errors, and
dignment errors must fal below this specification. There are a totdl of 3 fold mirrors, 2
OAPs, 3 DM’s, and 1 transmissve beamsplitter in the science path. Additiondly, in the
LGS pah there are 5 corrector lens eements, followed by 2 collimator lenses, 1 de
anamorphoser lens, the Shack-Hartmann lendets, and a rday to transfer the image to the
CCD aray. It is apparent that the opticadl components must be made to comparatively
high quality, atask complicated because certain dements are used “ off axis’ and tipped.

Fabrication of fla:- and spherica-surfaced refractive dements is sraightforward and very
gringent tolerances can be achieved a modest cost. Opticd glass and crysta calcium
fluoride is routindy produced to extremey high homogenety and with low birefringence,
and likewise poses no technical obstacle. For such components, thickness tolerances of
0.050mm, wedge errors of 0.2 arc-minutes, flatness/'sphericity errors of quarter wave P-
V, and radius of curvature errors of 0.1% are anticipated.

“Méet Daa’ provided by the glass vendor gives accuratedly measured refractive index
vadues. These, dong with precisdy measured radii and thickness vaues of the finished
dements endble a find computer-aided desgn optimization usng ar spaces and lens
tilt/decentrations as variables.
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The OAFP's pose the more difficult task. They come from parent paraboloids that are
respectively 1.1 and 3.7 meters in diameter, the latter being f/0.67! Clearly they will be
made with direct-grinding and direct-figuring techniques over their modest agpertures. It
has been suggested that one of severd possibilities will be to firsd make the appropriate
close-fiting toroidal mirror, with circular cross sections, and then locdly figure this with
opticdl NC machinery (Brashears, Tindey), or with ion beams (Kodak). The toroids fit
the paraboloids to within just afew wavelengths of vigble light.

The figure accuracy of the mirrors must be twice that of therr dlowable contributions to
the wave front budget, or about 1/8 wave RV a 633nm, producing quarter wave phase
errors. While difficult, thisis within the Sate of the art.

Teding of the mirrors is draightforward; in the most obvious case, they remain sections
of true paraboloids, and as such can be tested in autocollimation againgt a flat mirror.
Prospective vendors may elect to use other methods.

Note that the radii and foca lengths of the OAP's can be loosdy toleranced, affecting
principdly the plate scde in proportion to the percentage erors of the focal lengths.
While the radii do affect pupil magnification and the location of additiona instrument
focd planes (laser guide star images in paticular), errors in the pupil magnification are
dready anticipated and adjustable in those opticd paths. Ther effects on aberration are
negligible, snce they form a collimator/camera pair each of whose mirrors are used a
null conjugates, regardless of individua foca lengths.

Alignment of OAFP's is amendble to logic; decentration, tilt, and rotation enable any such
mirror to be ragpidly and unambiguoudy adjusted. The mirrors will be marked on the edge
and rear surface, and perhaps a  the mechanica center of the mirror section, as an ad to
initia  pogtioning. An dignment tdescope enables the center of the mirror to be
postioned according to requirements (not criticad except to insure freedom from
vignetting), and once there tilt and rotation adjusments enable the meridian to be
established and the agtigmatism-free axis put in place to diffraction-limited accuracy.

Because the space between the OAFP's is collimated, little harm is done if the spacing is
incorrect as may occur with the complicated package conssting of three deformable
mirrors (DM’s) with tilts and postions that may be in eror. Idedly there will be an
dignment fixture fore each such mirror so that the line-of-sight telescope can be used to
center each in the optica path

5.1.2 Sensors

This section describes the design trades, design concepts, and first-order performance
characterigtics for the laser- and naturd guide star wave front sensors in the AOM.  See
Sections 5.1.1.6 and 5.4.4.7.4 for discussons of opticd transmittance and eectronics
interfaces, respectively.
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5121 LGS Wave Front Sensor

GEMIN

The AOM includes WFS's for the five laser guide stars, implemented using either 1 or 5
sets of lendet arrays, opticd relays, and CCD arrays. The present basdine is one WFS
per LGS based upon reduced optical system complexity. Both approaches share the same
design parameters except as cdled out in the following discussion.

The width of an individud lendet is 0.5 mm, corresponding to a magnificaion ratio of
1000-1 between the telescope primary mirror and the lendet aray. This rdatively large
lendet width smplifies the desgn and fabrication of the beam combining optics
illustrated in Figure 22.  The Shack-Hatmann spots will be imaged a the vertices of
quad cells composed of 2 by 2 pixels each on the CCD aray, with an additiond guard
row of pixels between subapertures. Each pixel subtends 1 arc second on the sky as
gpecified in Section 4.3.4 above. The spot-to-spot spacing of 0.5 mm at the lendet array
foca plane therefore corresponds to 3*1000 = 3000 arc seconds, and therefore the foca
length of each lendet is fixed a 0.5 mm / (3000 arc seconds) = 34.36 mm. The
asociated foca ratio is 34.36/0.5 = 68.72. Findly, the CCD aray pixd size is nomindly
24 mm (corresponding to the EEV CCD-39 and CCD-50 arays), so the required
magnification ratio between the lendet array and the CCD is 500/(3* 24)=6.944.

Each of the SH lendets, 500 microns on a Sde, is a high-qudity, plano-convex nor:
binary dement. An aray has virtudlyl00% fill-factor, limited by fractiond micron
fabrication limits. Ogpticd qudity is “diffraction limited,” facilitated by smdl sze and
exceedingly redaxed f-numbers The lendetss made from fused dlica, will be
antireflection-coated on both gdes. Note that the lendets have ther convex sde facing
the CCD gpace; this avoids the multiple reflections that can occur when a flat surface
faces atelecentric space.

The opticd rday must map the nomina Shack-Hartmann spot locations precisdy onto
the vertices of the CCD aray quad cdls. Small offsets may be cdibrated by means of the
LGS WEFS reference source, but these biases cannot exceed a small fraction of the linear
dynamic range of the sensor. Accepting the analyss performed for Altar as a sarting
point, the maximum alowable taxis offset is 0.1 arc seconds on the sky, or 2.4 microns
on the CCD aray. This overdl error is alocated in quadrature to 4 equa contributions of
0.05 arc seconds (1.2 microns) each:

Optica design resdudsfor the rday lens
Optica fabrication errors,

Alignment errors, and

Tipftilt jitter of the LGS on the sky.

For the case of 5 separate sensors, a conventional Shack-Hartmann rdlay lens consiting
of a par of doublets achieves the specified design resduas for an array of 16 by 16
Shack Hartmann spots within an 8 by 8 mm fidd. For a sngle sensor, the Shack-
Hartmann spot pattern covers a larger 20 by 20 mm fidd, and the digtortion requirement
is met by the more complex gx-dement reay illusraed in Fgure 23. Apat from
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digtortion, the image qudity for ether design is fully diffraction limited due to the dow f
ratios.

GEMIN

The candidate CCD array for the
case of 5 separate sensors is the
EEV CCD-39 with 80 by 80
pixds and 4 output amplifiers.
A read rate of 1
#ﬂ]ﬂeﬁ megapixe/second/port enables
the illuminated portion of the
aray to be read out in lessthan
the required 1 millisecond, and is
consgent with the gspecification
for 6 read noise dectrons. For a
LAVELT sngle  sensor, the same

LGS SH TO CCO RELAY M = 1/6.94 +/-1D%
THU MAY 11_Z@pA —

SCALE' 1.7EDp 20 BO NILLIMETERS peformance can be achieved
EONFIBURRTION 1 & 3| uging the CCD-50 chip with 128

Figure 23: Shack-Hartmann spot relay lens for 5 Y 128 pixéls and 16 output

LGSpupilson asingle lendet array :cfr:gg('g/s requi rer;:-g of qgggug

0.589 mMm given in Section 3 is
aso met.

—1

5.1.2.2  NGSTIip/Tilt Wave Front Sensor

The AOM includes three tip/tilt NGS WFS for use with sars as dim as 20th magnitude.

For this reason, the design concept is a quadrant detector with 4 fiber-fed APD photon
counting detectors. An optical pyramid in the foca plane of the NGS path defines the
quadrant detector, and a lens immediately before the pyramid forms images of the pupil
on the entrance of each fiber leading to the APD’s. The fidd of view of the sensor is
limited © 1 square arc second to minimize sky background noise. This field sop may be
adjusable for initid acquigtion, and to minimize background further under very good
seaing conditions aswell.

Each tipfilt NGS mugt patrol a leest hdf of the focd plane to acquire guide dars.
Pogtioning accuracy of 0.02 arc seconds on the sky is required, since the linear dynamic
range of the sensor may be as smdl as 0.15-0.2 arc seconds when the visble image of the
NGS is patidly sharpened by the AO under good seeing conditions. This corresponds to
a postioning accuracy of 23 nm in the NGS focd plane.  The WFS probe arms must be
controlled in tilt as wel as trandation to mantan pupil dignment on the optica fibers
but this requirement will be reviewed.

Atmospheric disperson compensation is required, snce the magnitude of dispersion
across the 0.45-1.0 mm passband is about 1.4 arc seconds at a zenith angle of 45 degrees.

The specified levd of compensation is 0.05-0.10 arc seconds, again chosen not to
compromise peformance under good seeing conditions.  The correction may be
implemented with ether a sngle ADC 15 cm in diameter, or three much smdler ADC's
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mounted on the probe arms themsdves. In this second case any apparent differentid
image motion caused by adjusting the ADC angle must be cdlibrated.

GEMIN

Findly, a least one of the tip/tilt NGS will be equipped with a ND filter whed (or a
manud filter holder) to enable cdibration and testing on relatively bright sars.

5.1.2.3  NGS Diagnostic Higher-Order Wave Front Sensor

If included, the purpose of this optiond diagnogic sensor is to flatten dl three
deformable mirrors and achieve satisfactory opticd performance across the full fidd of
view of the ingrument. It essentidly subgtitutes for the “DM interferometer” found in
svad exiging AO sysems. The sensor would be used for higher-order wave front
messurements of the three NGS source smulators.  These measurements would be
combined tomographicadly with an onaxis wave front measurement from the Gemini
high-resolution WFS (HR WFS) to determine the figure adjustments required for the
three DM’s. DM edge actuators will be monitored as well, snce the only aperture stops
in the path will be the deformable mirrors themsalves.

The design concept for this sensor is the Gemini HR WFS, a smilar diagnogtic sensor. |t
would include a 16 by 16 or 20 by 20 lendet array, a Photometrics-like camera with a 1k
by 1k pixd CCD, and would use exiging software to recongtruct wave fronts from well-
sampled, low noise Hartmann data.  The sensor head must be mounted on a probe am for
wave front measurements of the three NGS source smulators, but access to generd fied
pointsis not required.

5.1.3 Deformable and Tip/Tilt Mirrors

Continuous facesheet, dtacked actuator deformable mirrors have been assumed for
MCAO due to the order of correction that is required. The three deformable mirrors are
opticaly conjugate to ranges of 0, 4.0-4.5, and 8.0-9.0 km, and the larger vdues ae
assumed for now to determine the required clear apertures and numbers of actuators. The
three mirrors will have 17, 17, and 9 actuators across the diameter of the collimated 84
mm beam, yidding inter-actuator spacings of 5.4, 54, and 10.8 mm. Each mirror
includes rings of guard actuators to provide uniform influence functions for the activey
controlled atuators. The szing for the two mirrors conjugate to 4.0-4.5 and 8.0-9.0 km
musgt dso account for the 2 arc minute diameter fiedd-of-view. These consderations yield
the following actuator geometries for each mirror:

DM 0 a h=0 km: 241 actively controlled actuators in a 17 by 17 array, within a 21
by 21 array of 349 totd actuators. This provides 2 full guard rings around the pupil.

DM 1 a h=45 km: 352 actively controlled actuators in a 20 by 20 array, within a 24
by 24 aray of about 468 totd actuators. This provides 2 guard rings for dl fied
points within a circular 1.15 arc minute field. For fidd points & the corners of the
fully corrected square 1 arc minute fidd, the minimum separation between the edge
of the beamprint and the outer ring of guard actuators is 1.65 times the inter-actuator
goacing. The corresponding vaue a the edge of the full 2 arc minute field is 0.88.
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DM 2 a h=9.0 km: 145 actively controlled actuators in a 13 by 13 array, within a 17
by 17 aray of 241 total actuaiors. This provides 2 full guard rings for dl fied points
inthe 2 arc minute field of view.

GEMIN

These vaues have been used for the purposes of packaging the optica desgn and
determining redl-time signa processing requirements.

The actuator stroke equirement is 4 nm, derived from the performance of exising DM’s
and an RMS opticd path difference of 1.12 nm for a word-case p of 10 cm. Actuator
uniformity and repeatability must be sufficient to enable unobservable mirror modes to be
monitored without the use of an interferometer.  These modes include piston, waffle, and
the combinations of quadratic modes on multiple mirrors that induce tilt anisoplanatism.
The tolerance on the latter modes for a place scde change of 30 parts per million is 15
nm peak-to-valey in each quadratic mode. This level of cdibration must be maintained
over the full range of operating temperatures. Findly, the requirements on hysteress are
thought to be smilar to a conventiond AO sysem, but this effect has not yet been
included in Smuldions.

See Section 5.4.4.7.4 for adiscusson of DM dectronics interfaces.

The possble options for the tip/tilt mirror are the two off-axis parabolas located before
and after the deformable mirrors. The conjugate ranges for these mirrors are about 13
and =3km. Tilt adjusments on the former mirror will trandate the image of the primary
on the WFS pupil and vary the illuminated regions of the edge subapertures. An equd
tilt on the second parabola will introduce less pupil motion a the WFS, but will shift the
DM-to-WFS regidration. The magnitude of these shifts has been estimated from the
vaues for (a) the RMS 2l-axis tip/tilt jitter for average seeing, 0.14 arc second, and (b) the
RMS 1-axis jitter of 0.13 arc second predicted for windshake under typical conditions.
The combined RMS jitter is about 0.2 arc seconds, and the beamprint trandations
associated with apesk jitter of 1.0 arc seconds are asfollows:

OAP 1: llluminaion shifts by 0.13 of a subaperture at the WFS
OAP 2: Illumination shifts by 0.03 of a subaperture. Beamprints trandate by 0.03,
0.07, and 0.05 of an inter-actuator spacing on the three DM’s.

The second option is our preferred gpproach at this time, and the beamprint trandaions
are included in the overdl budget for DM-to-WFS misdignment. These caculations will
be revisted once data from the fagt tip/tilt loop on Gemini-North becomes available. The
effect of offloading tilt to the secondary mirror will dso be modeed.

The dynamic range requirement for the tip/ilt mirror is +/-200 arc seconds (TBR), which
corresponds to about +/-2 arc seconds in output space. The closed loop bandwidth
requirement is 300 Hz and has been taken from Altair. The clear gperture is about 10.2
cm for OAP 2. These vdues are conssent with the performance of exiging tipftilt
Mirrors.
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5.1.4 Artificid Sources

The AOM incudes two sets of multiple artificdd sources used for cdibration and
diagnogtic purposes. One or severd Collimated reference sources are used to illuminate
the LGS wave front sensors with known plane wave fronts to cdibrate for optica
misdignments and fabrication errors between the Shack-Hatmann lendet aray(s) and
the CCD array(s). These sources are accessed by neans of a flip mirror (or mirrors)
located after the LGS WFS collimator lenses. These sources need not maich the 0.589
mm laser wavdength precisely. They should be unresolved by a single WFS lendet.  If
these sources are adjudtable in trandation they may be used to measure the tilt transfer
function of each WFS subgperture for an ideal point source, which in turn can ke used to
focus the Hartmann spots on the WFS detector array. The requirement for these sources
can be removed if the required alignment accuracy and dability of the of the WFS optics
and CCD array(s) can be achieved passvely

GEMIN

Secondly, a smulated array of 3 natural and 5 laser guide stars is located at the telescope
casegrain focus near the entrance of the AOM. These smulated guide stars are used for
(i) daytime verification of optica dignment between the OIWFS and the AOM, (i)
measurement of DM influence functions and DM-to-WFS dignment, (iii) daytime tedts
of the MCAO control loop. Note that both visble and IR NGS sources will be necessary
for (i) and (iii). The amulated LGS and the NGS sources mugt be usable smultaneoudy
to close the AO bop usng the LGS WFS while measuring performance a the science
insrument. The LGS sources must be maiched to the narrow spectral passband of the
LGS WFS. The NGS sources should be white light sources and must be unresolved at 1
micron. An aray of pinholes would be suitable for the three NGS sources, and the LGS
sources could be inserted using fibers.

5.1.5 Mechanicd Packaging Concepts

Figure 24 from the feeshility desgn report illusrates the mechanical packaging concept
developed for the Science Path optical design. The Science Path optics are mounted in-
plane within a rigid optical bench attached to the telescope Instrument Support Structure
(ISS) a cassegrain focus. The eectronics are enclosed within two Gemini standard racks
located a the back end of the instrument and supported by a separate frame. The volume
envelope dlowed for a Gemini 1SS-mounted indrument is 2100 mm deegp by 1500 mm
wide by 1500 mm tal. The space available for optics and mechanisrs is about 1240 by
1500 by 1500 mm with the eectronics cabinets arranged as in Figure 24. At this point,
we have developed folded optical layouts for the NGS and LGS WFS paths to assess the

feagbility of this packaging approach.

Two sets of layouts have been developed, corresponding to the choices of transmitting or
reflecting the LGS path at the LGSINGS beamsplitter.  The science path is identical for
the two cases and is illudrated in dde view in Fgure 25. This figure illudrates the
location of the science path ADC that is not yet incorporated in the design, and dso the
location of the f/30 focal plane relayed to a second instrument mounted on the ISS.

Figure 26 and Figure 27 are layouts for the LGS and NGS WFS optical paths with the
LGS path reflected off the NGS/LGS beamsplitter. Thisis expected to be the preferred
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configuration for maximizing opticad
throughput to the NGS WFS with a
Rugate filter. In Figure 26, the LGS
WEFS opticd path is folded down with

the LGS WFS camera(s) (not shown)

mounted a the bottom of the
indrument.  Figure 27 is a top-down
view of the NGS path, which is folded
out-of-plane from the rest of the
optical system towards the side of the
AO module. Two possible locations
for the NGS ADC are dso illustrated.

In this configuration, the other sSde of
the AO module is avalable to mount
Figure 24: Mechanical design concept for DM high voltage amplifiers, LGS

mounting the MCAO AOM to the Instrument ~ WFS  camera  digitizers, or  other
Support Structure eectronics tha should be located

close to the associated hardware. The

depth of the opticd layout from the
face of the ISS to the back surface of the NGS path folds is about 1190 mm,
goproximately 50 mm within the target envelope.
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Figure 28 and Figure 29 illugrate the LGS and NGS paths with the LGS path transmitted
through the LGS/NGS beamsplitter. In this case there is more clearance underneath the
LGS correcting lens for the WFS camera(s), but the NGS path must be folded again and
brought through to the other side of the ndrument. Figure 30 is a Sde-view of the NGS
path to demongtrate that the path passes between the DM’ s and OAP in the science path.

L e e o | ]
ELEL MCAO LASER GUIDE STAR WFS PI=I1'I-|=n I o
o TR e T B
Figure 25: Sde view of science optical path  Figure 26: Sde view of LGS optical layout
folded to fit within mechanical design with LGS path reflected off the LGSNGS
envelope beamsplitter
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Figure 28: Sde view of LGS optical layout

Figure 27: Top view of NGS optical path
with the NGS path transmitted through the  with LGS path transmitted through the
LGS NGS beamsplitter LGS NGS beamsplitter
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Figure 29: Top view of NGS optical path Figure 30: Sde view of NGSoptical path
with the NGS path reflected off the

with the NGS path reflected off the
LGSNGS beamsplitter NGS/LGS beamsplitter
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5.2 Laser System

The Lasr Sysem is the subsysem of the Laser Guide Star sysem and includes dl
components, both hardware and software, necessary to produce and maintain 5 laser
beams at the sodium wavelength. These components are one or multiple laser heads and
laser enclosures, the laser dectronics, a control system, cooling sysems, and any
diagnogtics that are needed to maintain the production of the sodium light.

GEMIN

The Laser System requirements are presented in section 5.2.1, and possible candidate
laser technologies are described in section 5.2.2. Since the sodium laser power required
for routine MCAO observations has not been demonstrated to date, section 5.2.3 presents
the laser development plan undertaken by Gemini to enable the procurement of a Laser
System in the MCAO program time-scale.

5.2.1 Reqguirements
5211  Laser power requirement

Zenith angle g =0 and 45 degrees
L aser wavelength | =0589mMn
Laser beam quality < 1.5 times diffraction-limited

Tero = 0.8 if the laser system head is mounted on
BTO transmission the telescope center section, Tgro =0.6if itis
located in the telescope pier

LLT transmission T.L.7=09

LLT pupil diameter D L1=450 mm

Beam diameter on LLT primary mirror Dyaser = 300 mm @L/€° intensi ty points
Atmospheric transmission (one-way) at zenith Tamo =08

M edian seeing conditions ro =20.2cm @ 0.589 nm

L ow-to-average sodium column density Cs=210- 310° atoms/cn?
Sodium layer altitude and thickness Z=95km+/- 5km

Non-saturated slope efficiency of a10-MHz CW laser | SE = 0.26 photons.n/ms/W/atom
Telescope + AO fold transmission Ttelesope+ A0 fold = 0.8

AO Module transmission @ 589 nm Taom =07

LGS WFS Detector quantum efficiency h =0.85

Table21 Laser propagation assumptions used to derive laser power requirementsin the
no-saturation regime.

Based upon the MCAO performance cdculations presented in Section 4.3.4., the MCAO
power requirement per laser beacon is derived from the corresponding number of photons
detected by the ingrument (i.e. number of photo-detection events, PDE’'s). Each of the 5
laser beams is propagated through the BTO, LLT and the atmosphere to the sodium layer,
and then fluorescence photons emitted by excited sodium atoms are propagated back
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through the Cerro Pachon telescope and the AO Module to the focd plane of the
indrument. Table 21 gives a summay of the laser, optics, atmospheric and detector
parameters used to calculate the laser propagation and the photon return from the sodium
layer. Table 22 presents the laser power required per laser beacon with a continuous-
wave (CW) 10-MHz monomode laser to achieve MCAO Strehl ratios of (a) 0.59 and
0.34, and (b) 0.61 and 0.36, at zenith and 45 degrees respectively. Note that these results
are given in terms of “CW-equivaent power.” They are actually underestimated by 10 to
15 % because they assume no saturation of the sodium atoms. Results span across 3.8 to
12.7 W depending on the laser system location, the desired LGS WFS sgnd leve, and
on the sodium column density a the time of the observation.

GEMIN

Photo-detection events  for
MCAO simulations at zenith @ ” (b) P
i ) R 80 PDE dcnf/s 125 PDE genf/s
(’de fth S mU'Iat)' onsat 45 (51 PDE' /cnf/s) (80 PDE' s/crif/s)
elevation angle
. 168 photons/cm?/s 263 photons/cn?/s
Photon return at the primary (107 photons/cnf/s) (168 photons/cnt/s)
. . 210° 310° 210° 310°
Sodium column density atoms/cn? atoms/cn? atoms/cn? atoms/cn?
l_e?ze;:ssd on 57W 38W 89W 59W
_ 08 6.3W) 42W) ©.7W) 6.5W)
CW-equivalent BTO — %
power
requirement
l‘e?zgcgszd off 76W 50W 118W 79W
06 84W) G5W) (12.7W) 85W)

Table 22:. MCAOQO laser power requirements per laser beacon for a 10-MHz CW laser
without saturation.

We have picked three “CW-equivdent” vadues low (5.0 W), medium (7.6 W) and high
(12.7 W) in order to compare the power requirements for existing laser formats:
(& a continuous-wave laser, smilar to the ALFA laser a Cda Alto Observatory,

Spain,

(b) a high repetition rate pulsed laser, smilar to the laser a Keck Observatory,
Hawaii, and

(©) a macro-micro pulse lasr gmilar to the sum-frequency laser a Universty of
Chicago.

Laser formats () and (C) are respectively about 2 and 3 times more efficient in exciting
sodium atoms than laser format (b), therefore the power requirements presented in Table
23 reflect the same ratios in the no-saturation regime  The power requirements have
been revised for generic CW laser formats and high repetition rate pulsed lasers by
induding the impact of sauration due to the combined effects of high power levels and
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gnal LGS oot sizes that ae dedrable for optima MCAO obsarveions. The
corresponding caculations can be found in d'Orgeville et d., LGS AO photon return
simulations and laser requirements for the Gemini LGS AO program, as presented at the
“Agronomica Telescope” SPIE conference in March 2000 (see appendix). They show
that saturation can be compensated in the CW laser case by optimizing the laser spectrd
bandwidth so that the laser power requirement does not incresse much. However,
saturation has a huge impact on the high repetition rate pulsed laser power requirement.

GEMIN

Laser power requirement estimates

Sample Laser Formats Without saturation With saturation

Low Medium High Low Medium

High

CW laser

Laser head mounted in the telescope pier

(assumes T gro = 0.6) 50W 76 W 12.7W ~6W ~9W ~15W

FWHM (without saturation) = 10 MHz
FWHM (with saturation, optimized) ~ 200 MHz

High repetition-rate pulsed laser

L aser head mounted on telescope center section
(assumes T g1 = 0.8) 9.8W 148W 248 W ~40W ~8BW | >
100 ns pulse @ 30 kHz rep. rate
FWHM=3 GHz

100w

Macro-micro pulse laser

Laser head mounted on tel escope center section
(assumes T g1o = 0.8)

150 ms @ 800 Hz rep. rate

700 ps @ 100 MHz rep. rate

FWHM=1 GHz

30W 45W 75W

Table 23 Examples of power requirements per laser beacon for the MCAO laser system
assuming 36 cm diameter spot sizes at the sodium layer. Total MCAO power
requirements are 5 times higher.

Generdly speaking, the laser power requirement for the MCAO Lasar System requires a

50-W class laser, which is well beyond what has been demonsrated to date for sodium
lasers. Technology permitting in the proposed MCAO program time-scale, the
preference would be to use one single laser head and 4 beam gplitters to produce the 5
independent beams because this would greailly smplify the overdl LGS system design.
If this is not possble, five 10-W class individud laser heads smilar to the Mauna Kea
Laser System would be used to generate the 5 beams.

5.2.1.2  Other top-levd requirements

Besde laser power, nearly dl performance, functiond and operationd requirements are
identical between the MK and CP laser systems. These requirements are fully detailed in
the MK LGS Laser System Requirements Document, which is avalade a
http:/Amww.gemini.edu/sciops/ingtruments/adaptiveOptics/A Ol ndex.html (in the AO
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documents archive, Request for Proposal for a Laser for the Mauna Kea Adaptive Optics
system, PDF format). Mgor requirements are summarized below.

GEMIN

Performances requirements
50-W class laser (precise power requirement depends upon laser tempora and
gpectra format)
Beam qudlity: < 1.5 times diffractionlimited
Laser tuned to the highest pesk of the sodium D2 absorption line @ 589 nm
Tempord and spectrd formats optimized to ensure maximum photon return
Excdlent pointing sability

Functiond and operationa requirements:
- Laser head(s) located on the telescope center section (if possible)

All sysems desgned for typicd Gemini telescope environment (temperature,
dtitude, dust, changing gravity vector, €tc.)
Mechanics, dectronics, cooling, software, safety: desgn follows al appropriate
gandards, and is fully compatible with existing Gemini infragtructure
Fully automated Laser System controlled by its own built-in control sysem which
isinterfaced with the MCAO Control System

Laser System includes dl diagnostics necessary to produce and maintain the laser
beam(s) a required performance levels

All MCAO-specific operationa requirements are presented in the MCAO Operationa
Concepts and Definitions Document (see appendix).

5.2.2 Technology Options

Severd laser technologies are able to produce 589 nm laser beams but they have various
levels of scientific and technologicd maturity. Producing a 589 nm beam is not so much
the difficulty as opposed to getting the power out of the laser system. The task is dl the
more chdlenging when high peformance levels are required in terms of beam qudity,
wavedength purity and beam pointing dability.  Generdly spesking, even the more
advanced laser system concepts to date do not offer the high automation standards
desrable a an astronomical observatory sSte, and most systems are closer to laboratory
prototypes than fully engineered systems.

Candidate laser technologies are the following: (1) dye lasars, (2) solid-state lasers,
(3) fiber lasers, and (4) some combinations of (1), (2) and (3). Studied and developed
gnce the beginning of lasers some 35 years ago, dye lasars are by far the most mature
option for sodium light generation. They can be dther continuous-wave (CW) like the
modified commercid ALFA dye laser a Cdar Alto observatory, Spain, or pulsed, like
the pulsed dye lasers built by Lawrence Livermore Nationd Lab (LLNL) for the Lick and
Keck Observatories. However commercid CW dye lasers are limited in output power
(up to 5 W with some leve of effort), and pulsed dye lasers are rather complex systems
that have proven difficult to operate. The dye laser pulse formats are among the least
efficient formats in exciting sodium aoms so that they require even higher output power
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levels than other candidate lasers (see Table 23). Moreover dye lasers are messy and
present potential safety issues. Option (1) is therefore no longer consdered as an option
for MCAO.

GEMIN

Solid-state lasers and fiber lasers are in comparison reldively new in the fied but interest
in them has been growing rapidly during the past 10 years Solid-dtate lasers with bulk
materids and fiber lasers certainly offer the mogt dtractive option for short-term and
near-term LGS projects.  Solid-dtate lasers can be ether flashlamp- or diode pumped,
with ever growing diode lifetimes and decreasing diode laser prices. There are many
different ways to creste 589 nm beams with solid-state and fiber technologies, and as
many corresponding laser formats from CW to Qswitched, mode-locked or macro-micro
pulses. Proposed 589 nm laser concepts include one or severd of the following non
linear processes. Optical Parametric Oscillation (OPO), sum-frequency generation (SFG),
second-harmonic-generation (SHG) and the Raman process. OPO-based lasers look
dtractive, but no prototype has been built a 589 nm yet, and these lasers are likdy to
require more pump power than other schemes. RamaVSHG-based lasers can either
produce the 589 nm radiation from bulk materids, fibers or a resonant cavity filled with
gas. Among those posshilities, the Raman fiber scheme looks very promisng but dill
necessitates non-straightforward R&D to prove the concept viable. Getting the power out
of a Ramanbased laser is an issue for any approach. The SFG-based laser, dso called
the “sum-frequency laser”, is certainly the more advanced concept to date. The 589 nm
radiation is crested by combining 1.06 mm and 1.32 mm beams in a non-linear crystd.
One of the mgor difficulties condsts in building the 1.32 mm lasr usng a Nd:YAG
cysd, which is dso the crystd materiad routinely used to produce the 1.06 nm beam.
Severd sum-frequency laser prototypes have been built during the past 10 years with
different tempora formats, and a least two of them have been implemented a a
telescope dte by the Starfire Opticd Range and the University of Chicago. However
sum-frequency lasers 4ill need some engineering to satidy dl automation and rdiability
requirements for LGS generation. 10-W class sum-frequency lasers are amogt there, but
the 50-W class needs to be demonstrated.

5.2.3 Development Plan

In October 1999, we issued a Request For Proposal (RFP No 991297) in order to procure
a 10-W dass laser for the Mauna Kea LGS system. The procurement process failed
because the proposals received were beyond the current AO budget for Mauna Kea and
dso incdluded some risks.  Although procuring 5 identicd lasers for MCAO (actudly 6
including the laser for Mauna Kea) could atract proposds for a future RFP, it was
thought that IGPO should review its options and change drategies if those sx 10-W class
lasers were to be implemented a Mauna Kea and Cerro Pachon, both in a reasonable
time-scale and for an affordable tota price.

A second RFP was issued in January 2000 (RFP No 200026) which sought laser
Research and Development (R&D) proposas in the fidd of sodium Laser Guide Star AO.
Laser R&D proposas had to propose risk-reduction experiments on key components for
producing high power 589 nm beams, to be completed within 9 months to a year and for
$ 50 k to $ 300 k contract awards. We received more than a dozen proposals, spanning
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across virtudly al possble laser technologies, many of which received favorable review
by the sdection committee. In paticular, R&D work on fiber lasers and Raman lasers
looked promisng but was thought to imply longer-range efforts than the three sdlected
proposals, which suggested R&D work on sum-frequency laser variants. At this time, we
ae in the find phase of negotiating contracts with a laser company, Coherent
Technologies Incorporated (1), and the University of Chicago (2). We are dso findizing
a Cooperative Research and Development Agreement (CRDA) with the Air Force
Research Lab (3).

GEMIN

Project (1) will demondrate the feashbility of a 10-W 1.32 mm mode-locked Nd:YAG
laser and propose a path to build a 10-W sum-frequency laser. Project (2) will benefit
from the experience ganed with the Universty of Chicago 8-W macro-micro pulse
prototype to build an automated and more powerful verson of this sum-frequency laser,
with a god of 40 W @ 589 nm. This project is a joint effort with NSF and CfAO.
Project (3) congsts in building a continuous-wave sum-frequency laser with a god of
25W @ 589 nm. Projects (1), (2) and (3) are expected to produce results in 9 months to
a year, a the same time suggested for the MCAO Preiminary Design Review. Gemini is
invesing $ 600 k of its current AO budget in the laser R&D program, and the intent is
three fold: (8) reduce technology risks, (b) foster competition in order to reduce laser unit
codt, and (c) pave the way to the successful procurement of a 10-W class laser system for
Mauna Kea and a 50-W class laser system for Cerro Pachon. In that respect, laser
vendors have been identified for al three projects in order to build and commercidize
589 nm lasars benefiting from this phase-l laser R&D. A down-sdection will be gpplied
a the expected successful completion of phase-1 in May 2001. Phase I will proceed with
the building of the firg fully-engineered 10-W dass unit, which will be implemented a
Mauna Kea in 2003. Phase [Il will findly procure ether 5 identical units or one sngle
50-W class laser to be implemented a Cerro Pachon in 2004.

5.3 Laser Launch Telescope (LLT) and Beam Transfer Optics (BTO)

The Beam Trander Optics (BTO) is the MCAO subsysem which brings the 5 laser
beams from the Laser System, located either on the telescope center section or in the pier,
to the Laser Launch Telescope (LLT) mounted behind the telescope secondary mirror.
The Laser Launch Telescope is basicadly a beam expander whose purpose is to cregte the
smallest LGS spots on the sky.

5.3.1 Regquirements

Both the MCAO BTO and LLT designs must be compatible with the single beam LGS
AO system that may be implemented a Cerro Pachon prior to MCAO. The MCAO BTO
and LLT desgns are therefore derived from the Mauna Kea Laser Guide Star system
desgn. The LLT design is identica for Cerro Pachon and Mauna Kea and the BTO
desgn is ds0 nealy the same. Both desgns can be compared by looking a the
following AutoCAD drawings given in the appendices Beam Transfer Optics
Conceptual Design for a Five Beam Array (LLTS5PLAN.DWG) and Beam Transfer
Optics Conceptual Design for a Sngle Beam (LLT1PLAN.DWG).
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The top-levd requirements for the BTO and LLT are summarized in Table 24. The
overdl peformance requirements are driven by the necessty not to waste laser photons
and to create the smdlest LGS spot sizes on the ky. The operaiond requirements are
described in the MCAO Operational Concepts and Definition Document (see appendix).
Ovedl, the BTO and LLT systems must comply with al Gemini-specific requirements.

GEMIN

On-axis, behind the secondary mirror

LLT location Do not obstruct secondary mirror central hole
when MCAOQ isnot used

1 beam on-axis, 4 beams off-axis at the corner of a
LGS constellation 85 arcsec diagonal X-pattern

Constellation steady on the sky

Tero > 0.8 for alaser system mounted on the

Transmission coefficients @ 589 nm telescope center section
T.L.7>09
Optical aberrations Negligible compared to atmospheric distortions
l-axis blind positioning accuracy on the sky 1 arcsec (peak)
1-axis pointing accuracy @ 800 Hz on the sky 0.05 arcsec RM S (to be reviewed)
< 10 W for beam dump on top-end
Heat dissipated into the dome <10 W for al other BTO and LLT elements
combined

All motions remotely controlled by the MCAO
Control System

Functionalities L ow maintenance (because of difficult access)

Preserve laser circular polarization (to optimize
LGS photon return from the sodium layer)

Table24 BTO and LLT top-level requirements.

Note that requirements specific to the BTO and the LLT can be found in the Beam
Transfer Optics Requirements Document and the Laser Launch Telescope Requirements
Document respectively (see appendices).

5.3.2 DesgnOverview

In the following, it will be assumed that the Laser System is mounted on the telescope
center section. However, the Laser System could also be located further down in the pier
and the BTO path presented in this section would extend from the center section to the
HROS room in the pier. The drawing Conceptual view of the BTO beam path
(HROSPATH.DWG) illugtrates both possibilities.
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Figure31 BTO and LLT design schematic

The conceptua design of the MCAO BTO and LLT subsystems is presented in Fgure
31. The BTO includes severd mirrors to relay the 5 beams from the center section to the
secondary centrd frame. Additional mirrors would be used to relay the beams to the
center section if the Laser System were mounted further down in the telescope pier. The
laser beams are sent directly from the center section to the top-end ring by mirror M7
onto mirror M6, which redirects the beams towards M3 over the (-X, +Y) vane (see
drawing BTO along the —X +Y vane, VANEPATH.DWG). At this point, the beams are
gdacked in a verticd line to be easly hidden behind the vane. M3 is not a conventiond
mirror but a mirror aray configured to reshgpe the 5 beams into ther find X-
congdlation pattern. M3 aso introduces a fixed tilt on the 4 outsde beams to create the
find 85 arcsec diagond X-peattern on the sky. M7, M6 and M3 are mounted on dow
tip/tilt platforms in order to compensate for beam misdignment due to telescope flexures,
thermd effects and possble LLT misdignment. M3 sends the X-shgped converging
beam array to M2, an array of fast tip/tilt mirrors controlled independently by the MCAO
Control System to correct for the fast motion of the LGSs on the sky induced by the up-
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link atmospheric turbulence. Between M2 and the LLT, a de-rotator compensates for the
rotation of the LGS congelation induced when the telescope is tracking, so that the
pattern is fixed on the sky. Then the 5 beams are expanded by the LLT secondary
assembly L1 and diverted by a fold mirror FM down to the LLT primary mirror M1,
where they overlgp. The LLT findly projects the LGS congdlation onto the sodium

layer.

GEMIN

The BTO dso includes two shutters located after the Laser System output and before the
LLT, a polaization sensor and a quater-wave plae to mantan crcular laser
polarization, severa relay optics to re-image the laser beams on their way to the top-end
ring, and some diagnogtics for dignment and ortline laser measurement purposes.  The
LLT has a deployable primary mirror which deploys a the beginning of MCAO
obsarvations and retracts when the sysem is not in use.  All loop controls and
miscellaneous commands are handled by the MCAO Control System.

More details on the MCAO BTO and LLT conceptud design can be found in the Beam
Transfer Optics and Laser Launch Telescope Design Document (see appendix). Sections
5.3.3. and 5.3.4. discuss the most significant parts of the design.

5.3.3 Laser Launch Telescope
53.3.1  Opticd Desgn

The 5 laser beams must be launched on-axis to minimize the perspective dongation of
the LGS images. The LLT opticd design is therefore congrained by two consderations:
(1) the LLT dructure must be hidden from the Cerro Pachon telescope fidd of view and
fit ingde the telescope secondary frame, and (2) the LLT clear gperture must be as large
as possible (on the order of 50 cm) in order to create the smdlest LGS spot sizes when
seeing is good. Additiondly, if the laser beams are to be hidden behind one of the
secondary vanes, then the beams must be fed into the LLT from the top of the structure,
with a maximum beam full diameter (99 % encirded energy criteria) smdler than 10
mm. An andyss of the optimized gaussan beam diameter to be launched to the sky for
bad seding conditions shows an optimum close to a 300 mm diameter a 1/€* intensity
points, which corresponds to a 99% encircled energy diameter of 471 mm. Idedly, the
LLT pupil should not clip the gaussan beam, both to tranamit the full laser power and to
avoid large diffraction ripples in the beam fa-fidd. We choose the largest reasonable
input beam diameter a 1/€® intensity points to be 50 mm, corresponding to a 99%
encircled energy diameter of 7.9 mm, S0 that the laser power densty is as low as possble
onthe BTO and LLT optics. The corresponding LLT magnification is 300/5 = 60.

The total laser power is expected to be around 50 W, and the laser peak power will be
even higher if the chosen laser is pulsed. A quick cdculation usng available pulsed laser
characterigtics shows that the design should avoid bringing the beams to sharp focus if we
want to avoid producing high power dengties locdly that could chdlenge beam qudlity.
The basdine desgn uses a diverging lens closdly followed by a fold mirror sending the
beam down onto an off-axis parabola which findly reflects the beams towards the sky.
The relative beam directions and postions on the LLT primary mirror are taken care of
by the BTO ahead (see section 5.3.4.). A mgor driver for the LLT optical desgn is to
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minimize cog whenever possble, so the off-axis pardbola specifications are chosen
according to available data from vendors. We use a 457 mm diameter, 280 mm off-axis
parabola with a 450 mm diameter clear gperture and a 1750 mm on-axis focd length
taking maximum advantage of the available space envelope. The LLT dedgn daus is
partly described in the BTO and LLT Design Document (see appendix). Our current
design does not perform up to specifications yet, but it will serve as a basdine for further
iterations which should bring the design close to the | /15 RMS image quality god at 589
nm.

GEMIN

Smplicity is ds0 a driver for the LLT opticd and mechanicd desgn. Gausdan beam
propagation caculations show that there should be no need to adjust the LLT focus in
red time during MCAO obsarvations neither due to changes of sodium layer dtitude nor
due to changes in zenith angle The need for extremdy high passve internd dignment
gability inthe LLT drives the mechanicad design as described in the following section.

5332  Mechanicd Dedgn
53321 Requirements and tolerances

The LLT mechanica design is driven by three mgor consderations.

(1) The LLT mechanicd desgn must obvioudy meatch the opticad desgn. As seen in the
previous section, the mechanicd and opticd designs are actudly interrelated since the
LLT must be mounted indde the pre-existing Secondary Support Structure (SSS) and
this implies mass, volume and mounting congraints on both designs.

(2) It is an uncompromising science requirement that the LLT primary mirror (LLT M1)
does not obgtruct the secondary central hole when MCAO is not in use. LLT M1
must therefore be deployable.

(3) The mechanicd desgn mugt be consgtent with the optica dignment tolerances of the
ovedl BTO/LLT subsysem. It must enable the top-levd posgtioning and pointing
specifications described in Table 24.

The LLT is envisoned as a sandaone sysem that will be pre-digned in the laboratory
before it is mounted on the tdescope. It is a desgn goad and dmost a requirement that
there is no active adjusment of the LLT internd dignment after it has been mounted on
the telescope and the system has been aigned during commissioning.

A tolerance andyss is underway to assess the LLT dructure mechanical tolerance
requirements. The key tolerances are listed in Table 25. There are two sets of tolerances
corresponding to the LLT internad opticd dignment and the LLT opticd dignment with
respect to the BTO. The first set is comparatively tighter than the second one. The
reason is that it is for ingance possible to compensate for the primary mirror deployment
repeatability error by moving tip/tilt mirrors M3 and M6 to adjust the LGS postioning on
the sky. On the oppodite, it is not possible to use any BTO eements to compensate for a
focus error of the LLT.
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Alignment parameter Tolerance range description Envisioned means of correction
On-axis distance between LLT secondary . S
Passive stabilization scheme to
Focus Eis:e;nmbly and LLT M1 must be stable by +/- correct for thermal expansion
Within Primary-to- | TBD (depends on BTO tip/tilt mirrors Spring retainer system to make M1
LLT secondary | alowable dynamic range before starting to deployment repeatable with high
tilt vignette) accuracy
Primf%/-to- TBD (deoends on LLT final desian Accurate pre-alignment in the lab
Z?ezc;nt:rry (dependso ' esign) and fixed optical mounts locations
- I Accurate pre-alignment in the lab
BTO to Decenter TBD (bOth mlsallgnmentSWIH shift beam and fixed Optical mounts locations
LLT printson LLT M1 and introduce small
optical amounts of aberrationsin the beams, but the . ) i
axis Tilt toleranceis fairly loose on both) Adjust line-of-sight thanks to
tip/tilt mirrors M3 and M6
Decenter Largetolerance No correction needed
LLTto Error due to mounting: TBD (depends on . . .
Gemini BTO tip/tilt mirrors allowable dynamic Adjust line-of-sight thanks to
telescope range before starting to vignet) tip/tilt mirrorsM3 and M6
optical Tilt
xS Error due to top-end flexures: max. tilt
observed when telescope goes off zenithis | UseLLT dightly off-axis
on the order of 2 arcsec

Table 25: LLT mechanical/optical alignment tolerances
53.3.2.2 Retractable Mirror

As dated in the previous section, the LLT primary mirror must be retractable.  This will
be accomplished by dlowing the M1 mirror and mirror cdl to pivot from 0° (the
deployed position when in use) to 90° (the retracted position when not in use). See
drawving Deployment concept for the LLT primary mirror (DEPLOY.DWG) for
reference. The mirror cdl will have pivot brackets on the +X and -X ddes, offset from
the central axis of the LLT. This will alow the cdl to refract agang the -Y sde of the
LLT frame, dlowing the CP tedescope to have a clear viewing path through the LLT.
The pivoting mation of the mirror cel will be peformed by a smal dectric motor, ether
connected directly to the pivot bracket, or connected through linkages to the side of the
cdl. The MCAO Control System will control the motor. The limits of motion (0° and
90°) will be st by limit switches, which feed their sgnd back to the MCAO Control
System.

53323 Repestability of the LLT Primary Mirror Pogtion

The current design of the LLT primary mirror cdll (see drawings Concept to optimize
repeatability of LLT primary mirror deployment, LLT MCLDWG and
LLT MC2DWG) holds the mirror usng a spring retainer sysem. This dlows the mirror
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to "float" with respect to the mirror cdl. Thus, when the primary mirror is deployed, the
mirror will land on a postioning plaform, separating it from the mirror cdl.  This will
eliminate any contribution to a repeetability error from the deployment mechaniam.

GEMIN

53.3.24 Focus Compensation

Ancther congderation is the on-axis disance between the Diverging Lens (L1), Fold
Mirror (FM), and the LLT Primary Mirror (M1). These three components must be held
to tight tolerances with respect to each other in order to retain the LLT nomind focus.
The digance between the diverging lens and the primary mirror has to be controlled a
better than +/- 5mMm, so that the LGS spot Size enlargement due to LLT defocus says
gndler than 0.1 acsec. This digance will be hdd by the duminum LLT frame and
supporting brackets (see drawing Secondary Support Structure to LLT mounting
interface, SSSDWG). Because the themd expanson of duminum is rddivey high
compared to other materias, therma compensation is required.

The LLT frame will be fabricaed from 6061-T6 duminum. This will diminate any
theema variation sresses in the LLT frame with respect to the secondary frame (dso
fabricated out of 6061-T6 duminum). The coefficient of therma expandon (CTE) for
6061-T6 duminum is 23.6 umym-°C (value rated a 20.0°C and assumed to be constant
throughout the temperature ranges being consdered here), ® that a 1 °C temperature rise
will produce an expanson of about 41 mm. In order to compensate for this, the diverging
lens and supporting bracket will be placed on a trandation table. Two 150.0 mm zero-
expanson, carbon composte rods will be pinned on ether sde of the table, and
bracketed off the base of the table. The rods will be offsst & an angle from the
trandation direction as shown in Fgure 32. The detaled caculations and graphs of
compensation error vs. temperature change can be found in the BTO and LLT Design
Document in appendix.

Trandation
Table
Compensation Rod Compensation Rod
y
1 =
Diverging X

Lens
Fold

Mirror

Figure 32: Radial alignment concept for thermal expansion compensation
53.3.25 Mass, Volume and Mounting Congtraints

The addition of the LLT will increase the mass of the Secondary Support Structure (SSS).
This will reduce the resonant frequency of the Gemini Telescope's Secondary Mirror
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TipTilt System (M2TS) supporting dructure.  Therefore, it is a Gemini requirement that
any additiond mass being added to the top end must be limited to 125 + 25 kg. This will
include the LLT and dl Beam Transfer Optics (BTO) components to be mounted on the
SSS. A weight edtimate table can be found in the BTO and LLT Design Document in
gppendix showing that our conceptua design meets the requirement.

GEMIN

5.3.4 Beam Transfer Optics
5341  Laserpath

A dhort description of the BTO layout is given in section 5.3.2. The conceptud design
uses ultra-high reflectivity (R > 99%) didectric mirrors and a few refractive optics with
anti-reflection coatings at the laser wavelength to propagete the laser beams from the
Lasr Sysem to the LLT. The totd laser power and the outgoing beam qudity
requirements prevent the use of optica fibers for the BTO. Multimode fibers would
dand the total laser power but degrade beam qudity, whereas monomode fibers would
auffer from low transmisson due to coupling difficulties and Brillouin scatering.  The
power load on each nirror surface will be of the order of 300 W/cn? corresponding to 5
overlagpping CW, 10-W, 5-mm beams. The pesk power load may be higher than that,
especidly if the laser is pulsed.

A few mirrors will be fixed and used as smple fold mirrors, but others will be mounted
on tip/ilt platforms controlled by the MCAO Control System. There are three different
types of control loops in the BTO. (1) Along the laser path until mirror M6 mounted on
the telescope top-end ring, control loops from one tip/tilt mirror to the other will correct
for dow misdignment due to telescope flexures and therma changess A Podtion
Sensng Device (PSD) mounted behind mirror My, will measure the centrd beam paosition
from light lesking through mirror M, and notify the MCAO Control System to correct for
misdignment by sending tip/ilt commands to mirror Mps1.  There will dso be amdl
chegp cameras looking a mirrors to visudly pre-dign the laser path before darting
MCAQO obsarvations. (2) Mirrors M6 and M3 will be driven by the diagnogtics
measurements to control pointing and centering of the 5 laser beams a the LLT primary
mirror.  (3) M2 will be an aray of 5 independent fast tip/tilt mirrors controlled
independently by the MCAO Control System to correct for the fast turbulence-induced
motion of the LGS's on the ky. The sampling rate requirements are respectively 10 Hz
for the dow tip/tilt loops and 800 Hz for the fast tip/tilt loops. The document Conceptual
Design Review Material — Electronics, Sensors & Actuators in the Beam Transfer Optics
describes in more details our basdline choices for BTO hardware (See appendix).

When crossing above the primary mirror, the laser beams are pardld and stacked up in
line in order to be hidden behind the 10-mm telescope vane. Each beam has a 99%
encircled energy diameter smdler than 10 mm and the beams are separated by about
12 mm. The BTO includes a beam collimator made by lens L3 and L2 (see Figure 31) to
re-collimate the naurdly diverging gaussan beams dong the telescope truss. It is a god
to make this afocd telescope assembly a zoom to optimize the beam diameters on the
LLT primary mirror depending on seeing conditions.

M3 a0 serves as an “ X-congtellation shaper” as described by Figure 33.
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Figure 33: “ X-constellation shaper” principle
5.34.2  Diagnodtics

The role of the diagnogtics box is three-fold: (1) control the beam aray pointing and
centering on the LLT primary mirror, (2) measure the LLT opticd axis bore-Sght with
the Cero Pachon telescope, and (3) monitor the 5 laser beam far-fidd and near-fidd
profiles and derive the laser beam qudity and laser power. The basdine approach is to
use two cameras to image the beam profiles in the far-field (for pointing information) and
a near-fidd plane opticdly conjugate to the LLT primary mirror (for centering
information). Once the LLT has been digned, reference targets in the foca plane of the
cameras are defined by looking a a NGS through the LLT thanks to the beam splitter and
corner cube arrangement presented on Fgure 31. Note that looking a a star aso enables
plate scae cdibration on the sky.

The 5 laser beams are sampled by the low reflectivity beam splitter and imaged on both
caneras. If the location of the central beam coincides with the reference targets on the
far-fidd camera then its dignment is pardld with the LLT opticd axis If the location
of the center beam coincides with the reference target on the near-field camera, then the
beam is centered on the LLT primary mirror, gpat from the effects of misdignments
between the beam splitter and the LLT. There is no feedback on these misdignments and
they must be controlled passively, but the tolerance on beam centering is comparatively
loose. The 4 outsde beam locations are dso measured on the far-fidd camera and
compared to their ided location on the sky. The near-fidd and far-field centrd beam
measurements drive tip/tilt mirrors M6 and M3 to correct for BTO/LLT misaignment.
M6, which is aout 5 meters away from the diagnostics box is used mosly for centering
the outgoing beams on M1, whereas both M6 and M3 are used for pointing adjustments
on the sky.
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Depending on space envelopes, the diagnostics box could be located either between M3
and M2 or between M2 and the LLT. These locations are indicated as the “case I” and
“case II” diagnogtics box on the Beam Transfer Optics Conceptual Design For a Five
Beam array (LLTS5PLAN.DWG) drawing appended to the MCAO CoDR document.
Preference is given to the first location (case 1) because the beams are not smeared yet by
the fadt tip/tilt motion induced by M2.

5.34.3  Other Components
53431 Shutters

The BTO includes two shutters. The first shutter is located at the Laser System output.
This is the fast shutter controlled by the safety systems via the MCAO Control System. It
prevents the laser beams from propagating through the BTO (and subsequently the LLT
and the sky) whenever needed, and particularly when an arplane is detected near the
laser path to the sodium layer or in any other emergency dStuation. The safety shutter has
a “power shutter” functiondity as well and can dump the full laser power for any length
of time. The so-caled power shutter may be a dower system, located between the Laser
Sysem and the fast shutter. It will be water-cooled. The second shutter is located at the
end of the BTO, near the LLT secondary assembly. Since cooling is not available behind
the Secondary Support Structure (SSS), this shutter is made of two parts. one flip mirror
mounted on the laser path between M2 and L1 to divert the beam onto the second part
which is a water-cooled beam dump mounted on the top-end ring of the Gemini
telescope.  The dump will optiondly be a power meter to enable absolute laser power
measurements before the LLT. Since this shutter is only used for BTO system cdlibration
purposes, there is no need to hide the beams behind a vane, and the beam dump can be
conveniently located close to existing cooling and power supply ingtalations.

5.34.3.2 Polarization control

The laser light is circularly polarized in order to maximize LGS brightness.  However, the
multiple reflections on the BTO mirrors will tend to depolarize the beams, so tha ther
polarizetion would become dlipticad before they are findly launched to the sky. To
compensate for this depolarization effect, a polarization sensor samples the edge of the
outgoing beams. The polarization sensor is mounted on top of the LLT dructure (see the
gppended AutoCAD drawing: Beam Transfer Optics Conceptual Design for a Five Beam
Array). The MCAO Control System uses the measurement result to drive a quarter-wave
plate so0 that the beams reman circularly polarized after propageating through the BTO
and LLT.

53433 Rotator

At the end of the BTO there is arotating K- prism whose purposeis to compensate for the
LGS congdlation rotation induced by telescope tracking. Thisrotator or “de-rotator” is
located in front of the LLT secondary assembly, where the 5 beams amost overlap (see
Beam Transfer Optics Conceptual Design for a Five Beam Array).
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53434 Tubes and covers

The laser path will be partly enclosed to answer three concerns safety, scattering, and
beam jitter due to turbulence. On the center section where laser beams are propagating at
eye-levd, the beams will be fully enclosed so that there is no laser-related risk for people
waking nearby. Between mirrors M7 and M6 where the beams are propagating upward
to the top-end ring, the laser path will not be fully enclosed but there will be demi-tubes
ingtead, protecting the telescope field-of-view from non direct scattered light.  According
to caculations to date, scattered light is not an issue br the Gemini science path, but this
extra precaution is taken for the same reason that the beams are to be hidden behind a
vane when crossng over the primary mirror. Demi-tubes are used instead of full tubes so
that ar flow through the dome created by the Gemini vents prevents turbulence from
building up in the tubes due to chimney effect. Note that this kind of turbulence is one of
the mgjor source of beam jitter and it must be controlled as much as possible.

GEMIN

All BTO opticd dements will have asttomated covers to protect them from dust
whenever the lasr is not propagated. This will Sgnificantly reduce optics cleaning
maintenance and aso prevents coating damage and beam qudity digtortions due to dust
particles heating up on mirror surfaces. For he same reason, the LLT dructure will have
a fixed annulus cover on top of it. Individua mirror covers will be controlled by the
MCAOQ Control System.
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54 The MCAO Control System
54.1 Oveview

The MCAO Control system will control the AOM as well as the LS, the BTO, the LLT,
and the SALSA. Due to its high leve complexity in terms of red time performance and
number of hardware interfaces to control, the MCAO Control System will be split in two
main functions
The control of the various opto-mechanicd assemblies of the AOM and the
control of the LS, the BTO, the LLT and the SALSA subsystems.

The control of the Adaptive Optics system itsdf (the red time wave front
recongtruction).

The sandard Gemini modd of an Insrument Sequencer (IS) will be agpplied to the
MCAO Control System; in the MCAO case, the Sequencer will manage 3 independent
subsystems. a Component Controller (CC), a Laser Controller (LC) and a Red Time
Controller (RTC). In such a modd, the Sequencer acts as the main public interface for the
MCAO system, it coordinates al the tasks, provides control for al the processes and
functions of the MCAQO. The CC will be responsble for the control of al the opto-
mechanical devices of the AOM (except the DM, the TTM and the WFS), the BTO, and
the LLT. The LC will be dedicated to the control of the Laser Syslem. The RTC will be
responsible for the read time wave front recongtruction. For performance reasons, the
RTC for one part, the Sequencer and CC for a second part, and the LC for a third part
will run on separate EPICS-based I0C's (VME crates running the VxWorks operating
system).

GEMIN

The MCAO Control System will be a subsysem of the TCS. It will exig dongsde a
number of other control systems. The following figure shows how the MCAQO Control
Sygem fitsinto the overdl Gemini Control System Architecture,
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hardware hardware hardware hardware hardware hardware hardware hardware
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tinterlock system synchro bus
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Figure 34: Relative position of the MCAO Control System
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The MCAO Control System will interface the different subsystems of the MCAO System
(AOM, BTO, LLT, LS and SALSA) with the Telescope Control System (TCS) and the
Observatory Control System (OCYS) as described in the following figure:
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Figure 35: Interface with the TCSOCS

This solution has been chosen to be compliant with the MK AO system, Altair. However,
an dternative would be to make the MCAO an “ingrument” rather than a subsystem of
the TCS. There will be some very complex sequences that need to be done at the level of
the Sequencer, and perhaps it will be worth to do this sequencing out of EPICS and use a
tool likeocswi sh. Thisdternative is being explored.

5.4.2 The MCAO Sequencer

The MCAO Control Sequencer (CS) will have 4 software components which are required
to run on an EPICS based system. The Sequencer is the central and main process. It is
responsible for receiving dl the commands needed to control the MCAO. The commands
will be sequenced and provided to the different sub-systems. All the commands from the
Telescope Control System (TCS) will be sent through the Sequencer even if the
command is dedicated to one of the sub-sysems The Sequencer will dso synthesize dl
the action, status and hedth information of dl the subsystems of the MCAO system, and
will set accordingly aset of state records.

The gandard CAD commands required by the TCS will be implemented: reboot, init,
park, test, debug as well as the standard status record (hedth, state, activeC, present, etc.),
together with the apply record.

MCAO Conceptual Design Documentation 86
Rev 1.0, 05/15/00



MCAQ

Dedicated sequences as well as smple commands (from the RTC and the MCAO CC)
will be avallable through the sequencer:

- AO closed loop / open loop sequences,

- AO cdlibration sequences,

- LLT, BTO cdibration sequence,

- Emergency shutdown sequence.
The MCAO Sequencer will be capable of standaone operation during setup, maintenance
and engineering time. It will be aile to run completely disconnected from higher levels
and/or other subsystems.

GEMIN

The following figure describes the data flow between the different processes. The circles
represent the processes itsdlf, the smple arrows represent data transfer in the system and
bold arrows represent continuous and high speed data.
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Figure 36: Data flow diagram of the MCAO ICS
5.4.3 The Component Controller and the Laser Controller

These two components are responsible for controlling dl of the opto-mechanicd devices
of the MCAO system (except the red time ones. the DM, TTM, and the NGS and LGS
WES).

The Laser Component is not described in this document, because we do not know at this
time what kind of laser we will use for the MCAO.

The CC will interface only with the Sequencer for norma operations (commands and
datus). However for fast gpeed data communication, the synchro bus will be used, in
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particular for the BTO fagt tip-tilt commands between the MCAO RTC and MCAO CC
Pprocesses.

GEMIN

The CC will be implemented via cusom EPICS Assembly and Device Control records to
control al the motion devices. For some of devices such as fast TTM there will be some
dedicated VxWorks tasks. The number of tasks and systems to control is sgnificant and
because some of the tasks will have to be very precise in terms of red time, we will need
a multi-processor architecture, severd Digitd Input to Output cortrol boards, DA boards,
and AD boards. The standard Gemini boards (MVME2700 PowerPC board from
Motorola for the CPUs, Bancomm board for the timing interface, and reflective memory
board for communication with the synchro bus) will adso be required. This component
will have no interface with the DHS.

The CC will have to contral the following devices (al the records described below will
have the prefix “mcao:cc.”)

The M1 mirror of the LLT:

The M1 mirror of the LLT is the only device remotely controlled by the CC component.
It may be controlled through a single stepper motor driver, and a fine positioning control
may aso be needed (TBD). Also, two limit switches will be available to read the postion
of the M1 mirror. Severd outputs and inputs of a standard Digitd 10 control board will
be needed to perform the control. Description of commands and monitors are listed in the
next table:

Cad record Parameters Purpose

LLTDeploy Deploy the M1 mirror of the LLT

LLTPak Retract the M1 mirror of the LLT

LLTLIimGet Read the high and low limit switch vaues and
determined the pogition of M1: PARKED,
DEPLOYED, MOVING, ERROR

Sir record Purpose
LLTM1dtate State of the M1 of the LLT (PARKED, DEPLOYED,
MOVING, ERROR)

The top end power shutter of the BTO:

This shutter (a flip mirror) will be controlled through a single output of a Digitd 10
Module. Only one command will be available (see next table):

Cad record Parameters Purpose

topEndShutterCtrl - postion According to the value of the position parameter,
(BOOL, 0or 1 | open or closethe power shutter at the top end of
for open/close) | theBTO
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Sir record Purpose
topEndShutterState State of the power shutter at the top end of the BTO
(OPEN, CLOSED, ERROR)

M2 array of fast TTM of the BTO:

These 5 fagt TTM will be controlled a a rate of 800Hz. TT vaues will be provided by the
RTC through the synchro bus, these vaues will be transformed into the TTM actuator
gpace basad upon the current orientation of the derotation mirror and gpplied to the TTM
actuator at 800Hz rate. This is a critica process and we will need to have a dedicated
CPU to handle this task. It will be a smple VxWorks task that will read the synchro bus,
compute the actuator controls, apply some temporal filters as a PID and send the
command to a Digitd to Andog standard board (with 15 differentid outputs). To Start
and stop this control 1oop, we will use dedicated CAD commands (see next table):

Cad record Parameters Purpose
faTTMove - Tip Movethefast TTM intip and tilt vaues
- Tilt
fastTTLoopStart Start thefast TT closed loop
fastTTLoopStop Stop thefast TT closed loop
pidFastTTLoopSet | For each of the | Set the PID parameters of thefast TT loop
5 mirrorsand
for each
actuators:
Pgan
| gan
D gan
(doubles)
Sir record Purpose
fastTTLoopState State of thefast TT loop (OPEN, CLOSED, ERROR)

The actuator controls can be monitored through a sngle gensub record. Also for
diagnostic purposes, it will be possble to sore the actuator controls in a dedicated
circular buffer and to retrieve it when the closed loop is stopped.

Positioning of beam relay optics L2 & L3 of the BTO:

These beam rday optics will optiondly be controlled in z podgtion to optimize the width
of the output laser beam for the current seeing. This will be done through 2 stepper motor
drivers. The control of such drivers will be performed through a standard Digitd 10
control board. Description of commands and monitors are available in the next table:

Cad record Parameters Purpose

L2Move z (double) Move L2 rdlay in z direction

L3Move Z (double) Move L3 rday in z direction
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relaysCdlibrate For each Cdlibrate the relays versus the beam diagnostic
relays, sensor
amplitude in z
relaysl oopStart -ganlL2 Start the relays closed loop
(double)
-ganlL3
(double)
relaysl oopStop Stop the relays closed loop
Sir record Purpose
L3Z Postion in Z of the L3 rday
relaysl oopState State of the relays loop (OPEN, CLOSED, ERROR)

Also during closed loop operdations, the postions of the relays will be computed by a
dedicated gensub record that will compute the postions from the beam diagnostic sensor
at adow rate (10s or more) to obtain a beam size matched to the current value of rO.

Podtioning of the rotator of the BTO:

This rotator will have to be controlled. This will be done through a brushless DC
servomotor which would require input/output from a standard Digitd 10 control board
and ds0 Digitad to Andog output. Description of commands and monitors are available
in the next teble:

Cad record Parameters Purpose

rotatorMove angle (double) | Move the rotator to the position requested
Sir record Purpose

rotator Pogtion of the rotator

The fadt laser shutter at the entry of the BTO:
This shutter will be controlled through a single output of a Digitd 10 Modue. Only one
command will be available (see next table):

Cad record Parameters Purpose
fastShutterCtrl - pogtion According to the value of the position parameter,
(BOOL, Oor 1 | openor closethefast shutter of the BTO
for open/close)
Sir record Purpose
fastShutterState State of the fast shutter at the entry of the BTO (OPEN,
CLOSED, ERROR)

Control of the M3 dow TT mount and M6&M7 TTM of the BTO:
The M3 mount, M6, and M7 will be controlled a a dow rate. TT vaues will be provided
by the BTO beam and diagnogtics sensors. This is a not critica process in terms of red
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time peformance. It will be controlled through dedicated gensub records a a very low
rate. The different routines of the gensub records will be very smilar: read the sensors,
compute the actuator controls, apply some tempora filters as a PID and send the
commands to a Digitd to Andog standard board (requires 15 differentid DA outputs).
To Start and stop these control loops, we will use dedicated CAD commands (see next

GEMIN

table):

Cad record Parameters Purpose
M3TTMove -tip (double) Movethe M3 TT mount in tip and tilt values
-tilt (double)
M6TTMove -tip (double) Movethe M6 TTM intip and tilt vaues
-tilt (double)
M7TTMove -tip (double) Movethe M7 TTM intip and tilt vaues
-tilt (double)
TTCdibrate For each Cdlibrate M3 mount, M6 and M7 versus the
actuator of SeNsors
M3 mount, M6
and M7:
Amplitude
(double)
TTLoopStart Start thedow M3 TT mount, M6 TT and M7
closed loop
TTLoopStop Stop thedow M3 TT mount, M6 TT and M7 TT
closed loop
PidM3TTLoopSet For each Set the PID parameters of the dow M3 TT mount
actuators of loop
the mount: P
gan, | gan,D
gain (doubles)
PidM6TTLoopSet For each Set the PID parameters of the dow M6 TTM loop
actuators of
theM6 TTM:
Pgan, | gan,
Dgan
(doubles)
PIdM7TTLoopSet For each Set the PID parameters of the dow M7 TT mount
actuators of loop
theM7 TTM:
Pgan, | gan,
Dgan
(doubles)
Sir record Purpose
TTLoopState State of the TT loop (OPEN, CLOSED, ERROR)
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The actuator controls of M3, M6, and M7 will be monitored through a single gensub
record. Also for diagnostic purposes, it will be possble to store the actuator controls of
M3 mount, M6, and M7 into dedicated circular buffers and to retrieve them when the
closed loops are stopped.

GEMIN

The control of the quarter wave plate and the polarization meter:

This quarter wave plate will be controlled through a single stepper motor driver. This will
be achieved though 10 of a dandard Digitd 10 control board. Description of the
commands and monitors are given in the next table:

Cad record Parameters Purpose

gwPlaeMove Angle (double) | Move the quarter wave plate to the requested
agle

Sir record Purpose

gwPlatePosition Pogition of the quarter wave plate

During closed loop operations, the control of the quarter wave plate will be done through
a lookup table according to the telescope postion. Through an epics interface (a gensub
record for example) running a a very dow rate (10s or more) the lookup table will be
read and the quarter wave plate will be moved to theright angle.

The control of the beam diagnostics:

The BTO will have severd sensors:

-1 beam posgition sensor with quad cdls and APD. This sensor will be read through
Analog to Digita inputs and used to control the M7 TTM.
1 beam diagnogtic sensor.  The near and far fidd provided by this sensor will be
used for diagnostic purposes, the beam divergence and diameter will be optionaly
used to control the L2 and L3 relays, the near-fiddd beam postion will used to
control M6 and the beam tilt will be used to control M3 and M6. The sensor will
include 2 cameras, and pixes vaues will be provided through a dedicated
interface (TBD). From these pixd vaues it will be possble to compute the
different information needed. One solution will be to used a COTS hardware and
software system and to interface it to our VME crate.

The main commands are described in the following teble:

Cad record Parameters Purpose

beamPosM 7Acquire Acquire data from the beam position sensor used
to compute M7 and compute the centroids.

beamDivAcquire Acquire divergence and diameter from the beam
diagnostic sensor

beamPosM6Acquire Acquire near field beam position from the beam
diagnostic sensor
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BeamTiltAcquire Acquire TT information from the beam diagnostic
sensor

The vaues returned by the sensors will be monitored through gensub records.

Poditioning of NGS WES's of the AOM:

The 3 NGS WFS of the AOM will have to be controlled in x and y postion. This will be
done through 6 stepper motor drivers. The control of such drivers will be performed
through standard Digital 10 control board Description of commands and monitors are
availablein the next tables

Cad record Parameters Purpose

NGS1Move -X (double) Trandate NGSWFS 1in x and y direction of the
-y (double) amount indicated by the parametersx and y

NGS2Move -X (double) Trandate NGSWFS 2 in x and y direction of the
-y (double) amount indicated by the parametersx and y

NGS3Move -X (double) Trandate NGSWFS 3 in x and y direction of the
-y (double) amount indicated by the parametersx and y

Sir record Purpose

NGS1X Pogtion in X of the NGS WFS1

NGS1Y Pogtionin'Y of the NGS WFS1

NGS2X Pogtionin X of the NGS WFS2

NGS2Y Pogtionin'Y of the NGS WFS2

NGS3X Pogtionin X of the NGS WFS3

NGS3Y Pogtionin'Y of the NGS WFS3

The postions of the 3 WFS during AO closed loop operation will be provided through an
EPICS interface to the CC by the RTC. The requested positions will be written in a
gensub record (mcao:rtc:NGSWFSPos) by the RTC and used to update the NGS WFS
positionsin red time a adow rate.

The contral of the sources of the AOM:

The 3 NGS and 5 LGS smulated sources of the AOM will have to be controlled (on/off
and in and out). The 5 LGS smulated sources of the AOM may aso have to be adjustable
in x and y postion individudly, and in z pogtion jointly. There will dso be 1 or 5 LGS
reference sources within the AOM. These reference sources will have to be inserted,
jointly adjustable in x and y postion, and controlled (on/off). This will be done through
up to 19 stepper motor drivers and some outputs and inputs of a standard Digitd 10
control board. Description of commands and monitors are available in the next tables:

Cad record Parameters Purpose

LGSSmSourceiMove | -x (double) Move the LGS smulated sourcei inx, y,

i variesfrom1t05 -y (double) position.

L GSSimSource Park Park the LGS smulated sourcei
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LGSS mSource Ctrl - vdue Control the LGS smulated sourcei (or/off)
(BOOL,
ON/OFF)
LGSSmSourceZMove | - z (double) Move dl the LGS smulated sourcesin z
direction
NGSSmSourcgIn Move the NGS smulated source | in position
j variesfrom1to 3
NGSSimSource Park Park the NGS smulated source
NGSSmSourcg Ctrl - vaue Control the NGS smulated source j (on/off)
(BOOL,
ON/OFF)
L GSRef SourceiMove -X (double) Move the LGS reference sourcei inx, y,
i vaiesfrom1to5 -y (double) position.
L GSRef Sourcei Park Park the LGS reference source i
L GSRefSourcei Ctrl - vdue Control the LGS reference sourcei (or/off)
(BOOL,
ON/OFF)
Sir record Purpose
LGSSmSourcei X Pogtionin X of the LGS smulated sourcei (i variesfrom 1
to 5)
LGSSmSourcalY Pogtionin'Y of the LGS smulated sourcei (i variesfrom 1
to 5)
LGSS mSourceZ Pogtion in Z of dl the LGS smulated sources
LGSS mSourcel State State of the LGS smulated sourcei (i variesfrom 1 to 5):
ON/OFF/ERROR
NGSS mSource Position Position of the NGS smulated sourcej (j variesfrom 1to
3): INJPARKED/ERROR
NGSS mSourcej State State of the NGS smulated sourcej (j variesfrom 1 to 3):
ON/OFF/ERROR
LGSRefSourcel X Pogtion in X of the LGS reference sourcei (i variesfrom 1
to 5)
LGSRefSourcalY PogtioninY of the LGS reference sourcei (i variesfrom 1
to 5)
L GSRef Sourcei State State of the LGS reference sourcei (i variesfrom 1 to 5):

ON/OFF/ERROR

The control of the science path ADC of the AOM:

The science path ADC will be remotely controlled in podtion (infout) and rotation for
each of the two lenses. This will be done through stepper motor drivers, and severa
outputs and inputs of a dandard Digitd Input/Output control board will be used.
Commands and states are described in the following tables:

Cad record Parameters Purpose
scienceAdcln Move the science path ADC in position
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scienceAdcPark Park the science path ADC
scienceAdcRotate -anglelens1 Rotate the science path ADC

(double)

-anglelens2

(double)
Sir record Purpose
scienceAdcLensl Angle of the lens 1 of the science path ADC
scienceAdcL ens? Angle of the lens 2 of the science path ADC
scienceAdcState Position of the science path ADC: IN/PARKED/ERROR

The control of the NGS ADC of the AOM:

The NGS ADC will be remotely controlled in rotation for each of the two lenses. This
will be done through stepper motor drivers, and severa outputs and inputs of a standard
Digita Input/Output control board will be used. Commands and States are described in
the following tables:

Cad record Parameters Purpose
NGSAdcRotate -anglelens1 Rotate the NGSADC
(double)
aglelens2
(double)
Sir record Purpose
scienceAdcLensl Angle of the lens 1 of the science path ADC
scienceAdcLens? Angle of the lens 2 of the science path ADC

The control of NGS high order diagnostic sensor of the AOM:

This camera will be mounted on an am to dlow X and Y postion adjustment. This will
be done through 2 stepper motor drivers and through a Digitad Input Output control
board. Commands and states are described heresfter:

Cad record Parameters Purpose
NGSHrwfsMove -X (double) Movein position x and y the high order wave
-y (double) front sensor of the NGS

NGSHrwfsPark Park the high order wave front sensor of the NGS
Sir record Purpose
NGSHrwfsX Position in X of the high order wave front sensor of the

NGS
NGSHrwfsY Pogdtionin'Y of the high order wave front sensor of the

NGS
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The readout of the CCD and other diagnogtics will be done through a AOA camera
running on a sun workgation (same as our fama).

The contral of the LGS focus lenses of the AOM:

Each lens of the LGS WFS will be remotely cortrolled in pogtion (x, y and z) and in
rotation @ and b). Some of these degrees of freedom may be removed. This will be done
through 25 stepper motor drivers, and severad outputs and inputs of a standard Digita
Input/Output control board will be used. Commands and states are described in the

following tables
Cad record Parameters Purpose
LGSFocusMove -X (double) Move the focus lens of the LGS WFSi in X, y and
-y (double) z,aandb
i vaiesfrom1to5 | -z (double)
-a (double)
-b (double)
Sir record Purpose
LGSFocus X Pogtion in X of the LGS WFSfocuslensi (i variesfrom 1
to 5)
LGSFocusY Positionin'Y of the LGS WFSfocuslensi (i variesfrom 1
to5)
LGSFocusZ Pogtion in Z of the LGSWFS focus lensi (i variesfrom 1
to 5)
LGSFocusAlpha Pogtionin a of the LGS WFSfocuslensi (i variesfrom 1
to 5)
LGSFocusiBeta Pogtionin b of the LGS WFSfocuslensi (i variesfrom 1

to 5)

Beam splitter whed of the AOM:

The Pcience Path beam splitter wheel will be remotely controlled in rotation. This will be
done through 1 stepper motor driver, and several outputs and inputs of a sandard Digita
Input/Output control board will be used. Commands and dStates are described in the

following tables

Cad record Parameters Purpose

bsWheel Rotate -( (double) Rotate the beam splitter whed of the angle g
Sir record Purpose

bsWhed Theta Angle of the beam splitter whed of the AOM

Fidd stop for the NGS TT/WES of the AOM:

The fidd stops will be remotely controlled (OPEN/CLOSED) and may be adjustable
(TBD). This will be done through 1 stepper motor driver. The control of such drivers will
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be performed through standard Digital Input/Output control board. Commands and dtates
are described in the following tables:

GEMIN

Cad record Parameters Purpose

fsOpen Open completely the NGS field stop

fsClose Close the NGSfidld stop (to ~1 arc sec diameter)

Sir record Purpose

fsState State of the NGSfield stop of the AOM
(OPEN/CLOSED/ERROR)

Neutral densty filter whed for the NGS TT of the AOM:

If automated, the neutrd dendty filter whed will be remotdy controlled (4 postions).
This will be done through 1 sepper motor driver. The control of such drivers will be
performed through standard Digita Input/Output control board. Commands and Sates are
described in the following tables:

Cad record Parameters Purpose

ndSel ect - postion Sdlect the neutrd dengity
(integer 1 to 4)

Sir record Purpose

ndPosition Neutral density used (1 to 4)

5.4.4 TheRed Time Controller
5441  Mainrequirements

This computer will be dedicated to the Adaptive Optics control loop itsdf. It is the heart
of the sysem and the mog critica part in terms of red time peformance. This system
will handle 3 basic red time functions

The NGS redl time control process,

The LGS red time control process,

The optimization and background processes,
As wdl as cdibration and diagnogic functions (DM/WFS interaction matrix, WFS
reference measuremert, ...).

Due to the high levd of red time operations, al these processes will be implemented on
dedicated CPUs and will not be EPICS based. A separate CPU will run an EPICS
interface to dlow the MCAO Sequencer to control al these red time processes. The
followmg epics commands (CAD) will be avallable:

Acquire data from each LGS or NGS sensor,

Control each actuator of each TTM or DM,

Cdlibrate TTM versus the NGS wave front sensors,

Cdlibrate the DM's versus the LGS wave front sensors,

Measure the LGS or NGS WFS reference measurements,

Open and closed the NGS and/or LGS loops,
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Modify the gains of the tempord filters of the NGS and LGS loops,

Stat and stop each of the background and optimization processes during closed
loop operations.

GEMIN

The following figure gives a block diagram of what these processes are doing (NGS and
LGS processes are indicated in bold). This is a more detailed verson of Figure 3 in the
OCDD appendix.

OIWFS measurements

Seeing * TTE ¢
Gain/Reference Adjust NGS OIWFS measurements NGS modd Offload M2
optimization(5) WFS position (6) blending (7) optimization (8) via synchro bus (9)
j ]
¥ | X 7}
TT v
" | TTM actuator controls TTM temporal
computaion(?) [———————® filter 3 >
— | NGSWrFs ™
gopes actuator
NGSWFS ; ntrol
pixds()  |comPHaion (1) NGS DM actuator conirols
F controls computation (4)
DMs
LGSWFS < — ectuatey
pixdsA0)] Leswrs | | LoSDM acuetor DMstermpora || SIERSTET Ooi“" i
dopes controls computation (12) filters (13) DM actuators
computation (11, (14)
—l Telescope pointing
A A A 4 A 4 ¢
i . Offload M1
Red Time Adjust BTOTT, Gain/Reference Control matrix Null DM floed 1
: LGS WFS Focus optimization (17), ; Piston,waffle, via
display (15) MCAO CC (16) sdection (18) Tilt (19) records (20)
f

Figure 37 Real time processes block diagram

To communicate between these processes a database of shared memory objects will be
defined. In paticular, shared circular buffers will be defined to contan the WFS
measurements and the actuator commands. All the parameters needed to close the loop

and to optimize the red time processes will be avalable through this database of shared
memory objects.

Also because of the high speed requirements and the high rate of data to transfer, the
RTC will have to communicate directly with the DHS through the LAN, and with the

SCS, OIWFS and MCAO CC via the synchro-bus and through the EPICS dhtabase with
the TCS.
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The NGS and LGS processes will have to be synchronized. The LGS WFS will drive the
loop timing for both the NGS and the LGS. In fact, the LGS WFS will wake up the LGS
process as soon as a packet of pixels is reed. The LGS process will start the centroid
computation and the matrix multiplication and wait for the next packet. To reduce the
latency between the NGS measurement and the DM commands, the LGS WFS process
will wake up the NGS process after a certain amount of time as shown in the following
figure

GEMIN
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1.25ms
LGS WFS readout time <« > < > < >
(10) —1ms
LGSDM DMl | «—mp— > “— > —
computation DM2
(11), (12) DM3 | ¢—F—> — —
NGS WFS exposure time " " "
1.25ms
NGS WFS readout time
(0
NGSTTM computation
(). (. (3 - 0.05ns
NGS DM computation
(4-20ns
Fina DM DML 17 s -—> -« «—>
computation  DM2: 20 ns
(13),(14), DM3:9ns > - P
(15)
™ DM ™ DM ™ DM
commands commands commands commands commands commands

Figure 38: Synchronization of the real time processes
54.4.2  NGS Reguirements and Algorithm Description

The NGS process corresponds to the blocks (0), (1), (2), (3) and (4) in Figure 37. The
NGS control system is composed of:
3 WFS each a 2x2 Shack-Hartmann (APD type to have a zero electron read noise
and aminimd read time)
aTip Tilt Mirror (TTM)

The NGS redl time process or control loop @n be synthesized into these main sub tasks
executed sequentidly at arate of up to 800 Hz:

To read the 3 WFS (0). The NGS process is woken up by the LGS process and
dartsto read the APD signals.

From these APD dgnds, the NGS process computes the tip/tilt information (6
inputs) for dl the WFS, subtracts references and stores these tip/tilt measurements
into a circular buffer (1). Then the tip/tilt measurements are used as input Sgnas
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to compute the actuators control of the TTM (2 outputs). It corresponds to a
ample matrix multiplication (2) usng a preloaded control matrix in memory.

A tempord filter is gpplied to the TTM command vector (3); it can be a smple
integrator with a proportional gain or something more daborate. These TTM
actuator controls are also stored into a dedicated circular buffer.

Findly, the tip/tilt measurements are ds0 used as inputs to compute the tip/ilt
anisoplanatism modes of the DM’s (4). This is done dso through a smple matrix
multiplication (matrix proaded in memory) and the output commands are fed
into the LGS control loop. This matrix multiplication consumes a lot of time in
comparison to task (2) and is done after sending the actuator controlsto the TTM.

GEMIN

The matrices are computed by the calibration processes before closing the loop and are
optimized by the moda optimization process (8) when the loop is closed. Gains for dl
the NGS modes or anisoplanatism modes are included into the control matrices.

At a dow rate, once per second, the reference measurement vector will be updated by the
background process “OIWFS measurements blending” (7), and a a dower rate by the
optimization process “Reference optimization (5)”.

This process is not a critica process at least in comparison with the LGS process. The
totd number of operations for al these tasks is around 9 Mflops or 4.5 Mega mult/add/s,
and can be achieved with a smple Power PC CPU 750 running at 366Mhz for example.

5443 LGS Requirements and Algorithm Description

This LGS process is the most criticd one in terms of red time peformance. It
corresponds to the blocks (10), (11), (12), (13) and (14) in Fgure 37. The LGS process is
composed of:

- 5 Shack Hartmann WFS, each composed of 16x16 sub-apertures, with each sub-
gperture composed of 2x2 pixels and a guard row and column of pixels between
each sub-agperture. The number of illuminated sub-apertures per WFES will be only
204. Either a sngle EEV CCD50 with 16 outputs and with 128x128 pixes will be
used, or 5 EEV CCD39 swith 4 outputs and 80x80 pixels each.

3 DM’ swith different geometries:

Deformable mirror Number of actuators Number of active Number of actuatorsto
actuators extrapolate

DM1 21x21 17x17 — 48 = 241 349241 =108

DM2 24x24 20x20— 48 =352 468—352=116

DM3 1717 13x13—24=145 241—-145=96

The LGS red time process or control loop can be synthesized into these main sub tasks at
arate of up to 800 Hz. In contrast to the NGS, these tasks will be pardldized as much as
possible:
Read the 5 WFS (10). The LGS WFS éectronics clocks the LGS control loop,
and the process dtarts to read the WFS pixels. The pixels are flat-fielded and bias-
subtracted before the dope computation.

MCAO Conceptual Design Documentation 100
Rev 1.0, 05/15/00




MCAQ

From these pixels, the LGS process computes the dope information (2040 inputs)
for dl the WFS following a standard centroid agorithm, subtracts references and
dores these dope measurements into a circular buffer (11). Then the dope
measurements are used as input signads to compute the commands for active DM
actuators (738outputs). It corresponds to a single matrix multiplication (12) using
a preloaded matrix in memory. The 738 eror sgnas are then co added to the
NGS output vector (4).

At a dow rate, a control vector given by the background process “Null DM
piston, waffle, tilt and tilt anisoplanatism modes’ (19) will be dso co added to the
red time outputs.

A tempord filter is applied to the DM actuator command vector (13); it can be a
ample integrator with a proportional gain or a more generd second order filter.
These DM actuator commands are dso stored into a circular buffer.

From the integrated outputs the commands for the unilluminated actuators are
extrgpolated (14), usng asmple adgorithm such as nearest neighbor daving.

GEMIN

As for the NGS closed bop process, the matrix is computed by the caibration processes
before closing the loop and is updated by a background process while the loop is closed
according to the telescope postion. Gains for dl the LGS actuators are included into the
LGS control métrix.

At a dow rate, once per second, the reference measurement vector will be updated by the
background process “OIWFS measurements blending” (7), and a a dower rate by the
optimization process “ Reference optimization (17)”.

This process is the most criticd in terms of red time peformances. The number of
operations (an addition plus a multiplication) required is around 1.5 Giga mult/add/s and
corresponds to 3 GHops. The most demanding task is the matrix multiplication (12).
However such a requirement is not impossible, and today severd solutions are available
based on pardld and multi processor architectures such DSP or PPC multi processor
boards (see Section 5.4.4.7).

54.44  Optimization and Background Processes

The optimization and background process corresponds to the blocks (5) to (9) and (15) to
(20) in Figure 37. The god of such processes is to continuoudy optimize or update the
different parameters of the closed loop processes and adso provide data to outside
components such as the MCAO CC or the DHS. Therefore they are closed loop
processes, but run a a dow rate in comparison to the LGS and NGS processes. They will
be grouped and implemented on different CPUs (see Section 5.4.4.7).

NGS modd optimization process (8):

The god of this process is to optimize the modad closed loop gains according to the
atmospheric turbulence.
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To peform such an optimization, it is necessary to have the red time vaues for the TTM
modes and for the DM anisoplanatism modes. The choice of the moda bass may change
from fidd to fidd but will be fixed for each stience observation. The red time modd
vaues are obtained from a ample matrix multiplication (5,6) with the 6 dope inputs from
the NGS process. This ample computation (30 add/multiply pair) will be peformed by
the NGS process, and the mode vaues will be stored into a dedicated circular buffer.

GEMIN

This mode circular buffer will be big enough to dlow the optimization process to read at
least 1024 mode records while the NGS process continues writing new values. For each
of these 5 modes, the square modulus of the FFT is computed using the inputs of the
1024 mode records, and then divided by the square modulus of the loop transfer function
for each corresponding mode. This is repeated a few times and the resulting functions for
each mode are averaged and the optimized moda gains are determined. The control
matrices used during the steps (2) and (4) are recomputed and stored into the memory of
the processor dedicated to the NGS process without disturbing the NGS process. The
control matrix buffers will be doubled and the new control matrixes will be downloaded
in the nonused pat of the buffer. A semaphore will be st to warn that a the next
iteration of the NGS closed loop new control matrices will be available.

This process is time consuming. A god isto update the gains at arate of 10s.

Gain and reference Optimization process (5) and (17):

The god of this process is to optimize the dope reference vectors and gains of the
different WFS according to the amospheric turbulence, usng dgorithms as developed
for Altair.

Adjust NGS WES position process (6):

This process reads the NGS tip-tilt messurements from the dedicated circular buffer,
averages them and computes the corresponding NGS WFS X and Y postions to null the
average tip-tilt measurements to stay in the dynamic range of the NGS WFS. These X
and Y data are time stamped and written into dedicated SIR records (6 positions). The
MCAO CC will read these SIR records and will accordingly move the three NGS WFS.

OIWFS measurements blending process (7):

The TTF errors provided by the OIWFS at a rate of up 200 Hz are read from the synchro-
bus, averaged and transformed into the NGS and LGS WFS reference measurement
vector by a ample matrix multiplication. The reference vector given by the OIWFS TT
vaues are used to update the NGS WFS reference vector (a smple addition to the
previous NGS reference vector), and the reference vector given by the focus vaue is used
to update the LGS WFS reference vector (again a smple addition to the LGS previous
reference vector). This adjustment is done a low gain, is not time consuming, and is not
criticd in term of synchronization with the closed loop process.
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Adjust the TTF of the MCAO CC (16):
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The purpose of this process is to compute the focus vaue to apply to the focus lens of
LGS WFS and to compute the TT values to send to the fast TTM of the BTO. It condsts
of the steps:
- Hird, this process is synchronized with the LGS process via a Smple semaphore.
Next, it reads the LGS dopes from the dedicated circular buffer and computes the
TTF vaues for esch LGSWFS (5 x 2 + 5 data) by a smple matrix multiplication.
The TT daa are then time stamped and written into the synchro bus, and will be
avallable for the MCAO CC. This will read the synchro bus and update the 5 BTO
TTM.
The Focus data will be averaged together for severad frames to obtan a single
long-term average focus vaue to be sent to the MCAO CC through an EPICS SIR
record. Thisfocus vaue will be used to update the position of the LGS WFS lens.
This process is not time consuming, but needs to be able to send fast TT vaues to the
BTO at a rate of up to 800 Hz and to be synchronized with the red time processes. This is
not an issue, but adds another condtraint to the whole system.

Offload M2 and M1 process (9) and (20):

Thesetasks areisin fact asingle process.
- Hird, this process is synchronized with the NGSLGS processes via a smple
semaphore.
The process reads the TTM commands from the shared circular buffer and
computes the corresponding M2 TT modes viaa (2,2) matrix multiplication.
The process reads the DM commands from the shared circular buffer and
computes the corresponding M1 modes including the focus mode via a (19,738)
matrix multiplication.
These steps are repesated, in order to filter the TT modes and average the DM
modes.
The filtered TTF vdues ae then formatted into SCS/M2 coordinates, time
stamped and sent to the SCS/M2 via the synchro bus (9).
The other modes are scded and formatted into M1 coordinates, time stamped and
written into the shared memory of the RTC. These daa are then available to the
TCS through a gensub record of the MCAO RTC EPICS database (19).
This process is not critical in terms of number of operations to perform (14000 operations
at each iteration). It needs to be synchronized with the red time processes so that the
TTM commands are optimally offloaded to M2.

The LGS control matrix salection process (18):

The MCAO Sequencer reads the telescope eevation from the TCS records at a rate of
once per second, and transfers through EPICS this information to the RTC EPICS
interface process. This one writes these information into the shared memory for the RTC
and sets a semaphore to wake up the corresponding background process. The purpose of
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the background process is to download to the LGS process a new control matrix from a
lookup table based upon the telescope devation.
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As explained in the previous chepter, the LGS marix multiplication will certainly be
shared between severa processors. Each processor will take care of a part of the matrix
multiplication and for this purpose will have the corresponding part of the control matrix
in its own memory. This internd processor buffer will be doubled and the control matrix
portion will be downloaded in the nontused pat of the double buffer to not delay the
LGS red time process. A semaphore will be set to sgnd a the next iteration of the LGS
closed loop that a new control matrix is available.

Null the piston, watffle, tilt and tilt anisoplanatism modes of the DM (19):

The am of this process is to check is there is no drift for the piston, waffle, tilt and tilt
anisoplanatism modes of the DM figure even if they are not controlled (filtered from the
control métrix). It consgs of:

- The process reads the DM commands from the shared circular buffer and
computes the piston, waeffle, tilt, and tilt anisoplanatism mode vaues of the vector
of actuator commands.

The operdtion is repeated in order to obtain a long term average of these modes,
and the averaged values are transformed back to actuator commands in order to be
subtracted from the DM actuator control at the next red time LGS closed loop
iteration.
This process is not time consuming. It need not be synchronized with the LGS red time
process.

Red time digplay (15):

The LGS and NGS dope measurements, as well as the actuator commands, will be read
from the different circular buffers a a dow rate, formatted and sent to the DHS Quick
Look Tool (QLT) for diagnostic purposes.

WEFS pixd information will be read from the circular buffers and sent to the DHS for
permanent or temporary storage, or for display with the QLT.

Some optimization parameters, as the mode vaues (TTM and DM anisoplanatism modes)
will be aso read from the dedicated circular buffer, formatted and sent to the DHS QLT

for debugging purposes.

This is amilar to the Altair sysem, and the god will be to reuse part of the code dready
implemented.
5445  Cdlibration Processes

The cdibration processes will conss of daytime measurements of the following
parameters:
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The interaction matrices between the DM and the LGS WFS usng the LGS
gmulated source, and between the TTM and the NGS WFS using the NGS
smulated source,
The DM and TTM offset voltages used by the tempord filters,
LGS WFS reference dope measurements.
The data are loaded into the dedicated processors used by the different tasks prior to
running in closed loop mode.
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54.4.6  Diagnodics

All red time information will be stored into crcular buffers (CB). These CBs will be
shared between the 3 processes. They will contain:
WFSimages (pixels),
WFS dope measurements (tip/tilt and centroids),
TTM and DM actuator commands,
TTM and DM anisoplanatism mode commands,
Datawill be smplefloating point values. Examples of what can be stored in each CB:
100 records for theimage CB,
4096 records for the dopes CB,
4096 records for the deformable actuator controls CB,
8192 records for the mode CB.
Thiswill lead to 52 Mb.

The circular buffer implementation will be architecture dependant. In the case of the
basdine approach described in the next paragraph, for example, the actuator control
circular buffer will be split and implemented on 3 different boards.

5447  Hardware Options and Basdline Approach

LGS control is the mgor user of CPU power with the mairix multiplication being the
most critical part. Performance a the levd of 3 Gflops is required. Fortunatdy such
performance is now avalable from severd manufactures, with boards based on DSP or
PowerPC processors ddivering 4 to 16 Gflops.

Based on our experience with Altair, we have studied in more detall a solution based on
PowerPC processors. We also are confident that a DSP solution will be very well adapted
to our syssem. The next step of our work will be to benchmark these different solutions
and to choose one.

54471 PowerPC solution

The solution we propose here is based on Synergy G4 PowerPC (PPC) processor. This
powerful board (VSH4) contains 4 G4 PowerPC (AltiVec) running at 466MHz and has
many nice features including 2 Mb of L2 cache, a PCl bus, a PMC ste and the PEX3
option that provides 3 additiona PMC dites, as well as a dedicated hand coded nath
library. Such a solution will give us a lot of flexibility, will be esser to program and to
develop compared to the DSP solutions described above, and will be very compact.
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Synergy has benchmarked the new processor G4 for us. Based upon their results, our own
benchmarks done here on a single PowerPC processor (Motorola MVMEZ2700 running at
366MHz), and findly the benchmarks for the Altair Synergy board, we are confident that
4 of the quad G4 processors boards will be fully sufficient. See Section 5.4.4.7.2 below
for the timing cdculaions,

Such a solution is dso very atractive because it will be possble to have oneSynergy
board per DM. To output the signads to the DM, we can use, for example, the same
solution used by the Altair project: a high speed padld interface (PIO) board plugged
directly to one of the PMC dgites of each quad G4 board. To input the pixels, we will use a
second high speed pardld interface board plugged to another PMC dite. Each Synergy
board will receve the pixds vaues, will compute the centroids, will do the mairix
multiplication that corresponds to its mirror and will send the actuator voltage through its
daughter board directly. Such an architecture is described in the following figure:
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Figure 39: PowerPC architecture

In addition to the VME bus, these quad G4 boards can use dso the 64 hit loca PCl bus.
This bus dlows data transfer at a maximum rate of 264Mb/s.

A olution for the CCD controller will be to use the SDSU controller with 2 PMC
interface cards. The totd data rate required for the system is about 16 Mega-pixels per
second (16bitdpixels), the SDSU interface is limited by the fiber optic link to about 12
Mega pixes per second. Hence a par of PMC synchronized interface cards attached to
each Synergy board will operate in tandem to meet the pixe ddivery rate. Each Synergy
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board will have a second PIO board dedicated to input the CCD data. These 3 PIO boards
will bewired in pardld and will see the same data Smultaneoudly.
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A specific PMC interface board will be used to input the NGS data, and a Digitd to
Anadog PMC board will be used to output actuator controls to the TTM,. These boards
will be plugged on the last Synergy board.

The optimization processes and backgrounds processes will communicate through the
PCl bus to dlow fast transfer of data, and will free the VME bus if it is required to
transfer data.

These new boards require us to have a VMEG64 back plane. This back plane is fully
compliant with a VME standard 32. It will be possble to use our standard Gemini board
for the synchro bus and the timing interface.

54.4.7.2 Timing esimates

The following edtimates are based upon benchmarks and our expertise on PowerPC
processors:

DMO Time for one single G4 processor

Centroids computation 0.154ms

Reference subtraction 0.030ms

Matrix computation 2.212ms

Filter and add commands 0.007 ms

Guard actuator computation 0.005ms

DMO total 2.408ms (requires 3 processors)
DM1

Centroids computation 0.154ms

Reference subtraction 0.030ms

Matrix computation 3.23ms

Filter and add commands 0.010ms

Guard actuator computation 0.005ms

DM1 total 3.429ms (requires 4 processors)
DM2

Centroids computation 0.154ms

Reference subtraction 0.030ms

Matrix computation 1.33ms

Filter and add commands 0.004ms

Guard actuator computation 0.004ms

DM?2 total 1.522ms (requires 2 processors)

As described in the previous figure, we will use 3 processors on the second board to
compute the outputs of the DMO, dl the processors of the 3 board to compute the
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outputs of the DM1, and 2 processors of the last quad G4 board for DM2. The first quad
G4 board will be shared between the EPICS tasks, the DHS, and some optimization and
background processes. The 2 processors of the last quad G4 board that are not used for
the control of DM3 will be used to compute the output for the TTM and to optimize the
NGS modd control algorithm .
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The next step now will be to get such aboard and do the definitive benchmarks we need.

54473 Alternative Red-Time-Control Solutions

Two DSP solutions were considered:

The SOR gpproach: This system has been built to support the real time wave front
recongtruction for a 941-actuator DM at a sampling frequency of 25 KHz. This
system uses 1024 16-bit integer DSP processors operating at 20MHz. The
architecture is based up 1 processing eement per actuator, and has a computing
power of 10 Gflops. The DSP processors are grouped 8 per VME board. This
leads to 128 DSP boards. This is a proven solution and can be copied and adapted
for the MCAO system, which has a reduced sampling frequency. The SOR people
are aso working on a new generation of wave front reconstructors based on both
DSP and FPGA (Fidd Programmable Gate Arrays) processors. This new
generation will be more flexible and hopefully more compect.

The SHAKTI/ONERA solution: A customized DSP system is being developed for
the VLT Adaptive Optics system NAOS, and like the SOR type is dedicated to
adaptive optics systems. The SHAKTI red time computer is based on a modular
architecture, usng mother VME boards on which it is possble to plug up to 4
modules  (acquigtion/equaizetion module, grephic  display module, DSP
computation module, Digitd to Andog module). The important pat is the
computation module, which actudly contans 3 32-bit DSP processors
TMS320C40. This solution can drive a 195-actuator DM a a sampling frequency
of 500 Hz and can handle up to 150 Mflops per computation module. This
solution is actudly not powerful enough to fit our requirements, but it could be
upgraded with TMS320C67 processors dlowing around 1 Gflop computing
power per computation module. It is possible to have severa computation
modules. This new generaion will be not only more powerful, but dso very
compact and flexible and should fit our requirements.

Other DSP solutions must adso be sudied, such the PENTEK, SPECTRUM with 4
TMS320C67 DSP processors on VME boards with a PMC interface, and SHARC
processor boards.

54474 DM and WFS interfaces

Three of the four processor boards will be independently responsble for the
recongtruction and control of one DM each. The interface solution used for Altair project
meets the requirements here. The Generd Standards Corporation's PMC-HPDI32 card is
cusom programmed to directly interface to the Xinectics DM dectronics. Data transfers
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by the processor fill a FIFO on the PMC interface card which smultaneoudy drives the
pardld interface to the DM dectronics. Xinetics specifies a 10 MHz (16-bit) limit. This
leads to a 100 ns / actuator trandfer time (plus setup time). Therefore, the transfer time for
the largest DM (468 actuators for DM2) will be about 50 microseconds.
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The pardld inteface port on the SDSU interface card will be utilized to Smultaneoudy
broadcast the data from the LGS WFS controller to the three processor boards. The 3
CPU boards will each have a 32bit PMC padld interface card with DMA capability.
Each SDSU interface card will provide a 16-bit pixd to haf of the parald nhput cards at
each data transfer strobe. There will be 8 million 32-bit pixd-pairs per second delivered
over this pardld “bus” This is wdl within the 25 million 32-hit/s capability (100 Mb/s)
of, for instance, the Generd Standards Corporation’s PMC-HPDI32.

54.5 VME Hardware Requirements

The control and interface dectronics for the system are based on commercidly available
VME cards and racks. The AOM éectronics will be mounted within the AOM on the ISS
and the remainder, primarily associated with the BTO, will be mounted on the center-
section. All will be contained in standard |SS-mounted therma enclosures, as per Gemini
Interface  Control Document ICD 1.9/3.7 (Science Instruments to Fecility Therma
Electronics Enclosures).

The VME cardsfdl into the following categories.

Digitd 1/0 — TTL or higher-power input-output, used for control sgnas, driving
solenoid-type mechaniams, reading limit-switches etc. Examples are the Xircom
XVME-240 and XVME-244, 6U cards.

Andogue I/O — ADC and DAC cards for generating andog demand sgnds and
reaeding sensor information (for example, in the BTO beam deering loops).
Examples are the Xircom XVME-531 (12-bit DAC) and XVME-566 (12-hbit
ADC), 6U cards.

High-performance processors — PowerPC processors to implement the NGS and
LGS red-time controller functions.

Deformable mirror drivers — a Xinetics product, as used in the Gemini ingrument
Altair, capable of controlling 32 DM channels per 9U card.

Support cards — those required for generd processing, housekeeping tasks and
other support activities, for example Bancomm time cards, reflective memory and
general CPUs (MotorolaMVME-2700 PowerPC).

These cards will be housed in gandard 21-dot 6U and 9U racks within the thermad
enclosures. Suitable racks are available from numerous sources, an example being APW
Electronic Solutions “Smart Chasss’ range. A minimum of 5 21-dot VME racks will be
required, 2 6U and 3 9U. The 3 9U racks will hold the deformable mirror driver
electronics and will be 1SSmounted; one 6U rack will dso be 1SS mounted and a
supplementary rack in the center-section cabinet will house the BTO eectronics.
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The following tables summarize the card requirement and the crate requiremen.

Designation Function \ No. of cards Card size (U)
XVME-240 TTL-level digital I/0 4 6
XVME-244 Optoisolated high-power digital /0 1 6
XVME-212 Optoiso!ated digital /0 (w. interrupt 1 6

generation)
XVME-531 12-bit analogue output module (DAC) 2 6
XVME-566 12-bit analogue input module (ADC) 1 6
Xinetics Deformable 32-channel DM driver cards 34 9

Mirror driver
MVME2700 MCAO CC processor board 2 6

Synergy G4 PowerPC RTC processor board 4 6

Bc635VME Bancomm board 2 6

VMIVMES588 Reflective memory board 2 6

PMC-HPDI32 High speed parallel I/O PMC board 6 ?

SDSU interface board SDSUIl PMC board 2 ?
PMC-DAC PMC DAC board 1 ?
PMC APD interface board 1 ?

Total: ‘ 63 excl. misc.

support cards

Designation Description Location
TBD VME rack, 9U, 21-slot with integral 3 1SS
power supply
TBD VME®64 rack, 6U, 21-slot with integral 1 1SS
power supply
TBD VME rack, 6U, 21-slot with integral 1 Center-section
power supply

5.4.6 Power Requirements

These are difficult to estimate with any degree of accuracy as power consumption data is
not readily avalable for dl the proposed cards. However an gpproximation may be made
by assuming a‘typicd’ VME card to have the following consumption figures:

3.0A a +5VDC, power consumption 15W,
0.5A at +12VDC, power consumption 6W,
0.5A at —12VDC, power consumption 6W.

This gives a btal per-board estimate of 27W. Assuming the 63 cards as listed above plus
an additiond 7 miscellaneous gives a totd of 70 cards. The edimae of totd power
consumption by the VME cards is therefore gpproximately 70 x 27W = 1890W. This
load will of course be divided amongst the three (or more) VME crates. Assuming equd
load in each, the nomind per-crate loading is 500-600W, which is acceptably handled by
standard power supply configurations.

5,5 SdeAircraft Locdizaion and Satellite Acquisition system (SALSA)

The propagating laser beams will cross airgpace used by commercid and private arcraft,
and propagate to dtitudes of low- and high- earth-orbiting satellites. In the U.S. research
groups propageting lasers into the sky must notify the Federa Aviation Adminigration
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and Space Command prior to propagating the laser.  With the FAA past groups including
Lawrence Livermore Nationd Labs and the Universty of Chicago have received
certificates of non-objection. The FAA has not objected to rerouting @mmercid arcraft
around lasers a remote Stes, and the only operational hurdle is the FAA acceptance of
automated rather than human spotters.  There is an FAA working group drafting
guiddines concerning al outdoor propagation of lasers including research use and light
shows. The group is adso exploring ways to receive radar feeds from the FAA to monitor
alrspace above stes. This could remove the need for a human spotter.
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The Civil Aviation Agency in Chile will be gpproached with a summary of the above
guideines as well as a summary of the proposds sent to the FAA by US, UK, and
European  groups. With Space Command things will be more difficult. All
communications are via fax, perhagps to hinder the acquistion of a saelite database and
the passing of computer viruses. In the case of low-power lasers (e.g., CW of less than 3
Waits) a least one organization has receved a waver of Space Command natification
(Universty of Arizonad). A solution will need to be found for queue scheduling of the
MCAO and other LGS AO systems.

A number of arcraft avoidance systems will be in place on the summit a Cerro Pachon
to monitor air traffic above the ste. These include systems to prevent beam crossings by
arplanes and satdlites, and systems such as the observatory's al-sky cloud monitor to
monitor for clouds that could interfere with the laser propagation and return.  Aircraft
detection will be accomplished with dl-sky visble cameras and with a redundant
telescope bore-sghted IR camera. The dl-sky cameras will be used as an early warning
sysdem with generdly severa minutes between detection and beam crossngs. They
sarve as plane spotters.  The bore-sight IR camera are used as a backup system with a
typicad detection-to-beam-crossing times of a few seconds.  Additiondly, we will inquire
with the CAA about having locd radar feeds communicated to the summit to monitor ar
traffic.  Monitoring crossngs by wildlife (eg. Andean condors) is TBD. If system
receves a “HALT” command, the system, if time permits, will atempt to stop gracefully.
The focd-plane insrumentation will be shuttered/stopped, the AO correction is halted,
the laser is shuttered, and an darm is sounded to inform the telescope operator.
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6 COMMISSIONING, CALIBRATION, AND CONCEPT OF

OPERATIONS
This section summarizes the cdibraion and commissoning tasks and highlights the

operation and overheads as viewed by the astronomer. For further information, please
refer to the OCDD and FPRD in the gppendix.

GEMIN

6.1 Commissoning tasks

During indrument commissoning, severd “onrtelescope” or “onrsky” cdibrations are
required for the ingrument, and its science operations must be verified. During system
integration, each of the subsysems and the system as a whole will be tested in the lab
prior to being put on the telescope.  However, some cadlibration tasks will be done (or
redone) on the telescope. Examples of these include measuring DM actuator influence
functions and sysem loop trandfer functions, and confirming ADC correction and NGS
WES probe arm acquisition. In addition, the common and non-common path wave front
errors will be measured in the AOM and in the science instruments using the HRWFS.
We envison that some of these cdibrations, such as computing interaction matrices and
loop trandfer functions, will be completely automated for routine use in seiting up the
sysem or monitoring the sysem. The LGS beam transfer optics and launch telescope
will be tested prior to its integration with the MCAO sysem (possbly during the
commissioning of the Cero Pachon HokupdatLGS system). The addition of multiple
LGS will require cdibration of the acquistion and focus range for each beacon, and
require rotation optics to keep LGS orientation fixed relaive to the AOM. This task will
be repeated “on-sky” to confirm that the fidd rotation is within specification. During the
integration of the MCAO system, the control adgorithms, loop gains, and various sensor
biases will have been cdibrated. Many of these cdibration procedures will dso be
available for routine calibration/monitoring.

In addition to the subsystem and sysem commissioning, operaiond procedures and
stience peformance will be characterized.  Operationd procedures include testing
agorithms to extract the point spread function across the fidd from WFS data for data
andyds, measauring the astrometric accuracy as a function of intrindc seeing, guide Star
brightnesses, and probe arm segtup time, testing throughputs, optical digtortions, flat-
fidding characteridics with the Cdibration Unit, etc., and testing dgorithms to optimize
the servo controls and measure atmospheric parameters (eg. o, to, Qo). The performance
of the MCAO system will be characterized with respect to the smulations and prevalent
amospheric conditions (fo, to, o, Ca’(h), Neodum, ). Findly, a full end-to-end system
veification will be done with a variety of observationd programs to confirm the quality
of the data

6.2 Ingsrument sstup

Routine ingrument stup will indude daytime cdibraions as wel as a nightly sstup
procedure. The AOM daytime cdibrations check the system dignment, setup various
default gains and determine interaction marices. LS daytime cdibrations include
checking sysem dignment, power levels, and spectrd bandwidth.  All of these
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procedures are part of an automated calibration procedure and do not require time “or+
sky.” In addition to the daytime cdibrations, an initia nightly setup procedure prior to
science observations is required. This procedure involves dewing to a cdibration fied,
checking the dignment of the LLT on a naturd source, propagating the LGS's, acquiring
the LGS's in the WFS's, tuning control servos, and measuring amaospheric conditions.
The primary function of these teds is to ensure that the dignment of the deployable LLT
mirror is correct.  Depending on the repeatability of the LLT deployable mirror
mechanism, this procedure may not be required each night.
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6.3 Concept of operations
6.3.1 Technica operations

All detailed control of the AOM and LGS will be invishle to the end-user. An observing
progran will need to specify the usud peripherd wave front sensor guide dars
(PUY/P2IOIWFS) and additiondly supply guide star coordinates for the auxiliay NGS
tip/tilt sensors. This is the only additiond step in the definition of the science program in
the Gemini Phase-1l tool. For science observations, once the telescope has dewed to the
target fied, the syssem complete a number of setup steps to “close-the-loop” on the target
fidd. Frg, if previoudy not done the LGS beam transfer optics and laser launch
telescope will be deployed, aigned, and set for the given devaion, etc. This sep may
include pointing the telescope to a nearby cdibration sar fidd to dign the launch
telescope.  Second, with the telescope pointed at the target fild and the LGS shuttered
(not propagating into the sky), the OIWFS and peripherd WFS guide stars are acquired
and ther loops closed. At this point the tip/filt correction is peformed soldy by the
OIWFS (sending sgnds to AOM TTM and M2). The NGS tip/tilt WFS probe arms in
the AOM ae then sent to ther guide star coordinates. The accuracy of the guide star
postions will not necessarily be aufficient for centering the probe arms, so at this point
the sysem must determine the probe arm zero postions. This is done by flattening the
deformable  mirrors and then monitoring the centroid of the tip/tilt guide gars in the
tip/tilt WFS's. By averaging over the amosphere, the zero postion of the tip/filt WFS's
ae determined to average the mean measured centroid. The LGS safety systems
(SALSA) are next enabled and, if clear, the LGS's are projected into the sky. The LGS's
are steered into the WFS's and the LGS stabilization loops are dosed. Findly, the AOM
tip/tilt and DM loops are closed, and the science observations are ready to begin.

Shutdown is followed in areverse order to the loop closing procedure.

6.3.2 Science operationg/modes

A number of science operations will be supported. When nodding off to take sky frames
the loop will not say closed since it is generdly not needed and the nod will generdly
take one or more of the T/T guide stars out of the acquisition range (thereby requiring a
new conddlaion of T/T gars). Rdativdy smdl dithers to remove detector cosmetics
and/or make ky frames from science fidlds can be made as long as the congelation of
T/T guide dars remains within the acquidgtion fidd. For dithers the LGS days fixed in
relaionship to the telescope pointing (the congtdlation moves on sky) while the NGS
tip/tilt probes follow the dither. Since the LGS reman fixed reldive to the telescope
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pointing it is draight forward to keep the higher-order modes loop closed during the
move, however, in order to keep the T/T and low-order modes closed-loop, the NGS
must be kept in the auxiliary T/T WFS while the probe arms move during the dither. Itis
to be determined whether the loops need to remain closed during the dither move.
Mosacing of large fidds can dso be done, but if the congelation of natura guide stars
moves out of the AO fold mirror fied of view, then the new postion is essentidly a new
target fiedd snce a new congdlation of naturd guide stars must be acquired for the NGS
T/IT WFSs. Chopping, a method commonly used a therma infrared wavelengths to
remove a rapidly vaying sky, will not be supported. Support of this mode is not
necessary for the wavelength regime of the sysem and would set severe condraints on
the systems. For example, the NGS tip/tilt guide star probes would need to follow the
chop.
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During extended periods when the MCAO system is not required but may be needed at
short notice, the system will be placed in a gand-by mode. In this state, dl subsystems
ae digned and ready to function but the laser is shuttered a the laser enclosure.
Examples of this sandby mode are when dewing to new targets, a the beginning of the
night after the LGSAOM has finished its sstup procedures, and during science
cdibrations. The standby mode keeps the dtate of the system frozen at one of following
(1) the mean offsats (eg. mean vaues of the actuator gnas), (2) in a “fla” date (eg.
deformable mirrors made as flat as possble), or (3) held a the last command positions
(e.g. for debugging purposes).

6.4 Operationa overheads

The MCAO obsearving overheads above and beyond the norma telescope and instrument
overheads are smdl. As outlined in Table 26, the additiond overhead per fidd is
typicaly less than 5 minutes. The larges MCAO-specific overhead is the setup of the
LGS beam transfer optics and launch telescope, however, the full LGS setup is only be
required a the beginning of each night. Additional overheads for basc cdibrations such
as darks, flats, etc. are dso needed. In generd PSF cdibration fields will not be required,
as there will usudly be a least three stars within the science field (assumes a 4k x 4k
detector). This is a dgnificant savings in overhead over a classca AOS where the
observer is often required to take PSF cdibration fields. For spectroscopic observations,
goat from the preiminary observations required for acquisition (dit viewing or meking a
dit masks), the observing efficencies should be gmilar to the highest efficencies
obtained in imaging.
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Mode Overhead
Daytime calibrations : This includes all system checks, aignment, and calibration of the 30 minutes
focal-plane instrument to be used (e.g. common and non-common path errors)
Nighttime (on-sky) setup/calibration : This includes, if necessary, aignment of the LGS 10 minutes
beam transfer and LLT optics.
Slewing telescope and acquiring starsin P1/P2/OIWFS 2 minutes|
IAcquiring T/T WFS GS and probe arm zero position setup : This depends upon the desired 1 minutes
astrometric accuracy. For example an accuracy of 3ma can be achieved after ~60
seconds of averaging.
Closing H.O. loops (from the first propagation of LGS to closing H.O. loops) 30 seconds
Closing L.O. modes on auxiliary T/T WFS 15 seconds
Dithering (from end of previous science observation to the beginning of the next) : This 3 seconds
overhead may be less than the readout rate of the detector
Table 26: Summary of operational overheads
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7 INTERFACE SUMMARY

7.1 Instrument Support Structure (1SS)
7.1.1 Mechanicd

The MCAO opto-mechanical and associated dectronic assembly will fit within the space
envelope defined for the AO facility in ICD 1.5.3/1.8, and drawings referenced therein.
will be mounted on face #4 of the ISS, which corresponds to the —X side of the cube.
Accordingly, it will have a mass of 900 kg and center of gravity located 800 mm from the
|SS interface mounting plate.
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7.1.2 Sevices

Services required for the MCAO system will be routed through the standard Cassegrain
patch panels. These will nomindly include:

Power, estimated to be 1200W total

Some fraction of thiswill be UPS for the wavefront sensor CCD to minimize noise

The remaning power will be deived from mans in order to run stepper motors,
various power supplies, €tc.

All power required will be 120 VAC, 50 Hz

Control lines will be established through facility fiber cables that are terminated at the
ISS junction pands with standard SC connectors.

Compressed air will be used to keep the entire opto-mechanica assembly under a
dight overpressure condition to keep dust away from the optics in the MCAO
package. An in-line portable drier will be used to assure that this supply is kept
suitably dry. The MCAQ system does not use pneumaticaly driven mechanisms.

Coolant will be required to pull excess heat away from the power supplies, processor
cards, stepper motor driver cards, thermo-dectricdly cooled CCD, etc. Standard
Snaptite connectors will be used to tap the facility glycol recirculaing system.

There ae no reguirements for the use of the fadlity hdium digribution lines. All

connections to aforementioned services will conform to ICD 1.9/3.6 (Science Instruments
to System Services).

7.13 Handing

All hending of the MCAO sysem will be via sandard insrumentation handling
equipment, including the use of ar pdles lab gantry cranes, various jib and dome
cranes. Lift points will be integrated in the MCAO mechanicd dructure, as wdl as
interface pads for the air pdlets All handling requirements will conform to ICD 1.9/2.7
(Science and Facility Instruments to Facility Handling Equipment) and Generd ICD 15
(Gemini Fecility Handling Equipment and Procedures).

MCAO Conceptual Design Documentation 117
Rev 1.0, 05/15/00



MCAQ

7.2 Secondary Support Structure interface
7.21 Mechanicd interface

BTO and LLT equipment will be mounted directly to the SSS, within such space
envelopes as are defined. No mounting of equipment or modifications to the eight support
vanes is permitted.
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7.2.2 Savices
7221 Electrica

All cabling, for whatever purpose, is routed to the SSS through the eight enclosed cable-
trays that are attached to the rear of the support vanes. A number of these vane trays are
occupied by SCS cabling, the remainder are free to be assigned. At a rough estimate, one
or posshbly two trays may be required for the transfer of power and signas between the
top-end dectronics enclosures LEM-1 and LEM - 2.

Note that 120V AC single-phase power is not avalable on the SSS, dthoughiitis
available on the top-end ring periphery and thus could be routed to LEM-1. The
requirement for such afeed to LEM-2 should be avoided.

7222  Coolant

Coolant services, in the form of chilled glycol/water mix, are avalable on the top-end
ring periphery. Coolant is not available on the SSS and cannot be made so, as it is not
possible to pipeit across the vanes. The existing coolant loop feeds the M2TS CEM.

7.3 Control System Interfaces
7.3.1 Telescope Control System (TCS)

Section 5.4 gives a detailed description of the interface between the MCAO CS and the
TCS. Interfaces will be done through Epics records or across the synchro bus. The
functiond interfaces between the MCAO CS and the TCS include the following:

At vey low speed, the high-order wave front correction applied to DMO is
decomposed in to Zenike coefficients, tempordly filtered, and sent to the
Primary Control System through the TCS via Epics records.

The tip/tilt/focus correction from the TTM and DM’s are tempordly filtered and
sent to the Secondary Control System via the synchro bus.

TCS information, paticularly the telescope postion data, will be avalable via
Epics records for the MCAO RTC to update the LGS control matrix, for the
MCAO CC to update the BTO quarter wave plate and derotation optics position.

MCAO Conceptual Design Documentation 118
Rev 1.0, 05/15/00



MCAQ

7.3.2 Acquigtion and Guiding System (A& G)

The interfaces with the A&G ae dso implemented via Epics records and the synchro
bus, and are summarized in the following list:
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The TTF errors provided by the OIWFS at a rate of up to 200Hz are read from the
synchro bus and low pass filtered and used to update the reference vectors of the

NGS and the LGS wave front sensors.

When PWFS2 is used, seeing vaues will be available from the A&G (as Epics
records) to the MCAO RTC. Seeing will be used to update the reference vectors
of the NGS and LGS closed loops.
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