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1. Project Overview  
1.1 The MCAO Project 

The Gemini Multi-Conjugate Adaptive Optics (MCAO) system is a proposed facility 
instrument for the Gemini-South telescope that can provide uniform, diffraction-limited 
image quality at near IR wavelengths across an extended field-of-view.  This will yield 
increases in scientific utility and observational efficiency well beyond what is feasible 
with a conventional AO system, and provide unique capabilities for Gemini-South in the 
2005-9 time frame.  For a range of criteria, mean performance over a one square arc 
minute field-of-view will be comparable to the on-axis performance of the Altair laser 
guide star (LGS) AO system for Gemini-North.  Useful levels of atmospheric turbulence 
compensation will be achieved over a full two arc minute diameter field-of-view, the 
maximum possible with the Gemini telescope design.  Sky coverage will also be 
comparable with Altair or somewhat superior. 

The MCAO system will largely eliminate the impact of anisoplanatism on AO 
performance by compensating atmospheric turbulence in three dimensions.  This will be 
accomplished using three deformable mirrors (DM’s) conjugate to distinct ranges in the 
atmosphere, which will be driven with commands computed from wave front sensor 
(WFS) measurements of five laser guide stars and three natural guide stars.  At this point, 
these features have been embodied in a preliminary design that meets the requirements of 
a practical AO system for the Gemini-South telescope.  The basic approaches and nearly 
all the components used in this design are highly comparable with existing AO systems, 
and the system architecture is a natural generalization of conventional LGS AO concepts. 

1.2 MCAO vs. Gemini-South AO (GSAO) 

The Gemini Board has approved a LGS AO capability for Gemini-South.  MCAO is the 
baseline approach, given that satisfactory progress continues during the detailed design 
effort and cost estimates remain within budget.  The cost and technical maturity of the 
required laser system remains the single significant risk area, in spite of encouraging 
progress made on risk reduction activities during the Preliminary Design phase.  These 
risks are acceptable, since the MCAO design allows for two descope options in case the 
full laser requirements cannot be met.   

The first option is a conventional LGS AO system, achieved by depopulating the MCAO 
design to include only a single laser, DM, LGS WFS, and NGS WFS.  This configuration 
would match the performance of a fully optimized conventional LGS AO design, apart 
from modest penalties in throughput and emissivity due to the several additional mirrors.  
It could be upgraded to MCAO in a cost-effective manner at a future date once the 
necessary lasers became available at affordable costs.   

The second descope option is a MCAO configuration using less total laser power to 
generate the five laser beacons.  This approach would still provide useful levels of 
turbulence compensation over the same field-of-view, but with some reduction in Strehl 
ratio and Strehl uniformity.  This design would also nearly match the performance of a 
MCAO system initially designed for the lower power lasers.  Either of these two options 
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would still provide a very meaningful science capability, with minimal backtracking 
required to rework the baseline MCAO design.  Either option could also provide a cost-
efficient growth path to the baseline design, provided that the number and power of the 
initial lasers was chosen properly (for example, 3 lasers could be used to generate one 
full-power and four half-power laser guide stars). 

Even the complete MCAO system will be exercised initially in a conventional LGS AO 
mode, and proceed to MCAO operations once success is achieved in this simpler 
configuration.  The system would even be offered for conventional LGS observations for 
one or two semesters in the likely event that the MCAO laser system consists of multiple 
lasers that are delivered sequentially. 

1.3 The Project Team 

Figure 1 illustrates the organization of the MCAO project team.  This group has 
expanded considerably from the Conceptual Design effort, primarily through contracts 
with partner organizations and vendors.  As illustrated in Figure 1, these activities include 
work by Coherent Technologies, Lite Cycles, Starfire Optical Range, and the University 
of Chicago on laser risk reduction demonstrations; studies by the Optical Sciences 
Company and SHAKTIWARE on the real time control system architecture; design work 
on deformable mirror electronics at the University of Durham; support from Lawrence 
Livermore National Labs on beam transfer optics design; and work at the Herzberg 

 

Figure 1:  MCAO Project Organization Chart 

HIA is the Herzberg Institute of Astrophysics, ODS is Optical Design Service, LLNL is Lawrence Livermore 
National Labs.  The European Southern Observatory (ESO), Center for Adaptive Optics (CfAO), and the Starfire 
Optical Range are cosponsors on the three indicated efforts for laser risk reduction and developing the real time 
control architecture.   
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Institute of Astrophysics on a range of subsystem design and modeling tasks.  As 
indicated in the figure, the European Southern Observatory (ESO), Center for Adaptive 
Optics (CfAO), and the USAF Starfire Optical Range are cosponsors of three efforts in 
laser risk reduction and developing the real time control system architecture.  Other 
individuals contributing to and/or critiquing this report and its appendices include Jean-
Rene Roy (Gemini), Chris Carter (Gemini), Mark Chun (Gemini), Ralf Flicker (Lund 
University), Richard Myers (Durham University), Jim Oschmann (Gemini), and Doug 
Simons (Gemini).  

1.4 The Preliminary Design Review 

The Preliminary Design Review (PDR) for the Gemini MCAO system will be presented 
on the 24th and 25th of May, 2001, at the University of Hawaii Institute for Astronomy in 
Hilo, Hawaii, to a review committee and an invited audience.  The purpose of the PDR is 
to determine if the MCAO preliminary design is consistent with the science requirements 
of the project, and is sufficiently well defined and developed to proceed to the detailed 
design phase. The review committee consists of nine astronomers and engineers from the 
Gemini partner countries and ESO with particular interest and expertise in adaptive 
optics, lasers, and instrument design.  The Gemini Board and the Gemini Funding 
agencies will use the committee report to help assess the technical feasibility of the 
project and determine the scope, pace, and goals of future work on MCAO. 

The emphasis of the review will be the technical details of the design and their 
relationship to the MCAO science requirements.  The review will also present cost, 
schedule, and organizational data as background information, and the committee is 
welcome to comment on these aspects of the project in an advisory role.  

1.5 The Preliminary Design Documentation 

The purpose of the documentation is to summarize the MCAO science case, review the 
derived system concept and performance requirements, and present new work on system 
performance estimates and subsystem designs.  The intended audience is the PDR 
committee, other PDR attendees, and interested GSC members.  The main body of the 
report is written for this readership as a whole, with more detailed and specialized 
support documentation provided by the Appendices. 

The main body of the report is organized to follow the agenda of the PDR itself.  The 
remainder of this section provides a brief summary of background, progress, and plans 
for the MCAO project.  The following three sections are devoted to system-level topics:  
(i) An update on the science case; (ii) an overview of the MCAO system parameters, top-
level performance, and architecture; and (iii) an update on system performance modeling.  
The final and longest section summarizes the requirements and preliminary designs for 
the individual subsystems.  These include the management plan, which outlines the cost 
and schedule estimates for the remainder of the project, as well as descriptions of 
procurement strategies and integration and test plans. 

1.6 Project Background 

Since 1992, the top-level performance requirements for Gemini AO systems have 
included the ability to deliver a Strehl of 0.5 at 1.65 microns under median seeing 
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conditions.  Laser guide stars have been viewed as a method for achieving a similar level 
of performance over a larger fraction of the sky.  The initial image quality requirements 
for Gemini also included a specification for a 50% encircled energy diameter of 0.1 arc 
second at 2.2 microns over a 1 arc minute field, indicating an interest in high angular 
resolution over regions much larger than the isoplanatic patch size.  A forum was held in 
April 1999 to discuss the options for achieving and implementing these requirements for 
the Gemini-South LGS AO system.  The review panel for this meeting recommended 
that: 

The [Gemini] Project should conduct a significant but time-limited study of a 
multi-conjugate adaptive optics system for Cerro Pachon….   The study should 
address the theoretical analysis, science drivers, technical challenges, systems 
engineering, and programmatics of such an AO system.  …. [T]he RP [review 
panel] recommends that Gemini adopt as aggressive a schedule as possible to 
bring this capability to the community. 

The recommended feasibility study was led by Francois Rigaut and ran from May to 
September 1999.  It concluded that “…for an 8-m class telescope all the required 
technologies [for MCAO] are available except the laser systems,” and that “we have not 
identified any fundamental theoretical or technological limit that prevents us from 
implementing a MCAO system for Gemini-South.”  An initial review of the science case 
identified numerous science areas which would benefit significantly from atmospheric 
turbulence compensation over 1-2 arc minute fields, including the physics of nearby stars, 
stars in other galaxies, the evolution of galaxies, and galaxies as probes of high z 
structure.  The feasibility study obtained the first rigorous modeling results confirming 
the theoretical feasibility of satisfactory MCAO performance with laser guide stars.  The 
study also identified the MCAO design space for system-level parameters, including the 
corrected field-of-view, the number and location of guide stars, and the order of the 
WFS’s and DM’s.  With the exception of the guide star lasers, these parameters were 
found to be consistent with existing AO technology and practical subsystem designs.  The 
requirements for the guide star lasers do imply engineering advances beyond currently 
available lasers, but are no different than the requirements for a conventional LGS AO 
system when viewed on a per-guide-star basis. 

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

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

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

The MCAO Conceptual Design effort occupied the interval from December 1999 to May 
2000.  Analysis during this phase included further progress in developing the science case 
and more detailed system modeling, particularly in evaluating LGS signal requirements, 
NGS signal requirements, and sky coverage. Design work and project planning included 
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(i) defining the system architecture and concept of operations, (ii) developing design 
concepts for several key subsystems, (iii) refining the project cost and schedule estimates, 
and (iv) initiating the laser development plan through a set of three risk reduction 
demonstrations.  

Detailed system-level modeling and trade studies during this phase established the 
baseline parameters for AO components, and obtained end-to-end performance estimates 
for this baseline system with Cerro Pachon atmospheric turbulence conditions.  These 
system parameters included:  Field-of-view dimensions; DM conjugate ranges and 
actuator geometries; LGS locations and signal levels; guide star laser beam quality; WFS 
spatial and temporal sampling rates for both laser- and natural guide stars; and error 
budget allocations for AO implementation errors such as non-common path aberrations 
and calibration errors.  Performance metrics included mean Strehl ratio and Strehl 
variability as a function of wavelength and zenith angle; PSF full-width half-maxima and 
encircled energy radii; and estimates of natural guide star magnitude limits and sky 
coverage for MCAO.  An essential milestone in this work was the development of a 
control algorithm that effectively decouples the LGS- and NGS-driven components of the 
control loop.  This advance greatly simplified sky coverage calculations, and facilitated 
practical implementation of adaptive modal control algorithms that can significantly 
improve the NGS magnitude limits and sky coverage. 

The overall system architecture of the MCAO design is highly analogous to many 
conventional LGS systems, such as the Mauna Kea LGS AO system (MK LGS-AOS) for 
Gemini-North.  Major subsystems include the Laser System (LS), Beam Transfer Optics 
(BTO), Laser Launch Telescope (LLT), AO Module (AOM), MCAO Control System 
(MCAO CS), and the safety system (SALSA).  The physical and functional interfaces of 
these subsystems are basically similar to the MK LGS-AOS, although of course several 
subsystems do incorporate multiple laser beams, DM’s, and WFS’s.  The Operational 
Concepts Definition Document (OCDD) describes the system control architecture, 
concept of operations, and calibration methods developed for MCAO.  The approaches 
used can be considered natural generalizations of the methods already implemented or 
planned for conventional LGS AO systems. 

Subsystem design work during the CoD phase concentrated upon those aspects of the 
feasibility study design of greatest uncertainty, risk, or cost.  Conceptual design 
approaches were developed for the science- and LGS optical paths through the AO 
module, a beam transfer optics system for multiple laser beams, and the real-time control 
electronics. 

Finally, three laser risk reduction projects were initiated in early 2000 after the failure of 
the Mauna Kea LGS laser system proposal process in November 1999.  Two of these 
projects were cosponsored with the Center for Adaptive Optics (CfAO), NSF, and the 
Starfire Optical Range of the US Air Force Research Laboratory.  All three projects 
proposed laser systems based upon sum frequency mixing beams from solid-state 
Nd:YAG pump lasers.  These projects are now beginning to obtain their first results as 
described in the following section. 
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1.7 Progress During the Preliminary Design Phase 

The Preliminary Design phase for the MCAO project has included the period from June 
2000 to May 2001.  The emphasis during this time has been on (i) sharpening the science 
case, (ii) strengthening the subsystem designs to a PDR level, (iii) continuing laser risk 
reduction activities, (iv) developing and applying improved system modeling tools, and 
(v) carrying on with the system engineering tasks. 

MCAO clearly represents a significant investment in the Gemini instrumentation 
program. As all instruments, it should be science driven. It was realized early that MCAO 
could open fascinating new frontiers and give the Gemini community access to 
unexplored grounds. To explore the extent of these new domains, as well as to define the 
necessary instrumentation, a science workshop was organized in September 2000, held at 
the Center for Adaptive Optics headquarters in Santa Cruz, CA. 45 astronomers attended 
this meeting. On the grounds of quantitative assessments and preliminary work done by a 
core group, science cases were debated and structured, and finally assembled into the 
MCAO science case document, which can be found in Appendix A. The work was 
organized along three main themes: Star formation and evolution in the Milky Way, 
nearby galaxies, and distant galaxies. The discussions were planned and led by Pat Roche 
(Milky Way), Bob Schommer/ Talf Armandroff/ Tod Lauer (nearby galaxies), and Simon 
Morris (distant galaxies). Strong science cases were identified for MCAO with an imager, 
ranging from an extensive census of the properties of star formation in our Galaxy to high 
redshift galaxy formation and evolution. The MCAO spectrograph option also proved 
extremely valuable and unique, but SNR and object density considerations implied that 
only a limited number of science cases would make full use of this costly instrument. The 
GSC later decided that priority should be given to the MCAO imager, and that the multi-
object IFU spectrograph would be re-examined later. The MCAO imager announcement 
of opportunity has been drafted and is ready for release.  

Parallel to this effort, more work has been done to evaluate MCAO sky coverage, as is 
reported in this document. 

Design work on the AO Module, the Beam Transfer Optics and Laser Launch Telescope, 
and the MCAO Control System has included a number of significant improvements and 
refinements. 

The opto-mechanical design of the AOM has been substantially reworked, beginning 
with a new optical design that preserves the telescope exit pupil location, places the 
science path beamsplitter and ADC in collimated space, incorporates a flat tip/tilt mirror 
that should be commercially available, and allows room for a source simulator and wide 
field-of-view diagnostic wave front sensor for end-to-end measurements of optical 
performance through the science path.  Design concepts for the natural- and laser guide 
star wave front sensors have been developed.  An initial opto-mechanical tolerance 
analysis indicates that the design is manufacturable, and optical performance error 
budgets are at or reasonably near their performance specifications. An initial alignment 
plan has been drafted.  The design is packaged in-plane and provides adequate room for 
electronics, including the DM high voltage amplifiers.  Preliminary estimates for the heat 
dissipated into the dome are in the range of 100 Watts.  The estimated mass is 980 kg. 
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The LLT primary mirror is now fixed instead of deployable, with a “periscope” 
consisting of two powered optics used to route the light path through the hole in the 
Gemini secondary mirror around the launch telescope and out to the sky.  The request for 
proposal (RFP) for the Altair and MCAO launch telescopes has been released, including 
an in-house sample design and complete interface specifications with the secondary 
support structure (SSS) and beam transfer optics (BTO).  Proposals for the LLT’s are due 
on May 4, 2001.  The layout of the BTO pointing and centering mirrors has been 
reconfigured, and the performance of these control loops has been evaluated, based upon 
a better understanding of the disturbances to be compensated and the commercially 
available components.  Optical designs have been developed for the BTO diagnostic 
sensors and pupil relay optics.  A variety of implementation issues have been worked out, 
including beam tubes, beam dumps, and pre-alignment cameras. 

Work is progressing on the hardware, software, and control algorithm aspects of the 
MCAO control system.  The architecture of the real time control algorithms has been 
clarified considerably, particularly in terms of the how the high bandwidth control loops 
are offloaded and optimized.  The updated architecture is formalized in a requirements 
document.  Hardware benchmarks and two system design studies indicate that the real-
time control system can be implemented in a very reasonable number of commercially 
available processors. 

The three laser risk reduction activities initiated in early 2000 are continuing, and one 
effort has demonstrated a CW mode locked, diode-pumped Nd:YAG rod laser producing 
11 Watts with good beam quality and spectral stability at a wavelength of 1.319 microns.  
Together with a similar 1.06 micron laser and a sum frequency crystal, such a laser could 
be used to generate the 10-12 Watts of 0.589 micron light required for a single MCAO 
laser guide star.  The other two risk-reduction demonstrations are ongoing at this time, 
and we expect significant laboratory results to be presented at the MCAO PDR. 

In February 2001 we initiated a one-year-long sodium monitoring campaign at the Cerro 
Tololo Inter-American Observatory (CTIO), near Cerro Pachón, to measure the 
mesospheric sodium layer parameters of importance to MCAO.  Data reduction is in 
progress. Monitoring the sodium abundance and variability will enable refinement of the 
laser system power and beam quality requirements.  Finally, some of the performance 
tradeoffs between pulsed and CW lasers have also been quantified.   

In the area of system modeling, the project has developed a detailed wave optics 
propagation simulation to study a range of higher-order effects that could not be 
comprehensively evaluated using the modeling tools available at the time of the CoDR.  
These effects include wave optics propagation in the atmosphere, MCAO optical train, 
and wave front sensors; wave front sensing with extended, three-dimensional laser guide 
stars; and the impact of DM/WFS misregistration and non-common path wave front 
errors on MCAO performance.  Simulation results incorporating these effects have been 
used to update system-level performance estimates and establish the fabrication and 
alignment tolerances for the AO Module. 

The overall MCAO architecture remains as presented at the CoDR.  The Functional 
Performance and Requirements Document (FPRD) and the Operational Concepts 
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Definition Document (OCDD) have been updated to reflect new performance modeling 
and the revised details of the designs for the beam transfer optics, AO module, and real-
time control system architecture. A more detailed management plan has been developed, 
complete with updated budgets and schedules keyed to a formal work breakdown 
structure, and also containing documented descriptions of risk management approaches 
and procurement strategies. An initial integration and test plan has been drafted.  The 
MCAO design effort is tracking the overall budget presented at CoDR, and is on schedule 
to within plus or minus one month. 

1.8 Project Plans 

Pending approval of this Preliminary Design, the Detailed Design phase will begin work 
towards a Critical Design Review (CDR) planned for September 2002.  Design and 
fabrication contracts for the AO Module and the MCAO Control System will begin early 
in this phase.  This work will be structured into a core contract and a number of key 
component contracts.  In the case of the AO Module, these components will include the 
DM’s, the NGS and LGS WFS’s, and the diagnostic WFS / source simulator 
combination.  The majority of work on the Control System will be contracted out, 
including the real-time control electronics, the real-time control algorithms, and the 
background, or supervisory, processes that optimize the control algorithm in real time. 
Gemini will retain responsibility for the sequencer software that provides the interface 
between MCAO and the telescope and observatory control systems.  Work on all of these 
subsystems and components, and also the laser launch telescope, is scheduled to be 
complete by late 2003.  The AO Module and Control System will be integrated in the lab 
by mid-2004. 

Gemini will retain responsibility for the design and fabrication of the Beam Transfer 
Optics and the Safety System due to the highly distributed nature of their interfaces with 
the telescope.   

The design and fabrication contract for the Laser System will be awarded after the system 
CDR in September 2002, providing time for further developments in lasers under the 
current risk reduction activities, the design and fabrication contract for the Altair Laser 
System scheduled to begin during the third quarter of this year, and any future risk 
reduction activities that might be funded by either additional NSF support or unspent 
contingency allocated to the Altair laser.  Several different MCAO laser procurement 
strategies are possible, depending upon the laser technologies and designs that are 
available at that time.  The most optimistic scenario is a mature, affordable design for a 
50-Watt laser that would provide sufficient power for all five of the laser guide stars 
required by MCAO, and buying such a laser if it exists would be the obvious way to 
proceed.  A more likely situation is that a design will exist for a 10-12 Watt laser that 
would suffice for a single laser guide star.  In this case, the plan is to write a contract for 
five lasers, using a phased procurement schedule that would enable incremental upgrades 
based on the results with the first laser.  The contract could also be de-scoped to provide 
only the initial laser for a conventional LGS AO system in the event of unexpected 
difficulties. 
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In any of these cases, we expect that the initial laser for the MCAO/GSAO system will be 
delivered in mid-2004.  This first laser will be integrated with the beam transfer optics, 
launch telescope, and safety system at Cerro Pachon during the third quarter of 2004, and 
the complete AO system will be integrated and commissioned during the fourth quarter.  
This AO system could then be offered to the community in early 2005 in any of the three 
cases under consideration -- conventional LGS AO, MCAO with a single 50 W laser, or a 
partially complete MCAO system with either a single guide star or reduced total laser 
power.  The additional lasers required in the third case would be delivered in late 2005, 
enabling operation of the complete MCAO system beginning in early 2006. 
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2. The MCAO Science Case: a Very Brief Outline 
N.B.: The full MCAO Science Case is presented in a separate document that is 
attached to the MCAO PDR documentation as Appendix A. This section gives first a 
general description of the fundamental advantages of MCAO compared to classical AO 
for doing science. Thereafter, the titles and extremely brief outlines of the science 
topics investigated are given. The reader must consult the full MCAO science case 
document to grasp the full perspective of the scientific gains provided by the MCAO 
system on Gemini South. 

MCAO clearly represents a significant investment in the Gemini instrumentation 
program. As all instruments, it should be science driven. It was realized early that 
MCAO could open fascinating new frontiers. To explore these new domains, as well 
as to define the adequate instrumentation, a science workshop was organized the 
summer of 2000, and held at the Center for Adaptive Optics headquarters in Santa 
Cruz, CA in mid-October of the same year. 45 astronomers attended the meeting. In 
the wake of quantitative assessments and preliminary studies by a core group, 
science cases were debated and discussed. The cases were then structured and 
assembled into the MCAO science case document by coordinators Francois Rigaut 
and Jean-Rene Roy, with the strategic and competent help of Simon Morris, Pat 
Roche, Harvey Richer and many others. This document is Appendix A of the PDR 
documentation.  

The suggested MCAO instrumentation framework included a 4k x 4k (80”x80”) 
imager sampled at H band, and a multi-IFU spectrograph, with 16-32 heads, each 
covering approximately 3”x3”, with 0.1” sampling. Strong science cases were 
identified for MCAO with this imager, ranging from an extensive census of the 
properties of star formation in our Galaxy to high redshift galaxy formation and 
evolution. The MCAO spectrograph option also proved extremely valuable and 
unique, but signal-to-noise and object surface density considerations implied that 
only a limited number of science cases would make full use of this complex 
instrument on Gemini South. Many proposed ideas may have to await the era of 30-
50 m giant telescopes. 

2.1 Introduction to MCAO 

Adaptive optics offers a tremendous science potential, especially when building and 
implementation costs of a ground-based system are compared to investments for a space 
facility. Although the scientific exploitation of AO corrected images is limited now to 
regions relatively close to bright reference objects (V < 17) and fields of view of about 
10-20 arcsec, the possibility of doing sub-arcsec astrophysics with the ground-based 
telescopes has triggered a change of paradigm. The next step in adaptive optics is Multi-
conjugate Adaptive Optics, which will allow tomographic evaluation of the whole 
column of the Earth’s atmosphere through which the light traveled. MCAO can produce 
high and stable Strehl ratios over fields of several arcmin, and it also virtually eliminates 
the cone effect. Finally, the use of laser guide stars increases the sky coverage by an order 
of magnitude or more compared to systems relying on natural guide stars  
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The Gemini Observatory is proposing to build a MCAO system for the Gemini South 
Telescope on Cerro Pachon in Chile.  The design and building of a MCAO system is one 
of the boldest enterprises of contemporary ground-based astronomy.  

In this section, we summarize the Science Case for MCAO in an extremely brief fashion; 
the science case is fully presented in Appendix A of the PDR documentation. This 
program is a non-conventional approach to dramatically improve telescope performance. 
Not surprisingly, it presents some risks. Also, the decision to invest large amount of 
resources to develop MCAO may mean that these resources will not be available to build 
two or three more conventional instruments. A choice must be made between the science 
programs that we wish to pursue with Gemini South. In the light of the competition with 
other large ground-based telescopes and with new capabilities in space (SIRTF, SOFIA 
and NGST), one must try to exploit the niches where we can deliver most rapidly the 
most important science with the best investing strategy of money and human resources.  

Following the April 1999 Hilo Workshop on the Cerro Pachon Adaptive Optics 
capability, the Gemini AO team, in close consultation with the Gemini Project Scientists 
Team, the Instrumentation Forum and the Gemini Science Committee put together a four 
phase Adaptive Optics Program for the Gemini Telescopes: 

1. Providing diffraction limited imaging by the implementation of early Adaptive Optics 
capability, using the University of Hawaii Hokupa’a/Quirc system on Gemini North 
until the facility AO system, Altair, becomes available in mid 2002. Altair, an altitude 
conjugate AO system will then replace Hokupa’a-36 and be capable of feeding all 
Gemini instruments on the Mauna Kea Telescope. 

2. Increasing sky coverage for AO imaging by upgrading the Altair AO system with a 
10 W Laser Guide star mounted on the MK Gemini Telescope. 

3. Implementing AO on Gemini South to increase sky coverage by giving access to the 
Southern Hemisphere. A first step of this effort may include an upgraded Hokupa’a 
(85 correction elements, instead of 36), together with an experimental low-power off-
the-shelf laser guide star capability for early use at Cerro Pachon. 

4. Increasing the corrected AO field size to ~2 arcmin with an advanced Multi-
Conjugate Adaptive Optics System for Cerro Pachon. 

The Gemini South Telescope equipped with multiconjugate adaptive optics can provide 
ground-based astronomers with unmatched capabilities. Furthermore, the knowledge 
learned in implementing this multiconjugate adaptive optics will be a crucial step to the 
next generation of extremely large (30 m and more) ground-based telescopes. 

The goal of the Santa Cruz workshop was “to explore the scientific opportunities for 
MCAO, quantify its advantages over current and planned conventional AO systems for a 
comprehensive set of science cases, and derive the MCAO instruments requirements.”  
To ensure the maximum efficiency in the workshop discussions, the number of 
participants was restricted to about 45. This three days workshop took place at the Center 
for Adaptive Optics of the University of California, Santa Cruz, on October 23-25, 2000. 
The discussions were organized around three main themes: global star formation history 
in the Milky Way, nearby galaxies and the distant universe. The three teams addressing 
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each of these themes were coordinated by Pat Roche (Milky Way), Bob Schommer/Taft 
Armandroff/Tod Lauer (nearby galaxies), and Simon Morris (distant galaxies).  

 The workshop discussions had been preceded by several weeks of simulations and 
modeling work by Ivan Baldry/Keith Taylor (Anglo-Australian Observatory), Chip 
Kobulnicky (University of Wisconsin), and Eric Steinbring (Center for Adaptive Optics), 
led by Francois Rigaut and the three teams leaders.  

2.2 Limitations of Classical AO 

Although it is a new technique, AO has been and is continuing to provide a harvest of 
new scientific results. All the major large telescopes have recognized its unique and 
innovating value. However, its wider application has been restricted because of several 
well-identified problems. One of the major limitations is anisoplanatism. Figure 2 
presents an example of this effect.  

 

Figure 2: K band AO images obtained at CFHT with PUEO/KIR illustrating the problem of 
anisoplanatism, extracted from a single long exposure image. The sub-fields shown are separated by 30” 
(center to center). The Strehl ratio loss is about a factor of 2. FWHM goes from 0.140”(left) to 
0.185”(right). 

The next limitation, linked to anisoplanatism, is the limited sky coverage of natural guide 
star AO. AO compensation can only be obtained in the vicinity of relatively bright stars 
(R ~ 15). Only 1-5% of the sky is accessible for near-IR diffraction limited imaging with 
AO while assuming an acceptable degradation of the compensation performance. This 
severe limitation has led to the idea of using Laser Guide Stars (LGS’s). This concept has 
been validated by a few experiments, for example at Calar Alto in Spain and at Lick 
Observatory, where researchers have achieved closed AO loop imaging using sodium 
beacons. 

However, LGS’s do not come without limitations. The major one is that, the source being 
at a finite range, the return beam does not probe exactly the same volume of turbulence as 
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the beam coming from an astronomical object at infinity. This is called the “cone effect,” 
and is a major limitation for current large telescopes; this effect reduces the performance 
in the near-IR and prevents the extension of laser guide star AO into the visible part of 
the spectrum. LGS AO, and its large associated increase in sky coverage, remains 
therefore unachievable with the next generation of giant telescopes, unless this problem 
can be solved. 

MCAO solves all of these limitations. By using several guide stars and several 
deformable mirrors, image compensation can be achieved uniformly over fields 
significantly larger than the natural isoplanatic patch. The MCAO technique can use 
natural or laser guide stars indifferently. The very essence of MCAO - by probing and 
correcting a large turbulent volume of the atmosphere - eliminates the cone effect. 
MCAO increases the compensation performance of current 8-m telescopes and opens the 
full potential of the application of LGS AO on giant telescopes (30-50 m). In addition, 
the wide MCAO field (over ~1 arcmin at the diffraction limit in the current design of the 
Gemini MCAO) forces us into new scientific territory. 

2.2.1 The Gemini MCAO Performance 

Below is a very short summary of MCAO characteristics, as far as astronomical 
performance is concerned: 

• MCAO performance is very uniform over a 1 square arcmin field, both in terms of 
Strehl ratios and more general PSF characteristics. Images are basically diffraction-
limited, in term of FWHM, over the full 1 square arcmin field of view, even for the 
faintest NGS considered here. 

• Strehl ratios, under median seeing conditions, vary from 45% to 80% in the 1-2.5 
micron range and 0-30 degrees zenith angles, with relative uniformity (relative Strehl 
ratio standard deviation) from +/-1.5 to 7%. 

• The Strehl ratio degrades “gracefully” outside the 1 square arcmin central field. The 
usable field (with Strehl ratio above 50% of the peak value) corresponds to a full 2 
arcmin field in H and K bands, and approximately to 1.5 arcmin at J. 

• Three natural guide stars (NGS) are needed to get the best compensation from the 
MCAO system. Fortunately, the magnitude limits (R ~ 19) correspond to useful 
values for sky coverage (~15% at the galactic pole and >70% at 30o galactic latitude), 
even when degrading effects such as sky background noise and windshake jitter are 
taken into account. 

• The overall performance is a weak function of the exact match between the 
deformable mirror conjugation altitudes and the locations of the dominant turbulent 
layers. 

• Under median seeing conditions, MCAO brings a 1.5 to 1.7 mag sensitivity gain over 
the 1-2.5 micron range on point sources with respect to seeing limited imaging. Gains 
with respect to HST/NICMOS, under the same conditions, are 0.3 (J) and 1.2 (K) 
magnitudes. 
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• For high spectral resolution spectroscopy, MCAO feeding a spectrograph will have 
the same sensitivity as NGST, ensuring a competitive niche for this instrument after 
the NGST launch. 

• Multiplex gains with respect to CAO are factors of 10 to 20 in spectroscopic 
coverage. 

In the following, we present extremely brief outlines of the MCAO science cases, which 
are fully developed in the document attached as Appendix A. 

2.3 Mass Function of Stars in the Milky Way and the Magellanic Clouds  

MCAO on Gemini South will provide dramatic new opportunities to probe the stellar 
mass function in stellar clusters, ranging from sites of current star formation to old 
globular clusters. MCAO will allow us to explore the behavior of the global mass 
distribution of stars in relatively dense environments of the Milky Way Galaxy and the 
Magellanic Clouds. A particularly exciting aspect of MCAO is the potential to use high 
precision astrometric measurements on relatively nearby Galactic clusters to ascertain 
cluster membership and to infer kinematical and dynamical properties.  

2.3.1 The Orion Nebula – a Nearby Massive Star Formation Region 

Deep imaging with MCAO in J, H and K will allow us to identify all stellar objects, 
brown dwarfs and planetary mass objects in the central region of the Orion nebula cluster 
down to about 1 Jupiter mass.  

2.3.2 Stellar Population Variations in Star-Forming Regions 

It is vital to look at examples of young star forming regions other than Orion to 
investigate the universality of the behavior of the mass function. Does it depend on 
environmental factors, such as of mass of the parent cloud or of the metallicity? MCAO 
on Gemini South can be used to probe many rich clusters, including the nearby objects 
such as Ophuchius, Corona Australis and Chamaeleon.  

2.3.3 Open Clusters 

Open clusters provide snapshots of the effects of stellar and dynamical evolution over a 
range of ages and metallicities. MCAO will allow derivation of the mass function to the 
bottom of the H-burning sequence and the end of the white dwarf cooling sequence. 
These will provide independent age determinations for several relatively nearby open 
clusters. 

2.3.4 Mass Function in Nearby Globular Clusters over a Range of Metalicity 

Theory predicts that the mass of the bottom of the hydrogen-burning main sequence is a 

function of metal abundance; this limit would rise from 0.08 M?  in stars with ~solar 

metallicity to 0. 11 M?  in low metallicity objects.  MCAO observations of globular 
clusters, over a range of metallicity from [m/H] near solar down to –2.0 within a true 
distance modulus = 14, will allow us to test the prediction. 
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2.3.5 Young Stellar Super-Clusters   

The study of young super stellar clusters requires a wide field-of-view with a high and 
constant Strehl ratio, permitting deep JHK broadband imaging and photometry of stars 
ranging from massive O-type stars to objects of a fraction of a solar mass. The challenge 
is to measure these faint populations in the face of severe crowding. 

2.4 History and Evolution of Star 
Formation in Nearby Galaxies 

Nearby galaxies are unique in that they 
can be resolved into individual stars, 
and hence the study of these objects 
provides a fundamental step for 
understanding the properties of more 
distant systems. The stellar contents of 
Local Group systems have been 
resolved for over 75 years, starting with 
the pioneering works of Hubble, Baade 
and others. However, it is only recently 
by using ground-based telescopes that 
exploit the best sites, such as the CFHT, 
and space-based facilities, like the HST, 
that it has been possible to study 
individual stars in galaxies outside the 
Local Group. It is now possible, with 
MCAO on Gemini South, to explore 
objects covering a diverse range of 
morphologies and environments. The 
ability to resolve stars in the Virgo 
cluster is of particular importance, as it 
is the nearest large galaxy cluster. 

2.4.1 Calibration of the Supernovae Ia Zero Point  

Distances to individual supernovae can be measured to roughly 5% precision; this 
permits both the mapping of the local Hubble flow and the geometry of the universe. The 
number of Sne Ia calibrators can be doubled immediately with accurate distances to E/SO 
galaxy hosts. The use of MCAO will permit us to determine reliable distances of SNe 
host galaxies by measuring the RGB tip in these objects.  

2.4.2 Stellar Populations in Nearby Starburst Regions 

MCAO will enable the investigation of the stellar populations in massive star-forming 
regions located in nearby galaxies to understand the interplay between high and low mass 
star formation, and the processes and timescales for triggered star formation. 

2.4.3 DIrr’s Versus dEs in Different Environments  

Small galaxies come under two species: dwarf ellipticals and dwarf irregulars. With 
MCAO, one will measure J and K magnitudes for their evolved stars to get age estimates 

 
Figure 3: Three color image of NGC 3603 composed 
from Js (blue), H (green), and Ks (red) taken with 
ISAAC at the VLT.  The field-of-view is 3.4′× 3.4′ 
(Brandl et al 1999) 
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(the luminosity of the AGB-tip is 
brighter for younger ages). The 
purpose is to determine the role 
of the environment in the 
evolution of the dwarf galaxies, 
and to explore possible 
evolutionary links between dEs 
and dIrrs. 

2.4.4 The Early Chemical 
Enrichment Histories of 
Nearby Galaxy 
Spheroids  

The traditional view of galaxy 
formation is that spheroids and 
halo + bulge components of disk 
systems, formed during early 
epochs as the result of a rapid, 
dissipative, collapse. However, 
there is growing evidence that 
this picture is overly simplistic, 
and that hierarchal merging plays 
a key role in spheroid evolution, 
especially in low-density 
environments. With MCAO on 
Gemini South it will be possible 
to obtain deep J and K images 
sampling the RGB-tips of 
spheroidal systems and spiral galaxy disks out to distances that include the Virgo cluster; 
hence, Metallicity Distribution Functions could be constructed for systems spanning a 
range of masses, environment, and morphologies.  

2.4.5 Intergalactic Stars  

MCAO on Gemini South will allow us to fully probe the gravitational potential of the 
intergalactic stars in the Virgo cluster.  The detection of the tip of the RGB in the near 
infrared will take a few hours with MCAO on Gemini. Dozens of fields are required to 
measure the spatial profile of the intergalactic population, as well as to test for metallicity 
differences as a function of cluster position. 

2.4.6 Extragalactic Globular Clusters  

With MCAO, imaging studies will allow the sampling of large numbers of globular 
cluster systems, while providing information on the spatial distribution and broad-band 
colors of clusters.  Sample targets are early type galaxies in the Virgo, Fornax, and Coma 
clusters, merger remnants  (N1275, N3256, N4038, N3597, N7252), and selected field 
galaxies. 

 
Figure 4: Color image made from HST/WFPC2 UBV-Ha 
images of NGC 4038/4039, “The Antennae”. At least 20 super 
stellar clusters could be observed with MCAO in this pair of 
merging galaxies (from Whitmore et al. 1999). 
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2.5 Star Formation and History of Distant Galaxies 

It is now realized that most classes of extragalactic objects change with cosmic epoch. 
Count surveys since the 1960s have revealed that many more of these classes of objects, 
in particular radio sources and quasars, existed at early epochs as compared with their 
number at present. During the 1980s, the first deep counts of galaxies showed a large 
excess of blue galaxies at faint apparent magnitudes; these studies culminated in the 
remarkable findings of the Hubble Deep Field-North (Ferguson, Dickinson and Williams, 
2000, ARAA, 38, 667). 

During the past decade, considerable effort has been dedicated to studies of galaxies at 
intermediate and high redshifts (z = 0.4 to > 2) with the main goal to study directly 
galaxy evolution and even seeing galaxy formation. Such studies have often been limited 
to the bulk properties of these objects, limiting our physical insight. MCAO, with the 
increased light gathering of the Gemini South Telescope, will allow astronomers to study 
individual systems with high spatial resolution, and therefore, to determine the spatial 
distribution and dynamics of star forming material and stellar populations. The goal is to 
get to the physics of evolving individual galaxies and to understand how they evolve on 
their own and as a function of environment. 

The big questions we wish to address with the proposed MCAO imager and spectrograph 
are: (1) How to reconcile the range of observations of galaxies between 0 < z < 5 with an 
overall consistent scenario of galaxy formation and evolution? (2) How did the mass 
assembly of galaxy constituents proceed? (3) When did the massive galaxies form the 
bulk of their stellar population? (4) What is the history of galaxy clustering? 

2.5.1 Field Galaxy Imaging 

The real key is to observe at the same rest-frame wavelength as we are observing in 
nearby objects while preserving spatial resolution of ~0.1 arcsec or better. In order to 
obtain measurements of morphology, size, surface brightness, and symmetry that are 
directly comparable to those obtained for lower redshift galaxies, it is fundamentally 
important to make these measurements at the same rest-frame wavelengths. Hence the 
need for adaptive optics in the infrared on a large aperture, infrared-optimized telescope 
such as MCAO on Gemini South. 

2.6 Chemical Evolution of Galaxy Disks 

It is proposed to use the MCAO and a multi-IFU spectrograph to measure the chemical 
abundances in galaxies in the two magic redshift ranges of 1.29 < z < 1.64 and 2.09 < z 
<2.57.   

2.6.1 Galaxy Formation: The Masses of Galaxies at z = 2 

The use of the MCAO system with GIRMOS and/or multiple IFU’s will resolve emission 
line and allow to infer the kinematics, i.e. the masses of galaxies from z = 1.3 to 2.7. 

2.6.2 Galaxy Formation in Clusters 

The excellent imaging and spectroscopic capabilities of MCAO will be a powerful tool to 
study the formation of bulges and disks in cluster environments over the redshift range z 
= 0.6 to 1.4.   
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2.6.3 Gravitational Lensing Studies of High Redshift Galaxies 

Using the MCAO system for imaging and spectroscopy, one will exploit the light 
amplification due to gravitational lensing by intermediate redshift clusters to bring the 
study of the properties of high redshift galaxies within the grasp of Gemini.  

2.7 Additional material in the Science Case (Appendix A): 

• Some generic considerations on multi-object spectroscopy with MCAO: The case of 
GIRMOS -- Ray Sharples (Durham) 

• Numerical simulation: 

¡ MCAO vs. CAO photometry of crowded stellar field in nearby galaxies (F. Rigaut 
Gemini, and T. Davidge, HIA) 

¡ MCAO vs. CAO measurements of galaxy structural parameters (I. Jorgensen, 
Gemini) 

• Design study for MCAO deployable IFUs: Sensitivities and source structure (I. 
Baldry, AAO and K. Taylor AAO/Caltech) 

• Distant galaxies source densities and emission line fluxes (C. Kobulnicki, U. 
Wisconsin) 

• Sampling requirements for the detection of spatial trends (Y. Dutil, BOMEM, and 
J.R. Roy, Gemini) 

• K band imaging with MCAO (I. Baldry, AAO). 
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3. System Overview 
3.1 Primary Subsystems and Their Characteristics 

This material is only very slightly modified from the Conceptual Design Review 
documentation, but is repeated here for completeness and the convenience of new 
readers. 

Figure 5 is a schematic of the six primary subsystems of the MCAO system, together 
with their functional and control interfaces.  These subsystems are the Laser System (LS), 
Beam Transfer Optics (BTO), Laser Launch Telescope (LLT), AO Module (AOM), 
MCAO Control System (MCAO CS), and the Safe Aircraft Localization and Satellite 
Acquisition System (SALSA).  Although highly distributed, all of these elements are best 
viewed as part of a single system because they must eventually operate in a fully 
integrated way.  The principal first-order parameters for these subsystems that determine 
AO performance are summarized in Table 1.  Following this brief overview, further 
detail and explanation 
regarding subsystem designs 
will be found in Section 5 and 
the appendices. 

The Laser System includes 
all components needed to 
produce and maintain five 
laser beams at the sodium D2 
wavelength.  This includes the 
laser head(s), enclosure(s), 
electronics, control system, 
cooling system, and 
diagnostics.  The baseline 
approach is a sum-frequency 
laser with solid-state, diode-
pumped Nd:YAG pump 
lasers, since all three current 
laser risk reduction projects 
are pursuing this technology.  
Further laser system 
characteristics (pulse format, 
location on or off telescope, 
one or several laser heads, 
etc.) are open at this time 
pending the results of these 
projects. 

The Beam Transfer Optics 
delivers the five laser beams 
to the Laser Launch 
Telescope.  The BTO system 

Figure 5:  The principal functional and control interfaces of the 
primary MCAO subsystems and related Gemini subsystems and 
instruments. 
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includes beam diagnostics and alignment sensors, active beam alignment and steering, 
optical relays to maintain Gaussian beam profiles, safety shutters, and polarization 
control.  The location of the steering mirrors has been adjusted somewhat from the design 
presented at the CoDR.  

The orientation of the LGS constellation on the sky is controlled via an image derotator.  
Independent fast tip/tilt controls for each beam, determined via feedback from the LGS 
WFS, are applied to compensate for turbulence-induced beam jitter on the upward 
propagation path. 

The Laser Launch Telescope is located on-axis and mounted upon the Secondary 
Support Structure.  In a significant change from the conceptual design concept, the 
primary mirror is fixed rather than deployable.  A “periscope” consisting of two powered 

Laser Subsystems (Laser, LLT, BTO)  

Number of LGS 5 

LGS locations in field (0’,0’), (+/-30’,+/-30’) 

LGS signal level at WFS 125 PDE’s/cm2/sec  

(May be relaxed to 80 if necessary) 

Transmitted beam quality 1.5 times diffraction limited 

RMS 1-axis beam jitter on sky 0.05” (0.025” goal) 

Transmitted beam 1/e2 diameter 0.3 m 

Launch telescope aperture, location 0.45 m, on-axis 

AO Module  

Number of DM’s 3 

DM conjugate ranges 0.0, 4.5, 9.0 km 

Actuator pitch (output space) D/16, D/16, D/8 

Number of WFS 5 (LGS) 3 (NGS) 

WFS order 16 by 16 Tip/tilt 

WFS pixel subtense on sky 1.0”  0.5” 

WFS read noise 6 electrons None 

AOM transmittance to WFS 0.65 0.46-0.69 

WFS detector quantum efficiency 0.95 0.6 

WFS sampling rate 800 Hz 

Control System (Real time control)  

Control algorithm Zonal (LGS) Adaptive modal (NGS) 

Processing latency + WFS read time <1.25 ms <<1.25 ms 

-3 dB closed loop bandwidth 32 Hz Adjustable (0-90 Hz) 

Table 1:  Selected subsystem parameters determining MCAO performance.  D=7.9 m is the Gemini 
primary mirror diameter. 
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mirrors relays the light path through the hole in the Gemini secondary mirror around the 
LLT and out to the sky.  The overall mass budget for the LLT, collocated components of 
the BTO, and the periscope is 145 kg. 

Like Altair, the AO Module is mounted on the Instrument Support Structure (ISS), and 
in effect serves as an optical relay between the telescope cassegrain focus and a Gemini 
science instrument.  The optical design has changed significantly from the approach 
presented at the Conceptual Design Review.  The locations of both the focal plane and 
exit pupil are preserved, but unlike Altair, the focal ratio of the output beam is adjusted 
from f/16 to f/33.  The science optical path through the AO Module includes three 
stacked-actuator deformable mirrors, a fast tip/tilt mirror, the science/WFS path 
beamsplitter, and an atmospheric dispersion corrector (ADC) located in a collimated 
space between two off-axis parabolas.  The wave front sensing path includes its own off-
axis parabola to focus the beams and a second beamsplitter to separate the NGS and LGS 
light. 

The wave front sensing elements includes five LGS Shack-Hartmann WFS’s, which will 
be implemented using five separate lenslet arrays, spot relay lenses, and high-speed CCD 
arrays.  Three NGS quadrant detector tip/tilt sensors will be implemented as fiber-fed 
avalanche photo-diodes located behind optical pyramids.  A higher-order (32 by 32) 
Shack-Hartmann diagnostic WFS patrols the output science path and, in conjunction with 
a source simulator assembly located at the input focal plane, provides end-to-end wave 
front measurements through the AOM for DM calibration and PSF estimation purposes.  
The LGS WFSs are adjustable in focus to match the current range of the laser guide stars, 
and the NGS WFSs are mounted on probe arms to patrol the one arc minute radius field.  
The NGS path also includes its own ADC elements. 

The WFS camera digitizers, real time control electronics, and DM high voltage amplifiers 
are also packaged within the AO Module and mounted on the ISS.  The optical design is 
in-plane, and reserves approximately two-thirds of the total allowable volume for 
electronics and insulation. 

The MCAO Control System controls the alignment, operation, and diagnostics of the 
remaining MCAO subsystems, and will interface these subsystems with the Telescope, 
Secondary, and Observatory Control Systems.  The “Component Controller” functions 
will be embodied in three EPICS/VxWorks-based VME crates, one dedicated to the AO 
Module, one for the Laser System, and the third serving the remaining MCAO 
subsystems.  Non-time-critical control functions will be executed via EPICS over the 
VME backplanes, while safety-critical controls will be implemented via the Gemini 
Interlock System (GIS).  The real-time wave front control computations and associated 
background optimization tasks will be performed using multiprocessor RISC CPU boards 
or possibly some other choice of specialized signal processing electronics. These real 
time control electronics are packaged within the AO module.  Time-critical control 
interfaces external to the AOM, such as fast tip/tilt control for laser guide star pointing, 
will be implemented using reflective memory.   

The SALSA safety system includes a bore-sighted IR aircraft camera, one or several all-
sky aircraft cameras, and any available radar feeds from local traffic control agencies.  
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Laser traffic control will also be coordinated with SOAR and other local telescopes.  The 
procedures for predictive avoidance of artificial satellites, and whether they will be 
compatible with queue-based observing, have yet to be determined. 

3.2 System Performance 

3.2.1 Image Quality 

Table 2 summarizes the delivered Strehl ratio error budget for the MCAO system for the 
ideal case of bright natural guide stars, including wave front errors associated with 
telescope limitations, instrument limitations, and MCAO performance itself.  Wave front 
aberrations are expressed in terms of RMS nanometers, and the Strehl ratios have been 

 
Table 2: Image quality error budget for bright natural guide stars 

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
      Flexure relative to OIWFS 25 25 25
      Higher-Order Image Quality Effects (TBR) 60 60 60

3.0  MCAO System 199 238 290
      Strehl at 1.65 microns 0.563 0.440 0.295
       Atmospheric Compensation
          Fitting Error 109 117 130
          Anisoplanatism 133 169 222
          Servo Lag 26 30 35
          WFS Noise 32 37 43
          Diffraction and Three-Dimensional LGS 48 55 65
       Wind Shake (TBR) 34 34 34
       Implementation Errors
         Uncorrectable Errors 43 43 43
         Non-Common Path Errors
            Uncalibrated Flexure/Thermal Variations 41 68 80
            WFS Centroid Gain Estimation Error 21 23 25
         DM/WFS misregistration 24 24 24
         LGS Focus 12 12 11
        Component Nonlinearities (Hysteresis, Discritization,…) 10 10 10

Total RMS OPD 239 274 324
   Strehl Ratio at 0.85 microns 0.044 0.016 0.003
   Strehl Ratio at 1.25 microns 0.235 0.149 0.070
   Strehl Ratio at 1.65 microns 0.436 0.336 0.217
   Strehl Ratio at 2.20 microns 0.627 0.541 0.424
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computed using the Marechal approximation, S=exp(-φ2), where φ is the RMS phase 
error averaged over the 1 square arc minute field of view.   

The values tabulated under telescope limitations are the standard Gemini specifications as 
taken from the Altair error budget.  The values listed as instrument limitations assume 
new instruments developed for MCAO that incorporate higher-order on-instrument WFSs 
for calibration of non-common path errors.  Both sets of estimates will need to be 
reviewed based upon Gemini-North telescope performance and the instrument designs 
actually developed for MCAO, but at the moment they represent the best performance 
predictions available. 

The error estimates for the MCAO system itself have been updated substantially from the 
Conceptual Design Review, based upon the detailed AO and opto-mechanical modeling 
described in Sections 4.2.1, 5.1.1.3.2, and Appendix E. Some of the new effects included 
since the CoDR are: (i) optical diffraction in the atmosphere, optics, and wave front 
sensors; (ii) extended, three-dimensional laser guide stars, (iii) estimates for non-common 
path errors and misregistration effects based upon a tolerance analysis of the MCAO 
opto-mechanical design, and (iv) focus errors due to time-varying LGS range. The 
(small) terms for wind shake and component nonlinearities remain allocations at this 
point.   

Please note that MCAO Strehl ratios have (inadvertently) been calculated for slightly 
better than average seeing, since we have mistakenly used a turbulence profile with r0 = 
0.166 m at λ=0.50 µm, not the correct reference wavelength of 0.55 µm.  Table 3 below 
summarizes our best estimate of the scale factors needed to adjust the MCAO Strehl 
ratios to the actual median seeing conditions, derived from the more general analysis of 
MCAO performance variations with seeing presented in Section 4.3.1.  The field-
averaged Strehl ratio in H band is 0.398 for a Zenith angle of 0 degrees.  The on-axis 
Strehl ratio is about 15 per cent higher at 0.457, which is also very nearly the on-axis 
Strehl for a conventional LGS AO system at Cerro Pachon. 

 Change between r0 = 0.166 m at λ = 0.55 µm 

and r0 = 0.166 m at λ = 0.50 µm 

Value with median seeing 

(r0 = 0.166 m at λ = 0.55 µm) 

RMS OPD, nm 79 252 

Strehl at 0.85 µm 0.711 0.031 

Strehl at 1.25 µm 0.854 0.201 

Strehl at 1.65 µm 0.913 0.398 

Strehl at 2.20 µm 0.950 0.596 

Table 3:  Strehl ratio estimates for median seeing conditions at a 0 degree zenith angle 

Analogous Strehl ratio calculations have been performed for several different LGS signal 
levels, and Table 4 summarizes the relative reductions in field-averaged Strehl ratios if 
the LGS signal at the WFS is reduced by 36% from 125 to 80 PDEs/cm2/sec per LGS. 
Additional results on MCAO performance variations with LGS WFS signal level can be 
found in Section 4.3.2. Although this fairly significant drop in laser signal does not have 
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a drastic impact upon the Strehl ratios in H and K band, using the larger value as the 
MCAO requirement provides a reasonable engineering margin.   

Note that these results do not yet include the effects of diffraction, extended laser guide 
stars, or misregistration.  We expect to have some results on this subject in time for the 
PDR. 

Wavelength, µm 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) 0.984 0.981 0.969 

Table 4:  Relative Strehl ratio reductions due to a 36% drop in LGS signal level 

Finally, Table 5 lists the relative RMS variability of the MCAO field-averaged Strehl 
ratio as a function of wavelength, zenith angle, and LGS laser power.  These values 
include only the effects of atmospheric turbulence with bright natural guide stars, but the 
uniformity of the Strehl ratio is quite good.  Additional sources of Strehl ratio non-
uniformity include NGS WFS measurement noise and any optical aberrations in the 
science instrument itself.  The former error source has been discussed in the CoDR 
documentation, while the latter becomes a specification for MCAO-optimized 
instruments. 

Once again, the values in Table 5 do not yet include the effects of diffraction, extended 
laser guide stars, or misregistration upon Strehl uniformity.  For our initial simulations at 
a zero degree zenith angle with 125 PDE’s/cm2/sec, the additional loss in uniformity due 
to these effects has been entirely negligible (see Section 4.2). 

LGS Signal Level at WFS Wavelength, µm 0 degrees 30 degrees 45 degrees 
1.25 (J band) 0.068 0.098 0.181 
1.65 (H band) 0.040 0.058 0.106 

 
125 PDE’s/cm2/sec (requirement) 

2.20 (K band) 0.023 0.033 0.060 
1.25 0.071 0.101 0.186 
1.65 0.042 0.060 0.110 

 
80 PDE’s/cm2/sec (36% reduction) 

2.20 0.025 0.035 0.064 

Table 5:  RMS Strehl ratio variability over a square 1 arc minute field 

3.2.2 Science Path Throughput and Emissivity 

Table 6 lists the incremental throughput and emissivity for the science path with ADC 
surfaces included.  The values per surface are taken from Altair, and are based upon 
protected silver and measurements from a beamsplitter coating.  The science path 
includes 9 mirrors (not including the science fold mirror, which would be included in the 
optical path in any case), a beamsplitter used in transmission, and a removable ADC.  
The Requirements from the FPRD are a throughput of at least 0.75 and an emissivity no 
greater than 0.190. 

3.2.3 Heat and Light Leakage 

The total heat dissipated into the dome by the MCAO system consists of contributions 
from the AO Module, Laser System, and Beam Transfer Optics.  The preliminary 
estimate for the heat dissipated by the AO Module with the existing Gemini capabilities 
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for cooling instruments is in the range from 60 to 90 Watts.  The single largest 
contributor to this value is the heat produced by the deformable mirror high voltage 
amplifiers (HVA’s), which has been computed for two different amplifier designs using 
the predicted power spectra for DM actuator adjustments under worst-case conditions.  If 
necessary, the heat dissipated by the AO Module could be reduced by increasing the 
coolant flow rate and/or incorporating heat sinks in the DM HVA board.  The latter 
would require a custom board design and is therefore not under serious consideration at 
this time.  It would, however, be possible to increase the coolant flow rate from 12 to 24 
l/m by installing a larger pump, and this would reduce the power dissipated into the dome 
to the range from 35 to 50 Watts. 

The heat dissipated from the AO Module into the Instrument Support Structure is 
estimated to be approximately 6 to 12 Watts, again depending upon the particulars of the 
DM HVA design.  The same cooling system upgrades described about would reduce this 
to the range from 4 to 6 Watts. 

The amount of heat dissipated by the Laser System and Beam Transfer Optics is specified 
to be no greater than 100 Watts and 10 Watts, respectively. The wallplug efficiency of a 
sum frequency sodium laser will be in the range from 1 to 2 per cent, so coolant will be 
required for approximately 2500 to 5000 Watts of waste heat from a 50-Watt laser 
system.  This is up to approximately twice the waste heat produced by the AO Module, 
and we estimate that the 100-Watt limit on heat dissipated into the dome can be met with 
a coolant flow rate of 20 l/m.  The preliminary estimate for the heat dissipated by the 
actuators, motors, and cameras in the Beam Transfer Optics is 9.7 Watts.  

Finally, a 50 Watt sum frequency sodium laser system will produce approximately 50 to 
100 Watts of “waste light” at wavelengths of 1.06 and 1.31 microns, but multiple 
dichroic filters can reduce this to a level of stray light that is acceptable.  Two dichroic 
filters in series would attenuate the stray light by a factor of about 10-4 to approximately 
0.01 Watts, with a resulting background level due to Rayleigh backscatter of about 10 
photons/m2/sec at the telescope aperture.  A third dichroic filter would reduce this further 
to about 0.1 photons/m2/sec and provide margin for the more variable aerosol and Mie 
scattering.  The resulting transmittance loss at 0.589 microns would be approximately 3-4 
per cent. 

Wavelength, µm 1.00 1.65 2.20 2.20 (emissivity) 

Per reflection 0.979 0.986 0.987 0.013 

Per air-glass interface 0.991 0.987 0.989 0.011 

Beamsplitter(net) 0.930 0.960 0.965 0.022 

Overall for 9 reflections 0.826 0.881 0.889 0.117 

Overall without ADC 0.768 0.845 0.858 0.139 

Overall for 4 ADC air-glass interfaces 0.965 0.949 0.957 0.044 

Overall with ADC 0.742 0.802 0.821 0.183 

Table 6:  Throughput and emmissivity estimates for the MCAO science path 



MCAO PDR 

 

GEMINI SOUTH MULTI-CONJUGATE ADAPTIVE OPTICS                                                                                            PAGE 28  
PRELIMINARY DESIGN REVIEW DOCUMENTATION 
 

3.3 Commissioning, Calibration, and Concepts of Operations 

This section summarizes the calibration and commissioning tasks and highlights the 
operation as viewed by the astronomer.  First, the commissioning tasks are outlined and 
intended as a starting point for the MCAO Commissioning and Calibration Plan 
Document.  The commissioning tasks after the system has passed acceptance tests are 
covered.  Next, the daily calibration steps are outlined.  These include the routine daytime 
and nighttime procedures to prepare the system for science use.  Finally, an overview of 
the system operation as viewed by the astronomer is given.  The modes of use of the 
instrument as well as the main science operations are highlighted.  More information on 
the system requirements and operations can be found in the FRRD and OCDD 
(Appendices A and B). 

3.3.1  Commissioning 

The commissioning of the system involves three stages: acceptance testing, instrument 
commissioning and system verification.  During commissioning the MCAO 1-2.5 micron 
camera will be used.  Several atmospheric monitors would be useful for initial 
commission stages.  It is assumed that there will be a site seeing monitor at Pachon by 
this time.  In addition, an optical turbulence profiler would be useful for comparison to 
the MCAO internal diagnostics and its delivered off-axis image quality.  For this we may 
be able to barrow an existing stand-alone profiler (e.g. the profiler being developed at 
CTIO by A. Tokovinin), or bring an existing profiler to a nearby telescope (e.g. G-
SCIDAR at SOAR or CTIO).  A vertical resolution of 500m – 1km and a temporal 
resolution of several minutes is the goal but the exact requirements are still to be 
determined.   To monitor the return from the sodium laser guide stars, an independent 
sodium column density monitor would also be extremely useful during the 
commissioning.  Again we anticipate that an existing sodium profiler would be brought to 
CTIO or Pachon for this measurement. 

During system integration, each of the subsystems and the system as a whole will 
undergo acceptance testing in the lab prior to being assembled with the telescope.  
However, some acceptance tests will still be done on the telescope with the integrated 
system.  Examples of these include confirming the ADC correction, verifying the NGS 
WFS probe arm acquisition, testing the acquistion of the LGS with the BTO, confirming 
the laser quality and return, and verifying the safety systems. 

Instrument commissioning is the phase between acceptance testing and System 
Verification (SV). It is assumed that the basic operation of the instrument has been 
confirmed during acceptance testing (AT).  The primary purpose of instrument 
commissioning is to characterise all aspects of the instrument, its use and its integration 
with the Gemini control systems. Unlike System Verification, scientific results are not the 
focus of instrument commissioning. Commissioning also provides a baseline against 
which subsequent routine calibrations may be compared.  

1.  Laser Launch System:  While the Laser Launch system will be verified during 
acceptance testing, its blind pointing accuracy and repeatability will be quantified as a 
function of zenith angle.  This remains an issue due to flexure of the telescope top end, 
even though the LLT primary mirror is now fixed instead of deployable. 
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♦  LLT blind pointing accuracy as a function of elevation angle 

2.  AO Module WFS Path:  The WFS path optics and detector quality will be confirmed 
once the system is on the telescope. 

♦  Calibration of noncommon path aberrations 

♦ LGS WFS absolute throughputs 

♦  LGS WFS detector performance: read-noise and dark current 

♦  NGS WFS throughputs 

♦  NGS WFS acquisition field 

♦  NGS WFS patrol field vignetting pattern 

♦  NGS WFS detector performance: read-noise and dark-current 

♦  NGS path ADC performance 

3.  AO Module Science Path:  The MCAO will be used with a number of focal-plane 
instruments so its science channel throughput and background will be characterized 
throughout its intended wavelength range (1-2.5 µm).  The absolute throughput of the 
MCAO with the commissioning camera will also be characterized. 

♦  Calibration of science path ADC 

♦  Throughput and background in J, H, and K with & without ADC 

Zero-points/Absolute throughput with/without commissioning camera 

Sky Background counts at zenith with/without the commissioning camera 

♦   AO Module Output Science Field-of-view 

♦   Flat-fielding characteristics 

♦ Astrometric calibrations: plate scale and focal-plane distortions 

4.  System Performance:  The performance of the MCAO system will be as a function of 
atmospheric conditions (r0, τ0, θ0, Cn

2(h), Nsodium, etc.), wavelength, laser guide-star 
brightness, and NGS brightness and location.  The functional requirements on the system 
performance include the delivered Strehl and PSF uniformity across the field. 

♦  Testing of on-axis/off-axis Image quality and PSF uniformity and comparison 
with model predictions 

5.  Operational Commissioning:  This includes the operational procedures and tuning of 
system parameters. 

♦  DM calibrations: DM offsets/gains and influence functions versus temperature 
(this is a repetition of tests already performed in the lab) 

♦  Control Servo optimization: measurement of the system loop transfer function 
and testing algorithms to optimize the control algorithm and gains. 
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♦  Verification of system monitoring of atmospheric parameters (e.g. r0, τ0, θ0) 

♦ PSF extraction algorithm 

Finally, a full end-to-end system verification will be done with a variety of observational 
programs to confirm the capabilities of the system.  The following instrument modes 
need to be confirmed:  nominal imaging, precision astrometry, and single/double NGS 
modes.   

3.3.2 Calibration 

Routine instrument setup will include daytime calibrations as well as a nightly setup 
procedure.  The AOM daytime calibrations check the system alignment, setup default 
gains, and determine interaction matrices as necessary.  LS daytime calibrations at startup 
include automatic system alignment, and the monitoring of power levels and spectral 
bandwidth.  All of these procedures are part of an automated calibration procedure that 
does not require 'on-sky' time.  An initial nightly on-sky setup is required prior to the start 
of science observations.  The primary function of these tests are to ensure proper 
alignment of the BTO and LLT to the optical axis of the LGS WFS, but also includes 
tuning control servos and measuring atmospheric conditions.  Depending on the 
repeatability of LLT/BTO alignment, this procedure may not be required each night.  

3.3.3 Concept of operations 

All detailed control of the AOM and LGS will be invisible to the end-user.  An observing 
program will need to specify the usual peripheral wavefront sensor guide stars 
(P1/P2/OIWFS) and additionally supply guide star coordinates for the auxiliary NGS 
tip/tilt sensors.  Since the MCAO control algorithm relies on accurate knowledge of the 
locations and magnitudes of the natural guide stars (NGS WFS and OIWFS), some 
observations (e.g. precision astrometry) may require preparatory observations of the field 
with the acquisition camera.   

For science observations, the system will complete a number of setup steps to 'close-the-
loop' after slewing to each target field.  These steps include acquiring the natural guide 
stars in the PWFS, OIWFS and NGS WFs, alignment of the BTO, propagation and 
acquisition of the LGS, and tuning of the AO control servos for science observations.  
Note that the accuracy of the natural guide star positions will not necessarily be sufficient 
for centering the probe arms, so the system must determine the probe arm zero positions.  
This is done by flattening the deformable mirrors, and then monitoring the centroid of the 
tip/tilt guide stars in the tip/tilt NGS WFS’s.  By averaging over the atmosphere, the zero 
position of the tip/tilt WFSs are determined to average the mean measured centroid.  The 
LGS safety systems (SALSA) are enabled throughout the setup and observations, and 
control the safety shuttering of the lasers via the GIS. 

A nominal shutdown follows the loop closing procedure in a reverse order. 

During periods when the MCAO system is not being used but may be needed at short 
notice, the system is placed in a stand-by mode.  In this state, all subsystems are aligned 
and ready to function but the laser is shuttered at the laser enclosure.  Examples of this 
standby mode are when slewing to new targets, at the beginning of the night after the 
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LGS/AOM has finished their setup procedures, and during science calibrations.  The 
standby mode keeps the state of the system frozen at one of following (1) the mean 
offsets (e.g. mean values of the actuator signals), (2) in a 'flat' state (e.g. deformable 
mirrors made as flat as possible), or (3) held at the last command positions (e.g. for 
debugging purposes).   

The MCAO will be used with a number of focal-plane instruments, for both imaging and 
spectroscopy.  The nominal mode of operation, as described above, is the same for 
imaging and spectroscopy.  However, a number of special operating modes of the system 
will be available to reach particular science objectives.  First, as described previously, the 
precision of the coordinates of the natural guide stars affects the scale in the focal-plane.  
For precise astrometry, preparatory observations of the field will be used to determine the 
coordinates.  Alternatively, the centering of the NGS WFSs can be done at the time of 
observation but with a longer setup time required.  The accuracy of the astrometry, 
specified to be 30 parts in a million (3 milliarcseconds over 100 arcsecond field), will be 
verified during system verification.  Second, in some cases, the requirement of three 
NGSs will not be met.  The system will be able to operate with fewer than three NGSs 
but with reduced performance.  During system verification, this mode will be tested and 
compared to the model predictions. 

A number of science operations will be supported.  When nodding off to take sky frames, 
the loop will not stay closed since it is generally not needed and the nod will generally 
take one or more of the T/T guide stars out of the acquisition range (thereby requiring a 
new constellation of T/T stars).  Relatively small dithers to remove detector cosmetics 
and/or make sky frames from science fields can be made as long as the constellation of 
T/T guide stars remains within the acquisition field.  For dithers the LGS stays fixed in 
relationship to the telescope pointing (the constellation moves on sky) while the NGS 
tip/tilt probes follow the dither.  Since the LGS remain fixed relative to the telescope 
pointing, it is straight 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 within the WFS dynamic range while the probe arms move during the 
dither.  It is to be determined whether the loops need to remain closed during the dither 
move.  Mosaicing of large fields can also be done, but if the constellation of natural guide 
stars moves out of the AO fold mirror field of view, then the new position is essentially a 
new target field since a new constellation of natural guide stars must be acquired for the 
NGS T/T WFSs.   

Chopping, a method commonly used at thermal infrared wavelengths to remove a rapidly 
varying sky, is not necessary for the wavelength regime of the system and would set 
severe constraints on the systems.  For example, the NGS tip/tilt guide star probes would 
need to follow the chop.  Chopping will not be supported. 

3.4  Availability Analysis 

3.4.1 Summary 

The overall failure rate and uptime of the MCAO instrument, beam transfer optics, 
launch telescope, and SALSA meet the requirements set in the FPRD and leave a 
comfortable margin for the remaining item: the laser. 
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Appendix D explains the Observing Efficiency spreadsheet mcao_rely.xls.  The 
calculations cover the loss of observing time due to object setup overheads, satellite 
interference, interference with other observatories, clouds, and equipment failures.   For a 
range of scenarios of varying optimism, 25 - 40% of the scheduled time on Cerro Pachon 
will be lost to these causes.  The main conclusion is that observing efficiency is 
dominated by clouds, and by the relatively brief time chunks permitted for propagating 
lasers.  These restrictions, intended to prevent harming satellites, provoke surprisingly 
frequent target acquisition overheads. 

The spreadsheet also covers detailed failure calculations, including a sensitivity analysis 
of overall reliability  (of the MCAO version of GSAO), as a function of laser system 
reliability.  This analysis assumes that laser reliability is a free parameter and shows that 
the instrument (MCAO +LLT+ BTO+SALSA) reliability meets specification.  This 
leaves a comfortable margin; a minimum 50 hours MTBF for the laser alone is sufficient 
to meet the 10% downtime specification for all of MCAO. 

3.4.2 Lost Time 

This table shows the chief result that 30-50% of the night will be lost to various 
overheads. 

Table 7: Lost time from Setup, Satellites, Other observatories, Clouds, and Failures 

The first data column is the lost time just to satellite interference for various observing 
scenarios. These satellite interference scenarios are explained in more detail, in Appendix 
D.  The rest of the table shows the total time lost. 

The first row assumes we need the full two minutes to slew and acquire PWFS2, together 
with two more minutes for target acquisition, which includes deploying the science and 
AO fold mirrors, as well as averaging the NGS WFS tip/tilt readings prior to starting 
integration on the astronomical detector. The next row assumes that the AO fold and 
Science Fold mirrors are already deployed.  The third row is for the case where 
astrometry is not necessary.  The fourth row is a very optimistic case where all 
calibrations like sky flats are taken when the laser is shut off to avoid satellites. The fifth 
row is for the commissioning case where we wait at the same target until the next 
permitted laser transmission time slot.   

The second column gives credit to a pulsed laser for increased immunity to thin clouds, 
whereas nearly photometric conditions would probably be necessary for MCAO with 

Satellite Interference Scenario Satellite  Loss Pulse CW (MCAO)
Full Setup + Astrometry 12.9% 30% 38%

Partial Setup + Astrometry 11.8% 29% 37%
Partial Setup, no Astrometry 9.1% 27% 34.9%

Part Setup- no astr'y. - cal if laser off 8.3% 26% 34.3%
Dwell on Same Object 43% 54% 59%

Laser Format
Total Down time
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multiple CW laser beams.  Conventional LGS AO with a single laser beam would still be 
feasible under thin cirrus, with some loss in performance. We use the queue scheduling to 
start observing when the sky clears in the middle of the night; even with the startup time 
for the laser, the efficiency is much higher than for classical scheduling. The probability 
of clouds at Cerro Pachon is discussed in appendix. The next table shows how the four 
main factors combine in the best case.  The calculation method is explained in the 
appendix. 

Table 8: Four main availability losses, best case 

Example lost time calculation - no astrometry
Failures (from  MTBF calculations below) 10.0%
Cirrus  Losses for Pulsed Laser 8.9%
Losses from Satellite inteference (cal(no laser) short setup, no astrometry8.3%
Other observatory interference (min/night) 2%

Total Lost Time (best case) 26%
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4. System Modeling 
During the Preliminary Design Phase, the principal goal of the system modeling activities 
has been to determine the degree of atmospheric turbulence compensation and delivered 
Strehl ratios that can realistically be achieved using MCAO on Gemini-South.  These 
studies have extended earlier results from the Conceptual Design Phase by investigating a 
range of higher-order effects and implementation error sources.  This section is an 
overview of the results obtained.  Subsection 4.1 summarizes the main features of a new 
wave optics propagation simulation developed to study MCAO, and Subsection 4.2 
describes new results on baseline system performance obtained from this code and 
additional analyses (see Appendices E and G for further details).  Subsection 4.3 outlines 
a variety of sensitivity and trade studies.  Subsection 4.4 investigates the expected 
accuracy of PSF reconstruction techniques (see Appendix F), and Subsection 
4.5discusses the potential limits on astrometric accuracy using MCAO.  Finally, 
subsection 4.6 outlines the possibilities for improving system performance by means of 
predictive control algorithms. 

4.1 Simulation Upgrades 

The MCAO performance estimates obtained during the Conceptual Design Phase were 
derived using geometrical (first-order) models for optical propagation through the 
atmosphere, MCAO optics, and wave front sensors. These results also assumed perfect 
alignment and calibration of the MCAO wave front sensors and deformable mirrors.  
These simplifications were acceptable for the purpose of determining how well an 
MCAO system could work if constructed properly, and for investigating how 
performance varied as a function of basic parameters such as the number and location of 
the laser guide stars.  Further progress in the design process required improvements in 
modeling fidelity to study a variety of higher order effects, including:  

• The nonlinearities and dynamic range limitations of Shack-Hartmann wave front 
sensors; 

• Scintillation and diffraction effects in the atmosphere and MCAO optics; 

• LGS elongation, aberrations, and pointing errors; 

• DM and WFS misregistration and edge effects; 

• DM hysteresis; 

Signal processing round-off errors; 

• Non-common path wave front errors; 

• WFS gain and bias calibration in the presence of the above; 

• Control loop temporal dynamics. 

We have developed a wave optics propagation simulation to evaluate these effects in an 
integrated fashion, and at least some results are now available for many of the items on 
the above   list.  Appendix E describes the models used to simulate these effects, as well 
as the sample simulation results for simpler AO systems that were obtained to validate 
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the code.  The simulation results for the Gemini-South MCAO system are summarized in 
the following subsection. 

4.2 Updated Baseline Performance 

4.2.1 Mean Strehl Ratios 

This subsection outlines the pedigree of the each entry in the MCAO portion of the wave 
front error budget, which is repeated below for convenience: 

3.0  MCAO System 199 238 290 
      Strehl at 1.65 microns 0.563 0.444 0.295 
       Atmospheric Compensation    
          Fitting Error 109 117 130 
          Anisoplanatism 133 169 222 
          Servo Lag 26 30 35 
          WFS Noise 32 37 43 
          Diffraction and Three-Dimensional LGS 48 55 65 
       Wind Shake (TBR) 34 34 34 
       Implementation Errors    
         Uncorrectable Errors 43 43 43 
         Non-Common Path Errors    
            Uncalibrated Flexure/Thermal Variations 41 68 80 
            WFS Centroid Gain Estimation Error 21 23 25 
         DM/WFS misregistration 24 24 24 
         LGS Focus 12 12 11 
        Component Nonlinearities (Hysteresis, Discritization,…) 10 10 10 

    
Table 9:  MCAO RMS Wave Front Error Budget. Values are in nm. 

Although the values in this table are presented in an RSS format, several groups of errors 
have in fact been evaluated via integrated analyses or simulations, with allocations for the 
individual error terms determined by turning off and on the various effects.  As of yet 
there is no fully integrated end-to-end MCAO simulation, and we are still using a 
combination of geometric analyses, wave optics propagation simulation, opto-mechanical 
modeling to study the different error terms. 

The effects of fitting error, anisoplanatism, and servo lag have been evaluated 
analytically based upon the same geometric optics models used for the CoDR.  Fitting 
error has been computed using the usual scaling law, σ2 = cf (d/r0)5/3, with a fitting error 
coefficient cf equal to 0.3 and a subaperture width d of 0.5 meters.  Next, we computed 
the wave front error due to anisoplanatism by analytically evaluating MCAO 
performance over the full 1 square arc minute field-of-view with zero WFS measurement 
noise and an infinite control bandwidth, and then subtracting out (via reverse quadrature) 
the contribution from fitting error computed above.  Similarly, we then determined the 
error due to servo lag by evaluating the loss in MCAO performance when the same 
calculation was repeated with a finite WFS sampling rate of 800 Hz and a control 
bandwidth of 34 Hz.  We used first order analysis, instead of simulations, to evaluate 
these three errors because they are linear by definition, so that no higher-order effects are 
neglected when the much faster analytical codes are applied. 
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Diffraction, 3-dimensional LGS, LGS WFS noise, and DM-to-WFS misregistration 
do introduce higher-order effects that are more adequately modeled via simulation.  
These errors were quantified by a series of four simulation runs, each of which used the 
same atmospheric phase screens and evaluated MCAO performance at center, edge, and 
corner of the 1 square arc minute field of view.  The first simulation neglected all four of 
these effects, and in principal should have obtained results identical to the analysis code 
because both methods are based upon the same linear model.  In actuality, the simulation 
and analysis results differed by 2-3 per cent in Strehl ratio due to the modeling issues 
described in Appendix E, a level of agreement that is still sufficient to anchor the 
simulation (the simulated Strehl ratios were actually slightly higher).  We then repeated 
the same simulation using wave optics propagation and 3-dimensional LGS, estimated 
the mean Strehl ratio reduction in H band over the full field from Strehl ratios at the three 
sampled field points, and translated this mean reduction in Strehl into the equivalent 
optical path difference listed in Table 9.  The third simulation then included (in addition 
to diffraction and 3-d LGS) photon arrival statistics and detector read noise, and the final 
simulation run included random DM-to-WFS misregistration errors and LGS pointing 
biases with RMS values derived from the AO module tolerance analysis described in 
Appendix K. 

The remaining terms in Table 9 can be considered implementation error sources.  Three 
entries are related to the imperfections in the AO module. Uncorrectable errors are 
exactly that, wave front aberrations due to optical alignment and fabrication errors that 
cannot be corrected using the deformable mirrors.  These errors have been taken from the 
AO Module tolerance analysis in Appendix K; the largest single contributor is the 
residual error in flattening the three DM’s themselves.  The non-common path errors 
between the science- and WFS optical paths are also documented in Appendix K, and 
enter the budget in two ways.  Although these errors will be calibrated before each 
observing run, any uncalibrated variation due to flexure and changes in temperature will 
degrade the wave front quality in the science path.  Even that fraction of the non-common 
path error that has been properly calibrated will still introduce wave front errors due to 
seeing-induced changes in the centroid gain of the LGS WFS, as described in part 3 of 
Appendix G. 

The value listed for windshake is borrowed from the Altair error budget, and must still 
be reviewed based upon tip/tilt jitter measurements at Gemini-South. The LGS focus 
term arises from inability of the LGS WFS focus loop to precisely track the random 
variations in the mean altitude of the sodium layer (see part 1 of Appendix G).  As 
mentioned earlier, the small allocation for other component nonlinearities is simply a 
placeholder at this time. 

4.2.2 Strehl Ratio Variability 

Our initial simulations results indicate no significant increase in Strehl ratio variability 
due to diffraction, 3-dimensional LGS, and DM-to-WFS misregistration, although the 
number of simulation runs and number of points in the field evaluated is still small.  For a 
zero degree zenith angle, the analytical estimate for the RMS Strehl variability over three 
field points at the center, edge, and corner of the 1 arc minute field is 5.23 per cent in K 
band, 8.99 per cent in H, and 14.94 per cent in J.  The corresponding values computed via 
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simulations incorporating the higher-order effects listed above are 5.13, 8.85, and 15.11 
per cent.  (Please note that both sets of values are somewhat more than twice the RMS 
Strehl variability as evaluated over the full field with a sufficient number of points, as 
presented in Table 5 in Section 3.2.1.   There is a significant “bump” in MCAO 
performance at the very center of the field that increases the Strehl nonuniformity 
computed using just these three field points.) 

4.2.3 NGS WFS Magnitude Limits 

The NGS WFS magnitude limit is defined as the point at which the combined effect of 
NGS WFS noise and servo lag degrades the field-averaged MCAO Strehl ratio by 50%.  
It is a function of many parameters, including the observing band, atmospheric turbulence 
profile, zenith angle, sky brightness, field-of-view diameter, NGS constellation geometry, 
telescope windshake, and numerous characteristics of the MCAO system itself.   

Several changes in, and an improved understanding of, a number of MCAO system 
parameters have led to modest improvements in our estimates for the NGS limiting 
magnitudes.  These parameters are: 

• The estimated optical transmittance to the NGS WFS is now about 0.4, not the 0.5 
specified as a requirement at the CoDR.  The value of 0.4 is the average of 
transmittance estimates at wavelengths of 0.5 and 0.7 microns, and is probably 
somewhat conservative for the K and M class stars most likely to be used as guide 
stars; 

• The size of the imager field-of-view is now 80 by 80 arc seconds, not 60 by 60 arc 
seconds as assumed at the CoDR.  The residual plate scale variations left 
uncorrected by MCAO must be smaller to achieve the same Strehl ratio over the 
larger field; and 

• For median seeing conditions at zenith, detailed AO simulations predict that the 
gain of the NGS WFS is improved by a factor of 1.8 due to the “sharpening” of 
the guide star image provided by MCAO.  This reduces the NGS signal level 
necessary for a given tip/tilt measurement accuracy and increases the magnitude 
limit.   

This final improvement will be partially eroded by wave front aberrations in the NGS 
WFS optical path, which are estimated to be on the order of 120 nm RMS by the AO 
Module tolerance analysis.  But this value is considerably smaller than the 200 nm RMS 
of residual turbulence-induced wave front errors, and would yield only a 17% increase in 
the total RMS wave front aberration if these two error sources combined in quadrature.  
We estimate that the penalty for low-order aberrations will be even less significant and 
have not included the effect at this time. 

The net impact of the three changes described above is to slightly improve the NGS WFS 
magnitude limits.  For example, the new limit is 20.6 for H band imaging, no telescope 
windshake, 20% sky background conditions (i.e., dark sky), and 3 widely spaced guide 
stars of equal magnitude.  Including nominal windshake estimates for Gemini-North 
degrades the limit to about 19.6 (no estimates or measurements of Gemini-South 
windshake are available at this time).  For 50% sky background conditions the limit is 
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19.5, and for 80% conditions (bright time) the limit is 19.2.  These results are all modest 
improvements over the corresponding values presented at the CoDR. 

4.2.4 Sky Coverage 

Sky coverage is defined as the probability of obtaining three NGSs, positioned 
adequately about the science target and brighter than the above limiting magnitude in a 
randomly selected field.  It is a function of the galactic latitude in addition to the 
variables listed above for sky coverage.   

MCAO sky coverage (SC) has been estimated using a Monte-Carlo code based on star 
counts taken from the Gemini model, which has been directly adapted from the Bahcall 
and Soneira model. Thousands of random fields were generated in the code, including 
stars from mR = 15 to 20. The potential NGS constellations were examined for each field. 
In particular, we computed the area defined by the 3 NGS potential candidates as the 
cross product V12⊗V13, where Vij is the vector separating guides stars i and j. The 
candidate constellation was validated if the norm of this product was over 1 square 
arcmin, or was over 0.5 square arcmin and the constellation bounded the field center. In 
all other cases, it was rejected. We allowed a slack of 15 arc seconds to center the science 
field on the instrument. In practice, this means that if no acceptable GS constellation is 
found, the case was re-examined with decentration of +/- 15 arc seconds in both R.A and 
dec.  This implicitly assumes that at least 1 square arcmin FoV instruments are used, and 
that the object does not need to be absolutely centered (i.e. there is no image quality loss 
associated with this decentering). 

MCAO sky coverage estimates have improved somewhat since the CoDR due to two 
reasons: 

• The improvement in limiting magnitude described above; and 

• The NGS WFS patrol field has been enlarged from 2.0 to 2.2 arc minutes in 
diameter.  The AO fold mirror causes a very modest amount of vignetting at the 
edge of this enlarged field, but we have not included this effect in our analysis. 

Table 10 below summarizes the probability of finding three stars of the given magnitudes 
within a 2.2 arc minute diameter field at galactic latitudes of 30 and 90 degrees.  These 
values have been computed via the Monte Carlo simulation described above and have 
error bars of approximately 1 %.  Combined with the new results on limiting magnitude, 
Table 10 indicates that the sky coverage for 20% sky background conditions at a galactic 
latitude of 30 degrees is about 78%, decreasing to 77 % and 71 % for 50% and 80% sky 
conditions, respectively.  At the galactic pole, the sky coverage value is about 18.5 per 
cent for the case of a dark or median sky background and somewhat less for bright time.  
These variations with sky background are not dramatic.   

Star Magnitudes 3 by 18.5 3 by 19.0 3 by 19.5 3 by 20.0 17.5 and 2 by 19.5 18.5 and 2 by 19.5 

30 degrees 
Galactic Latitude 

0.58 0.69 0.77 0.82 0.755 0.768 

Galactic Pole 0.085 0.135 0.185 0.240 0.160 0.190 

Table 10:  Probability of Detecting Three Guide Stars Adequately Placed within a 2.2 Arc Minute Field 
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The final two columns of the table indicate that the sky coverage probabilities are largely 
driven by the requirement to find three stars, since it appears that one of the three will be 
considerably brighter most of the time.  This implies that the Strehl ratio reduction is 
likely to be less severe than 50% over at least part of the field.  A more detailed analysis 
would be necessary to evaluate both the average Strehl loss and the reduction in Strehl 
uniformity. 

As a reminder, Sky coverage for the case of classical LGS AO was computed at the 
CoDR for similar conditions (50% Strehl attenuation on-axis due in equal part to noise 
and anisokinetism). We found sky coverage values of 16% and 44% for the galactic pole 
and 30 degrees galactic latitude, respectively. At 18% and 78%, MCAO has a certain 
advantage, and better performance. 

4.3 Sensitivity and Trade Studies 

4.3.1 Performance Variations with Seeing 

Figure 6 plots MCAO 
performance at zenith as a 
function of seeing, 
computed with the 
assumption that r0 varies 
because the entire 
atmospheric Cn

2(h) profile 
scales up or down.  
MCAO performance is 
described in terms of 
atmospheric compensation 
Strehl ratios in J, H, and K 
bands at the center, edge, 
and corner of the 1 square 
arc minute field-of-view.  
Implementation error 
sources and higher order 
effects such as 
noncommon path errors, 
diffraction, extended LGS, 
and DM-to-WFS misregistration are not included, so these results are primarily useful as 
a sensitivity study and as an upper bound.  Median seeing conditions at Cerro Pachon 
correspond to a r0 of 0.148 m at 0.5 microns.  Good (80th percentile) conditions 
correspond to an r0 of 0.187 m. 

It may be useful to note that the absolute Strehl ratio variability remains fairly constant as 
seeing changes, with the relative variability increasing or decreasing roughly in 
proportion to the mean Strehl. 

The results in Figure 6 can be combined with Cerro Pachon seeing statistics to 
characterize the fluctuations in MCAO performance that can be expected during a single 
science integration.  Figure 7 plots sample results on the expected fractional Strehl 

 
Figure 6:  Performance Variations with Seeing for a Zero Degree 
Zenith Angle and Bright NGS 
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change from the beginning to end of an observation.  This change is about 7 per cent in K 
and 10 per cent in H for a 15 minute observation, increasing to somewhat larger values 
for integration times of 30 minutes or more.  These results help to define the performance 
required of PSF estimation algorithms.   

4.3.2 Performance 
Variations with LGS 
Signal Level 

Figure 8 is similar to Figure 6, 
except that the LGS WFS 
signal level varies instead of 
atmospheric seeing.  The wave 
front reconstruction algorithm 
and control loop bandwidth 
have been held fixed at their 
nominal values, so the results 
in this figure illustrate the 
changes in performance that 
could be expected as the LGS 
signal level varied during a 
single science observation.  At 
this point, we are only beginning to collect the statistics on sodium layer variability 
needed to quantify the expected changes in MCAO performance as was done above for 
the case of variations in seeing.  Still, it appears that these changes are fairly modest for 
fluctuations in the LGS signal level of up to plus or minus 50 per cent from our nominal 
design point. 

Once again, the change 
in the absolute Strehl 
ratio non-uniformity 
over the field as 
conditions vary is fairly 
modest.  MCAO per-
formance could be 
improved slightly at 
lower signal levels by 
re-optimizing the recon-
struction matrix and 
control loop bandwidth, 
but (as illustrated in 
subsection 4.3.3 below) 
we expect that this 
improvement would be 
small. 
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Figure 7:  Fractional MCAO Strehl Change with Time 

 
Figure 8:  Performance Variations with LGS Signal Level for a Zero 
Degree Zenith Angle and Bright NGS 
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 5 Nominal LGS 1 Nominal and 4 Half-Power LGS 

 Center FoV Edge FoV Corner FoV Center Fov Edge FoV Corner FoV 

J band 0.542 0.411 0.401 0.520 0.374 0.356 

H band 0.703 0.598 0.586 0.686 0.565 0.545 

K band 0.820 0.748 0.738 0.808 0.724 0.707 

Table 11:  MCAO Performance with a Reduced Laser Complement 

The possibility certainly exists that the Gemini-South MCAO system may not initially 
operate with the baseline complement of five 10-Watt class lasers due to reasons of either 
schedule or cost.  Operations in conventional LGS AO mode could (and probably will) 
begin with a single 10-Watt laser.  Table 11 above outlines the relative level of 
performance that could next be achieved with an intermediate laser system consisting of 
3 10-Watt lasers or perhaps a single 30-Watt laser, with the output arrayed into one full 
power and four half-power beams.  These results have been computed for the same 
conditions assumed for Figure 6 and Figure 8:  zero degree zenith angle, median seeing, 
bright NGS, and no higher order effects or implementation error sources.  There is some 
loss in Strehl ratio uniformity with the intermediate laser configuration, but the Strehl 
ratios at the corner of the field would still be useful and are large improvements upon 
what is possible with conventional LGS AO.  Of course, this reduced power 
configuration would have corresponding less margin for reductions in laser beam quality, 
optical or atmospheric transmittance, and seasonal fluctuations in the sodium column 
density. 

4.3.3  Performance Variations with Control Bandwidth 

During the conceptual design 
phase, we arrived at our 
baseline 800 Hz WFS 
sampling rate and 34 Hz 
closed loop bandwidth for 
MCAO based upon 
simulation studies of 
conventional LGS AO 
systems.  The CoDR 
committee recommended that 
we investigate how much 
additional performance could 
be gained by explicitly optimizing these parameters for MCAO.  Table 12 summarizes 
the results of such a study, in which the WFS sampling rate and control loop bandwidth 
were varied proportionately, yielding bandwidths in the range from 28.0 to 38.7 Hz (the 
same disclaimer appearing in sections 4.3.1 and 4.3.2 above as to which effects have been 
considered and neglected applies here as well).  The variations in Strehl ratio with control 
loop bandwidth are strikingly small, possibly in part because the wave front 
reconstruction matrix was re-optimized at each sampling rate to account for the changing 
levels of servo lag and WFS measurement noise.  But the change in overall performance 

 H band Strehl Ratio 

Sampling Rate, Hz Center FoV Edge FoV Corner FoV 

650 0.710 0.603 0.581 

700 0.710 0.601 0.579 

750 0.709 0.599 0.577 

800 (baseline) 0.708 0.597 0.574 

850 0.707 0.595 0.572 

900 0.706 0.593 0.569 

Table 12:  MCAO Strehl Variations with WFS Sampling Rate 
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with respect to control bandwidth will be gradual near the optimum in any case, since the 
opposite trends in these two error sources will tend to cancel out.  

4.3.4 Continuous Wave vs. Pulsed Lasers 

We have not yet established a baseline pulse format for the MCAO Laser System.  Pulsed 
lasers with a pulse repetition frequency (PRF) equal to the WFS sampling rate are 
superior in principle to CW lasers and lasers with a higher PRF on a number of counts, 
but we do not wish to exclude any candidate laser technology unnecessarily.  The 
following three subsections describe initial thoughts and calculations on the relative 
advantages and disadvantages of pulsed and CW laser systems.  We will continue to 
study these issues as new results are obtained from the risk reduction demonstrations and 
the CTIO sodium layer measurements. 

4.3.4.1 Control Loop Bandwidth and Phase Margin 

Pulsed lasers can improve the performance of the MCAO servo loop by decreasing the 
delay between the LGS WFS measurement and the time that the estimated wave front 
correction is applied to the deformable mirrors.  We have evaluated the magnitude of this 
improvement for a simplified single input / single output sampled data system with a 
representative temporal filter of the form 

c(n+1) = 0.5 [c(n) + c(n-1)] + e(n), 

where c(n) is the command sent to the deformable mirror at cycle n, and e(n) is the 
residual error measured by the wave front sensor.  This is the nominal control law used 
for MCAO performance analysis and simulations, and it is consistent with the signal 
processing latency specified for the MCAO Control System.  Because the bandwidth of 
the DM itself is very high, the command c(n+1) is a good approximation to the figure of 
the DM from time (n+1)dt to (n+2)dt, where dt=1/f is the frame time for the AO loop 
update rate f =800 Hz.  For a CW laser system, the closed-loop error measurement e(n) is 
an integrated value obtained between the times (n-1)dt and n dt, and over this time 
interval the command c(n-1) was applied to the DM.  The effective latency is therefore 2 
cycles when the servo is modeled as sampled data system:  The correction applied over 
the interval [(n+1)dt, (n+2)dt] is derived from the value of the correction and input 
disturbance over the interval [(n-1)dt, n dt].   

For a pulsed laser system the latency is reduced, assuming that the laser and LGS WFS 
are synchronized so that pulse arrives immediately before the WFS CCD is read out.  For 
a laser duty cycle of 0.2, for example, the LGS WFS measurement would be integrated 
over the interval [(n-0.2)dt, n dt], yielding and effective latency of only 1.6 cycles. 

Table 13 summarizes the results of a sampled data system analysis based on the above 
reasoning.  The pulsed laser format is modestly superior in terms of the –3dB closed loop 
bandwidth, the 
phase margin at 
the open loop 
crossover fre-
quency, and the 
gain margin.  The 

Pulse format Loop Bandwidth, Hz Phase Margin, Degrees Gain Margin, dB 

Pulsed 37.6 75.4 15.6 

CW 34.4 67.3 9.5 

Table 13: MCAO Servo Loop Performance  with CW and Pulsed Laser Formats  
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performance characteristics for the CW laser are still acceptable. 

4.3.4.2 LGS WFS Background Noise Due to Rayleigh Backscatter 

Atmospheric backscatter is a potential source of WFS background noise for any LGS AO 
system, but especially so for a MCAO system where the line-of-sight from a WFS to its 
guide star can actually pass through the other laser beams propagating in different 
directions.  On photometric or near-photometric nights, the magnitude of this background 
for a CW laser system can be computed assuming Rayleigh (or molecular) scatter and 
standard formulas for the density of the atmosphere vs. altitude.  Appendix X describes 
such calculations for the Gemini-South MCAO laser beacon constellation and LGS WFS 
subaperture geometry.  Sample results are plotted in Figure 9 for the on axis LGS WFS, 
and in Figure 10 for one of the four LGS WFS viewing guide stars 42.5 arc seconds off-
axis.  Due to the relatively small WFS field-of-view of 2 by 2 arc seconds, the Rayleigh 
backscatter distribution is localized in the relatively small number of subapertures that 
must look directly through an intervening laser beam to view their guide star. 

For the nominal LGS WFS signal level of 125 signal photodetection events per square 
centimeter per second, the maximum Rayleigh backscatter background exceeds the signal 
by factors of about two and three for the on- and off-axis LGS WFS, respectively.  
Assuming accurate subtraction of the time-averaged background on each subaperture, the 
LGS WFS signal-to-noise-ratio (SNR) is reduced from about 16.8 to values of 11.0 and 
9.5 for these worst-case background levels.  A system using pulsed lasers can avoid this 
penalty by range-gating the LGS WFS integration time to eliminate the Rayleigh 
backscatter, but the loss of SNR does not seem to be large enough to exclude CW lasers 
from consideration on this basis alone.  During the detailed design phase, we will 
incorporate these estimates of Rayleigh backscatter background noise into our AO 
simulations, and may also measure the true variability of the Rayleigh backscatter in 
conjunction with the CTIO sodium layer measurements. 

4.3.4.3 Operation with Subvisible Cirrus 

The above conclusion changes drastically if thin or subvisible cirrus is present, since in 

  

Figure 9:  Rayleigh Backscatter Pattern – On-Axis 
LGS WFS 

Figure 10:  Rayleigh Backscatter Pattern – Off-axis 
LGS WFS 
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this case changes in the altitude and density of the cirrus on time scales of a few seconds 
will effectively make it impossible to accurately track and subtract off the mean Rayleigh 
backscatter background level.  We seriously doubt that MCAO with a CW laser system 
could be used under these conditions, although operation in a classical LGS AO mode 
with a single laser beacon should still be possible with some loss in performance due to 
the reduced guide star signal level and SNR. 

What laser pulse lengths enable MCAO operation with thin or subvisible cirrus?  Ideally, 
the pulse should be short enough to satisfy two conditions: 

• Rayleigh backscatter from the trailing edge of the pulse ends before sodium 
backscatter from the leading edge begins (t1).  For the Gemini-South MCAO 
guide star constellation, the greatest range at which Rayleigh backscatter causes 
interference between different guide stars is about 20 km. 

• Sodium backscatter from the trailing edge of the pulse finishes before the start of 
the next pulse (t2). 

If the pulse is too long to satisfy these conditions, there is some loss in the usable signal 
level when the LGS WFS CCD is gated on at time t1 and off again at time t2. 

Figure 11 illustrates sample results on the fraction total signal that is uncontaminated by 
Rayleigh backscatter between guide stars as a function of zenith angle, laser PRF, and 
laser duty cycle.  These results assume uniform laser pulse intensity and a uniform 
sodium layer distribution between 90 and 105 kilometers above the site.  Consider the 
case of an 800 Hz PRF (the lower plot) first.  At zenith angles below about 40-45 
degrees, a duty cycle of 0.3 or less eliminates this source of measurement noise, while a 
duty cycle of 0.4 or 0.5 might still be usable with some loss of signal.  All pulse formats 
have difficulty at a zenith angle of 60 degrees, since the round-trip time to the sodium 
layer is only about 50 microseconds shorter than the time between pulses.  MCAO 
operations would only be possible under near-photometric conditions at this zenith angle 
for an 800 Hz PRF. 

The situation at large 
zenith angles improves 
with a 700 Hz PRF, but 
only at the expense of 
poorer performance near 
zenith.  This trend 
continues if the laser PRF 
is further reduced. 

4.4 PSF Reconstruction  

As in any AO system, the 
correction provided by 
MCAO system will not be 
perfect, due to various 
effects including fitting 
error, servo-lag, WFS 

 
Figure 11:  Fraction of LGS WFS signal uncontaminated by Rayleigh 
backscatter between beams.  DC is the laser duty cycle. 
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noise, spatial aliasing, incomplete tomography, etc. The amplitude of these errors can 
vary drastically from one science exposure to the next. It follows that the PSF can also 
change significantly. Unless these changes are known, they can prevent the quantitative 
interpretation of the science images (astrometry, photometry, etc). 

We are investigating methods to determine the MCAO PSF from the measurements 
collected and the commands applied by the AO control loop during the science exposure. 
This approach is very appealing because it involves no observing time loss and because 
the PSF estimation is based on data exactly synchronous with the science acquisition, 
even when no point sources are available in the science field.  This method has been 
developed for a classical AO system based on a curvature WFS and has been successfully 
implemented on PUEO, the CFHT AO system.  Significant challenges exist in 
generalizing this technique to a system that includes multiple DM’s and a combination of 
both NGS- and LGS WFS’s.  Appendix F is a very preliminary discussion of how this 
approach could be generalized to a MCAO system such as the one envisioned for Gemini 
South. 

4.5 Astrometry 

Astrometry is an important science driver for MCAO that emerged at the Santa Cruz 
workshop. MCAO, with its near-IR imager, is an ideal instrument to do astrometry: The 
large format (4k by 4k) detector, which provides approximately 2000 points of resolution 
across the field of view, the high and uniform angular resolution, and the stabilization of 
the plate scale make it a potentially powerful and unique astrometric instrument. Its 
capacity in term of ultimate astrometric accuracy will never match dedicated space 
missions (Hipparcos, GAIA,…), which will in the near future reach levels of a few micro 
arc seconds. But these space instruments have small apertures and are therefore limited to 
fairly bright objects. In one exposure, MCAO with an imager will capture a large field 
and collect photons from the 8-m Gemini aperture, providing both multiplexing and 
sensitivity gains with respect to space instruments. It should therefore open new 
possibilities. 

Astrometry, however, has never been an easy venture for ground-based instruments, in 
part because they are not truly designed and built for this application. The measurements 
are dominated by systematic effects: Plate scale variations due to the telescope or 
instrument, static and dynamic high-order optical aberrations causing distortions, detector 
inter- and intra-pixel gain variations, residual distortions due to atmospheric turbulence, 
and others. It is always possible to devise calibration methods to take into account (most 
of) the static terms, but calibrating the dynamic effects is a difficult task. Another 
complication with MCAO is due to the very same feature that makes MCAO attractive: It 
has the ability to compensate for high altitude turbulence, since several deformable 
mirrors are conjugated above ground and do not effect all points in the field in the same 
way. A bias in the actuator commands, for whatever reason, will consequently induce a 
local distortion in the focal plane. How local this distortion is depends upon the exact 
geometry of the system, in particular the altitude of the deformable mirror. In a word, 
what makes MCAO powerful for astrometry is also what threatens to destroy its 
astrometric abilities. 
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This astrometric mode is very demanding. Accuracy of one milliarcsecond over the 80” 
field of view of the imager is barely one part in 100,000, which is, to say the least, a 
challenging number. Prior to the MCAO workshop, the goal was one part in 10,000. This 
would still provide milliarcsec accuracy in short distance measurements, as for instance 
double stars with small separations (one milliarcsecond accuracy is achieved with up to 
10 arcsecond separation for this value). Relative star-to-star velocities in dense clusters 
could also be measured to determine cluster membership, although other errors arise if 
the cluster is too dense, including limitations in PSF knowledge that degrade position 
determination when stars are closer than the typical halo extent of 0.5-1.0 arc seconds. 
Even then, one part in 10,000 does not come without proper precautions and calibrations.  

Since conducting the MCAO science workshop and drafting the science case, we are now 
in the process of identifying the astrometric limitations associated to MCAO and devising 
calibration methods. Some of the identified problems are: 

• Changing distortions due to flexures. In the current MCAO opto-mechanical 
design, the RMS two-axis amplitude of the differential distortion due to flexure 
between zenith to 30 degrees elevation is by itself 26 milliarcseconds, with 
another 12 milliarcseconds arising from temperature fluctuations of +/- 20 
degrees. We intend to calibrate these effects. But how precise and repeatable will 
the calibration be? 

• Positioning the tip/tilt NGS probes: This is one of the main limitations for 
absolute plate scale determination. One obviously cannot rely on catalog positions 
at the required level of accuracy. The current scheme is to average the position of 
each of the 3 NGS on the tip/tilt WFS to remove most of the atmospheric plate 
scale variations. A one-minute average should lead to remaining biases on the 
order of a few milliarcseconds. If the stars are separated by an arcminute or so, 
this residual atmospheric error corresponds to less than one part in 10,000, but 
significantly more than one part in 100,000. In any case, averaging the dynamic 
plate scale variations due to the atmosphere does not compensate for possible 
biases introduced by the telescope optics, or by the MCAO optics in front of the 
tip/tilt WFS. Several possible solutions exist to measure these biases: 

o Have an external absolute plate scale calibrator.  

§ This could be a nearby stellar object (e.g., a hipparcos double star), but 
there is no insurance that the telescope / MCAO plate scale will remain 
the same to one part in 100,000 between the two observations.   

§ This could be an object in the science field itself. This object should be 
stable with respect to the effect to be measured. For instance, if one 
wants to measure the apparent velocity of knots in superluminous jets 
around a quasar, one could use neighboring galaxies and/or quasars as 
a reference from one epoch to the next. This obviously provides only 
relative astrometry, and is not an absolute means of measuring the 
plate scale, but might be the preferred approach for some applications 
as it provides a very robust calibration. 
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§ This could be a device (e.g., sources with fixed separation) located at 
the top of the telescope. Several years ago, F. Roddier proposed a 
system that featured a laser source, split into two or more beams, 
mounted on the telescope spiders and emitting downward along the 
optical axis. This will form interference fringes at the focal plane, the 
spatial frequency of which is inversely proportional to the source 
separation. This diagnostic does not come without its own problems, 
however. For instance, each beam sees only a small fraction of the 
telescope and instrument optics, and local aberrations can be mistaken 
for a global plate scale change. We nevertheless plan to investigate this 
possibility. 

§ This could finally also be a device at the input of the MCAO AO 
module. With position-controlled sources just outside of the MCAO 
entrance field of view (2 arcmin), one could calibrate the absolute 
plate scale errors introduced by the MCAO optics simultaneously with 
science observations. The main limitation of this scheme is that it 
obviously does not account for telescope effects. 

o Do telemetry on the MCAO control signals. The exposure-averaged command 
on the deformable mirror and/or the residual WFS measurements can provide 
some information on plate scale variations. However, this is not a self-
calibrated method, and it relies on more or less strong assumptions on the 
system behavior and the sources of the distortion. We are nevertheless 
investigating such methods.  

The bottom line is that we are still in the process of devising methods for very high 
accuracy astrometry. If new hardware is necessary, it will need to be incorporated into the 
design. This will be investigated as soon as possible after the PDR. 

4.6 Advanced Control Concepts 

Predictive algorithms are very efficient in increasing the rejection of coherent signals -- 
signals that may have low amplitude or SNR, but that are sustained over long period of 
time and are due to coherent or cyclic sources. Predictive algorithms for adaptive optics 
give their best results with tip-tilt, which is the most “predictable” mode with low 
frequency content that induces relatively long-lasting “structures.” But windshake is 
actually where prediction can be the most effective. Windshake is -- almost by definition 
-- a coherent phenomenon, as it occurs at well-characterized frequencies that are the 
natural resonances of the telescope and control system. An optimized predictive control 
algorithm could exploit this and reduce the windshake-induced image motion by up to 
several orders of magnitude. We may test the performance of this method with the 
Gemini active optics systems before MCAO comes on-line. 
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5. Subsystem Design 
5.1 Adaptive Optics Module 

The Adaptive Optics Module (AOM) includes all of the optics, sensors, and electronics 
needed to compensate the input f/16 science beam and relay it to a science instrument at 
f/33.  These components include the principal elements of the real-time MCAO control 
loop as described previously, namely 3 deformable mirrors, a tip/tilt mirror, 5 higher-
order LGS wave front sensors, 3 tip/tilt NGS wave front sensors, and the real-time 
control electronics. The AOM is mounted to the Gemini Instrument Support Structure 
(ISS).  The maximum volume envelope is 2400 mm deep by 1500 mm wide by 1350 mm 
tall, and the estimated mass is 980 kg.  All service interfaces are through the ISS.  All 
real-time-control electronics for the AO control loop must be packaged as part of the 
AOM. 

5.1.1 Optical Bench 

The Optical Bench consists of the opto-mechanical components of the AOM and the 
associated sensors, mechanisms, and motors.  Figure 12 is a schematic illustrating its 
principal optical components.  Beyond those already mentioned, these components 
include off-axis parabolas to first recollimate and then refocus the input beams, 
beamsplitters to separate the science, NGS, and LGS optical paths, atmospheric 
dispersion correctors (ADC’s) in the science and the NGS WFS paths, and two 
subsystems for WFS and DM calibration: 

• Simulated natural- and laser guide stars located at the cassegrain focus near the 
entrance of the AOM. These simulated guide stars are used for (i) verification of 
optical alignment between AOM and science instruments,  (ii) PSF and field 
distortion calibration, (iii) measurement of DM influence functions and DM-to-
WFS alignment, and (iv) closed-loop tests of the MCAO control loop. 

 
Figure 12:  MCAO Optical Bench 
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• A higher-order WFS located in the output science path.  This sensor patrols the 1 
arc minute radius field, and is used for diagnostic wave front measurements with 
the NGS source simulator.  These measurements provide an end-to-end evaluation 
of AO module optical performance, and they are used as input to a “tomographic” 
wave front reconstruction algorithm to adjust the DM actuator commands and 
minimize the field-averaged wave front errors in the science path.  This sensor in 
effect substitutes for the “DM interferometer” found in several existing AO 
systems. 

5.1.1.1 Optical Design 

The complete optical design of the AO module consists of several sub-designs that serve 
joint or individual tasks. The Science Path through the module is nearly diffraction 
limited for the visible spectrum, and fully so for the infrared. The service paths that feed 
NGS and LGS beams to their respective detectors are likewise nearly diffraction-limited. 
Special requirements beyond normal resolving power, such as precise mapping of the 
deformable mirrors onto Shack-Hartmann planes, are also addressed and optimized. 

5.1.1.1.1 Design Requirements 

Top-level optical design requirements for the AO Module are summarized in Table 14.  
Several changes from the requirements presented at the CoDR are highlighted in bold, 
and performance estimates for the current design are italicized.  The estimated science 
path wave front error due to flexure at 45 degrees is somewhat larger than the 
requirement, but this is a preliminary worst-case estimate before any optimization of the 
mechanical design.  The predicted wave front errors in the NGS and LGS WFS paths are 
within their requirements under the assumption that most of these errors are relatively 
Parameter Science Path NGS WFS Path LGS WFS Path 

Spectral passband, 
µm 

0.85-2.5  

 

0.5-0.85 0.589 

Field-of-view radius, 
arc min 

1 1 1 (width of square FOV) 

90—200 km range 

Wave front quality 60 nm RMS uncorrectable and non-
common path errors (59 nm at 
zenith; 96 at 45 degrees) 

0.15 arc sec RMS spot 
size (120 nm RMS 
WFE)  

Peak subaperture tilts less than 0.1 arc 
sec (102 nm RMS WFE) 

Optical transmittance  0.75 (0.74 at 1.0 micron; 0.80 at 
1.65; 0.82 at 2.2) 

0.7 (0.46 at 0.5 micron; 
0.69 at 0.7) 

0.7 (0.65) 

Pupil imaging Worst case pupil motion of 3% on 
instrument cold stop (2% RMS) 

NA Worst case WFS-to-DM misregistration 
10% of a subaperture width (6.4% RMS) 

Emissivity 19% NA NA 

Atmospheric 
dispersion at 45 
degrees, arc sec 

0.007 for 0.85+/-0.07 µm  (0.002) 

0.010 for 1.25+/-0.1 µm (0.0039) 

0.013 for 1.65+/-0.1 µm (0.0019) 

0.018 for 2.20+/-0.2 µm (0.0023) 

0.05 

 

NA 

Table 14:  AO Module Optical Design Requirements 

Deviations from the requirements presented at CoDR are in bold, and current performance estimates are 
italicized. 



MCAO PDR 

 

GEMINI SOUTH MULTI-CONJUGATE ADAPTIVE OPTICS                                                                                            PAGE 51  
PRELIMINARY DESIGN REVIEW DOCUMENTATION 
 

low order (100 nm RMS coma, for example, corresponds to peak wave front tilts of about 
0.1 arc sec).  Optical transmittance estimates for the LGS and NGS WFS paths are 
somewhat below requirements, and the new values have been used to update laser power 
requirements and NGS magnitude limits.  Preliminary estimates for pupil imaging are 
generally consistent with the requirements, and the values for DM-to-WFS 
misregistration have been used in detailed simulations to assess the impact upon closed-
loop AO performance.  The requirements for atmospheric dispersion correction have 
been easily met.  

5.1.1.1.2 The Gemini Telescope 

The Gemini South 8M telescope is a Ritchey-Chretien “cassegrain” (coma-free field, 
residual astigmatism and field curvature) with its aperture stop at the secondary mirror. 
Its nominal focal length is 128M, clear aperture 7.9M, producing an f/16.2 focus. Since 
the stop is on the secondary mirror, the distance to focus equals the distance from the exit 
pupil, 16.549M.  With the AO fold mirror inserted, this image plane is located 
approximately 0.7 meters within the AO module.  The image plane for a 2 arc-minute 
diameter field is 74.47mm in diameter. 

5.1.1.1.3 Science Path 

The layout of the AO Module science path is shown in Figure 13 with the on-axis beam. 
The design has changed significantly since the CoDR to allow in-plane packaging, 
preserve exit pupil location, enable the use of a conventional tip/tilt mirror, and create 
space in the collimated path for the science path ADC and beamsplitter.  The optical 
prescription is contained in Appendix H. This optical relay changes the focal length to 
262.2M, f/33.2, producing a flat, unvignetted image 152.4mm in diameter, located in the 
same position as the original cassegrain focal plane, and with the same exit pupil 
distance, 16.5M forward 
of the image. The MCAO 
focal plane is 
perpendicular to the 
apparent optical axis, is 
diffraction limited, with 
mapping distortion less 
than 2% over the field of 
view. All optical elements 
have significantly over-
sized clear apertures to 
facilitate component 
fabrication and to relax 
non-critical alignment 
tolerances, ensuring that 
the transmitted field of 
view is unvignetted over a 
field at least 2 arc-minutes 
in diameter. 

 
Figure 13:  AO Module Science Path 
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5.1.1.1.3.1 Optical Layout 

The underlying design consists of two off-axis paraboloids (OAP’s) enclosing three 
deformable mirrors, a fast tip-tilt mirror (TTM), a beamsplitter that transmits the science 
path and reflects light to controlling wave front sensors, a two-group atmospheric 
dispersion corrector (ADC), plus two folding mirrors as required to package the optics. 

The two OAP’s, designated OAP1 and OAP2, form a finite conjugate relay with 
collimated light separating them. DM0 is placed at the image of the telescope’s secondary 
mirror (the telescope’s aperture stop) formed by OAP1, while OAP2 is separated from 
DM0 so that the exit pupil distance becomes the same as that of the telescope alone. 
Because the entrance pupil of this system is nearly telecentric, all principal rays pass 
through the center of DM0. A paraboloid actually has two foci, one of which is at 
infinity, and any principal ray that passes through such a focus results in an image free of 
astigmatism. The mirrors are disposed so that OAP2 cancels coma from OAP1 (as in a 
Mersenne telescope), and of course there is no spherical aberration. The relay is then 
tipped about the front focus to provide an output image perpendicular to the central ray, 
which becomes the apparent optical axis. An additional benefit of using OAPs is that the 
mapping error is under 2%, something not characteristic of unobstructed reflective 
designs. Attempts to replace the OAPs with cheaper toroidal mirrors result in serious 
mapping distortions. 

Figure 14 and Figure 15 illustrate the H band performance of the science path optical 
design, which is fully diffraction limited over the full 2 arc minute diameter field of view. 

The ADC prisms can contribute to mapping error, and indeed some small amount exists. 
However, the interesting warp shown in Figure 16 arises mainly from the OAP’s.  The 
maximum distortion is about 1.95 per cent. 

  

Figure 14: H-band RMS wave front error vs. field 
distance off-axis, for a representative meridian 
(upper field of view). Zenith Angle = 45 degrees, 
with ADC in operation to correct atmospheric 
dispersion. 

Figure 15: Geometrical spot diagram showing H-
band (1.55 – 1.75 microns) image quality over the 
two arc minute diameter field. Circles show the 
diameter of Airy Disc, indicating diffraction-
limited performance. Zenith angle = 45 degrees, 
with ADC in operation to correct atmospheric 
dispersion. 
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5.1.1.1.3.2 Science Path ADC 

The ADC design is simplified by placing 
prisms in the collimated space between 
OAP1 and OAP2. Two identical doublets 
consist of CaF2 and fused silica. The 
principle is that while only a single piece 
of dispersive material is required to 
compensate atmospheric dispersion, a 
second piece is added to yield zero 
angular deviation at the mean wavelength. 
The bonded pair of prisms can be tilted to 
help reduce the axial decentration, but 
other requirements, such as minimizing 
secondary lateral chromatic aberration, 
result in a small axial deviation from the 
doublets. The consequence of this is that 
when the telescope is used at a zenith 
angle of 45 degrees, the system exit pupil 
in the H-band (1.6 microns wavelenth) 
tilts by an angle equal to the axis 
decentration, 0.5 mm, divided by the focal 
length of OAP2, 2108.8mm, for a 
maximum 1.6% transverse shift of the 
exit pupil. 

The design of the ADC is driven by the 
need to have one set of prisms span all 
four bands: I, J, H and K. The atmosphere 
is most dispersive at shorter wavelengths. 
In fact, if we were to start at the J band 
instead of I, the prism angles would be 
only a third as large. There is probably no 
harm to having the comparatively large 
prisms, but it is interesting to note that in the H-band, the prisms are only counter-rotated 
by 3-degrees from their null position, and scarcely any rotation at all is required for the K 
band. 

The residual atmospheric dispersion at a zenith angle of 45 degrees has been computed, 
and the requirements listed in Table 14 are easily met. 

5.1.1.1.3.3 Science Path Beamsplitter BS1 

The Science Path contains a beamsplitter whose purpose is to transmit as much of the 
science radiation as possible, and reflect visible light shortward of the I-band. 

BS1 is 203mm in diameter and 25.4mm thick, and is made from water-free fused silica. It 
must be thick enough to avoid mechanical distortions, including those caused by dichroic 

 
Figure 16: H-band mapping error, 45-deg zenith 
angle, with ADC activated to correct atmospheric 
distortion. 

 
Figure 17:  Science Path ADC aligned for maximum 
correction in the I-band (0.78 - 0.92 microns). Full 
counter-rotation produces zero correction. Angular 
deviation of axis is zero at 0.85 microns 
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and antireflection coatings, yet as thin as possible to reduce emission and absorption in 
the infrared. Located in collimated light, its thickness is optically irrelevant. 

Achieving efficiency at a tilt of 38-degrees, with a variation of  +/- 1.7 degrees due to the 
field angle of the telescope, is more difficult than with a smaller tilt, yet our layout 
reduces the tilt to a practical minimum. It had been reported by the Altair group that it is 
more efficient to transmit Science light than reflect it, which guided our choice with 
MCAO. 

When a tipped plane-parallel plate of glass lies in a collimated beam, ghost images 
perfectly coincide with the parent image at the final focus…provided that the wedge error 
is negligible. The passive side will also be antireflection coated to maximize 
transmission. 

5.1.1.1.4  NGS Path 

5.1.1.1.4.1 Optical layout 

The NGS path is shown in Figure 18 with the principal rays. The optical prescription is 
given in Appendix H. Owing to the tight packing, clear apertures and mechanical 
dimensions are restricted and there is a particularly difficult area surrounding the final 
Field Lens and the detector. 

The incident NGS beam is 
reflected from BS1 (which 
transmits the Science Path light), 
recollimated by OAP3, folded with 
a flat mirror, transmitted through 
BS2 (which has a Rugate or 
similar notch coating to reflect the 
sodium laser at 589nm), 
transmitted through an ADC made 
from anomalous dispersion optical 
glass, reflected with a fold flat, and 
transmitted through an aspheric 
field corrector lens before reaching 
the detector plane. OAP3 was 
determined by layout constraints 
plus the desire to make the output 
telecentric. Only when telecentric is a beam’s center independent of defocusing, and 
telecentric output also simplifies the mechanical design of the NGS WFS probe arms. 
The result is that the OAP3 has the same focal length as OAP1, and is a duplicate in all 
important respects, for probable cost savings. This symmetry eliminates most of the field 
aberrations of the dual-OAP relay. 

Assurances have been received from a prospective vendor that a “Rugate” coating can be 
obtained that will provide adequate efficiency in reflecting the sodium light upward into 
the LGS path, minimizing any sodium light transmission into the NGS path, and 

 
Figure 18:  NGS Path Optical Layout 
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effectively transmitting as much of the remaining as possible. Details remain to be 
settled. 

5.1.1.1.4.2 Beamsplitter BS2 design 

Used in a converging beam, BS2 introduces ‘prismatic’ aberrations, which we mitigate 
with a weak wedge angle and a cylindrical curve on its outgoing face. Along with the 
ADCs, a decentered aspheric field lens provides wide-field, diffraction-limited imagery 
over the full bandwidth and full 2 arc-minute field diameter. BS2 is made from fused 
silica for strength and ease of manufacture, although it no longer needs to be water-free. 

5.1.1.1.4.3 NGS ADC design 

Whereas the ADC doublet prisms for the science path are identical because the axial 
beam size is unchanged from one prism doublet to the next, mechanical and optical 
advantages result from using different prisms in the NGS path’s converging beam. 

In the visible spectrum, we have a large number of optical glasses to chose from, which 
enables us to reduce the secondary lateral chromatic aberration that arises from the fairly 
simple dispersion formula for “air” compared with the more complicated dispersion of 
optical glass. We are also no longer concerned with infrared emissivity. 

Two reasonably durable anomalous dispersion glasses were chosen from the Schott glass 
catalog and paired in doublets that counter-rotate symmetrically (not obligatory, but this 
simplifies the mechanisms).  This approach obtains uniform image quality from 500 nm 
to 850 nm, and minimizes image “runout.” 

We rejected the use of curves on the prisms, which in principle provide a means to reduce 
the prism aberrations, because of the tolerance issues involved when the prisms are 
counter-rotated.  Without the curves, the prisms can be allowed wide tolerances as they 
revolve. The price of eliminating the curved prisms was the addition of an aspheric field 
lens. 

The image center runs out by about a millimeter as the zenith angle rises to 45-degrees. 
The mapping distortion of the image also changes, so that a calibration scheme will be 

 
 

Figure 19: Image quality at the focal plane of the 
NGS system for a 45-degree zenith angle. 

Figure 20: Mapping function at NGS focal plane 
for a 45-degree zenith angle. 
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necessary to know where the star images are actually located in object space. The image 
quality at 45-deg zenith angle is shown in Figure 19, while the image mapping at that 
angle is shown in Figure 20. 

See section 5.1.1.4.1.2 for a description of the NGS WFS optics proper. 

5.1.1.1.5 LGS Path 

The LGS path is the most challenging. Five laser guide stars are symmetrically arranged 
in the field of view, one along the “axis”, the other four at angular distances of 42.5 arc-
second at the corners of a box with its base parallel to the horizon. 

Because the range to the laser guide stars varies between 90 to 200 km, their image 
locations differ from the Science Path focal point by as much as 184 mm, and by 102 mm 
from each other. Since these objects are relatively near, rather than at infinity, the 
telescope introduces small amounts of spherical aberration and coma. More importantly, 
the reflective relay composed of the two OAP’s shows significantly different aberrations 
according to the conjugates at which it works, and its magnification changes slightly with 
LGS range since it is a finite-conjugate relay whose object distance is variable.  This 
causes a change in LGS plate scale, a change in exit pupil distance, a changing location 
of the image plane, and an 
unsymmetrical set of aberrations that 
are ever changing.  A means must be 
found to maintain the locations of both 
the pupil and image planes, and 
compensate the aberrations in both of 
these planes to the requirements 
indicated in Table 14 above. 

5.1.1.1.5.1 LGS Path Optical Layout 

The LGS path is illustrated in Figure 
21. Its prescription is found in 
Appendix H. Laser light at 589 nm is 
reflected by BS2 at approximately f/16, 
and intercepted by a four-element zoom 
system made of BK7 glass lenses, V-
coated for high transmission. This 
zoom system keeps images of laser 
guide stars, that may reside at slant 
ranges between 90 and 200km, fixed at 
a single image distance, at a single plate 
scale, and makes the principal rays 
telecentric for convenience in forming 
images of the pupil on the Shack-
Hartmann lenslet arrays. Without the 
zoom, the images of the laser guide 
stars would move around as much as 
184 mm from the cassegrain focus. 

 
Figure 21: Optical layout of LGS path 

 
Figure 22: Motion of the zoom group for LGS ranges 
between 90 and 200 km. 
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Details of the zoom are suggested by Figure 22, which shows the two zooming elements 
in positions for ranges between 90 and 200km. 

The spot diagrams for four slant ranges are overlaid onto a single diagram, shown in 
Figure 23. As the scale  

marker is just 200 microns 
long, stability of image 
location, as well as image 
quality, is indicated to be 
good. The boresight 
runout for the four outer 
stars will be compensated 
by small adjustments to 
the LGS pointing mirrors 
in the Beam Transfer 
Optics. 

5.1.1.1.6 LGS Wave 
Front Sensors 

5.1.1.1.6.1.1 Overview 

The AO Module includes 
Shack-Hartmann WFS’s 
for the five laser guide 
stars.  These are implemented with 5 sets of lenslet arrays, optical relays, and CCD 
arrays.  The optical relays are used to obtain the proper spot-to-spot spacing on the CCD 
array, and are also adjustable in two degrees of freedom to compensate for range-varying 
aberrations in the LGS path as illustrated in Figure 23.  The present design employs one 
CCD array per LGS to reduce optical system complexity.  This approach also avoids 
issues in reading out a single array as described in Appendix O.   

The width of an individual lenslet is 0.25 mm, corresponding to a magnification ratio of 
2000-1 between the telescope primary mirror and the lenslet array. The Shack-Hartmann 
spots will be imaged at the vertices of quad cells composed of 2 by 2 pixels each on the 
CCD array, with two additional guard rows of pixels between subapertures. Each pixel 
subtends 1 arc second on the sky, which has been selected based upon the expected 
angular diameter of the guide star.  The spot-to-spot spacing of 0.25 mm at the lenslet 
array focal plane consequently corresponds to 4*1000 = 4000 arc seconds, and therefore 
the focal length of each lenslet must be 0.25 mm / (4000 arc seconds) = 12.89 mm.  The 
associated focal ratio is 12.89/0.25 = 51.54.  Finally, the CCD array pixel size is 
nominally 24 µm (corresponding to the EEV CCD-39 and CCD-50 arrays), so the 
required magnification ratio between the lenslet array and the CCD is 250/(4*24)=2.604. 

5.1.1.1.6.1.2 Collimator to Shack-Hartmann Array 

Following the focus of the LGS zoom system will be five “collimator” mirrors, each 
followed by a folding flat mirror and a cylindrical afocal attachment to restore the 

 
Figure 23: Overlaid spot diagrams for 4 representative LGS ranges. 
Circle  show the diameter of the Airy Disc. 
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obliquely viewed deformable mirrors to circular shape in the pupil which is imaged on 
the Shack-Hartmann lens arrays. 

Because the guide stars are located at the four corners of a square aligned with the 
horizon, with one additional star in the middle, symmetry requires only 3 distinct 
collimator designs.  

The Axial Collimator unit is 
shown in Figure 24. The 
Collimator is an off-axis 
mirror, in this case a 
hyperboloid, whose function 
is to produce a 4 mm 
diameter collimated beam 
matched to the size of the 
SH lenslet array. The pupil 
will be distorted if we use a 
simple lens for the 
collimator, since the image 
of DM0 is reflected once by 
OAP3, and then further 
distorted by the decentered 
Zoom lenses. Linear (affine) 
mapping error, caused by 
the oblique angles of 
incidence on DM0, is corrected with the deanamorphoser (cylindrical telescope), which 
turns the elliptical projection of DM0 back into a circle. Nonlinear warp is corrected by 
the asphericity of the off-axis collimating mirror. 

The wave front at the S-H lenslet array for a LGS range of 127KM is shown in Figure 25.  
The four off-axis LGS fields are poorer than the on-axis case, but similar in behavior.  
The residual astigmatism is compensated by anamorphic magnification in the relay lens. 

 
Figure 24: Collimator and cylindrical lens to produce circular, non-
distorted image of DM0 onto the Shack-Hartmann lens array. 

Figure 25: Wave front produced at the SH lens 
plane (on-axis LGS, 127km range). 

Figure 26: Mapping of DM0 onto the Shack-
Hartmann plane, corrected by the to off-axis 
collimator mirror and cylindrical lens. 
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The fidelity with which DM0 is mapped onto the S-H lens array is shown in Figure 26, 
which has the actual distortions magnified 100 times.  The maximum distortion is 0.119 
per cent, or 1.90 per cent of a subaperture.  The distortion would be approximately 50 
times greater with a simple lens collimator. 

5.1.1.1.6.1.3 Shack-Hartmann Lenslet Array 

Each of the SH lenslets, 250 microns on a side, is a high-quality, plano-convex non-
binary element. An array has virtually a 100% fill-factor, limited by fractional micron 
fabrication limits. Optical quality is “diffraction limited,” facilitated by small size and 
exceedingly relaxed f-numbers. The lenslets, made from fused silica, will be 
antireflection-coated on both sides. Note that the lenslets have their convex side facing 
the CCD space; this avoids the multiple reflections that can occur when a flat surface 
faces a telecentric space. 

5.1.1.1.6.1.4 Shack-Hartmann Array to CCD with Adjustable Relay Optics 

The wave front incident on the S-H lenslet array varies slightly in focus, size and 
astigmatism over the Zoom range, causing the centroids of the individual images to 
displace from those that characterize a flat wave front. Since it is not possible to perfectly 
focus and correct the wave fronts from all five LGS fields at all star ranges using the 
zoom optics, we are left with small residuals (about 100 nm RMS worst case) that we 
may wish to reduce further with an adjustable relay that reimages the 4 mm SH focal 
plane down to the smaller CCD area. A small range of magnification adjustments can 
correct the varying defocus of the wave front, and even smaller changes in anamorphic 
magnification (or “stretch”) can compensate for astigmatism.  

A candidate stretch-adjustable, magnification-variable relay is illustrated in Figure 27, 
and the prescription is given in Appendix H.  This design reduces the non-common path 
wave front error in the LGS path from about 100 nm RMS to less than 20 nm RMS worst 
case.  The additional 
complexity of this design 
will of course be avoided if 
simulation results indicate 
that the larger errors can still 
be adequately calibrated.  A 
simpler relay containing a 
field lens and a cemented 
triplet relay group, which 
still provides a modest range 
of magnification adjustment 
for initial alignment, would 
be used in this case. 

As might be expected, the 
‘image quality’ itself, for 
each lenslet in the array, is 
exceedingly good. The per-
formance of the adjustable 

 
Figure 27: LGS WFS SH spot relay with variable magnification and 
stretch to compensate non-common path errors. 
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relay, in its magnification mode, is shown at three different magnifications by 
superimposing the spot diagrams for each magnification over one another on the same 
plot, in Figure 28. 

The distortion for the Relay changes slightly with magnification, and is designed such 
that the maximum departure from zero is minimized. A representative case is shown in 
Figure 29.  The maximum distortion of 0.05 per cent corresponds to 64*0.05=3.2 per cent 
of a single CCD array pixel, or about 0.77 microns. 

5.1.1.1.7 Diagnostic Wave Front Sensor 

With the aid of star simulator sources 
located at the front focal plane of MCAO, 
the quality of the transmitted science path 
beam can be tested and optimized with a 
deployable Diagnostic Wave Front Sensor 
(DWFS).  This sensor is inserted into the 
Science Path following OAP2, and pivots 
around the exit pupil location that lies 
some 10 meters to the left of the DWFS. It 
has a negligible field of view and is 
pointed toward the simulated NGS star 
images. The optical layout is shown 
Figure 30, and the prescription in given in 
Appendix H. 

To produce a manageable real image of DM0, we require a large doublet to form an 
intermediate focus, followed by a small doublet to collimate the light while forming the 
desired real image, where a small Shack-Hartmann lenslet array of 32 by 32 lenslets is 
placed. A small cylindrical telescope, the deanamorphoser, is used to rectify the oblique 
image of tipped DM0. Some residual pupil distortion remains, since DM0’s image 
involves a reflection off just one OAP. This is acceptable, since these wave front 

  
Figure 28: Relay lens performance in variable 
magnification mode. Circles represent the Airy Disc. 
Spot images are superimposed for the total range of 
adjustable magnification. 

Figure 29:  Representative distortion of the LGS 
WFS spot relay (right figure). 

 

Figure 30: Diagnostic Wave Front Sensor optical 
layout. 
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measurements are not used in real time and may be post-processed to compensate for the 
distortion.  The simplicity of a simple lens collimator is traded-off against the difficulty 
of the ideal off-axis mirror collimator. 

5.1.1.1.8 Transmittance Calculations 

This section summarizes the predicted transmittance for the LGS and NGS WFS paths.  
See Table 6 in Section 3.2.2 for the science path transmittance estimates. 

Table 15 summarizes the transmittance 
estimates for the NGS WFS path, which is 
composed of 10 ordinary mirror reflections 
(including the AO fold but not the 
telescope optics), one reflection off the 
science beamsplitter, and transmissions 
through the LGS/NGS beamsplitter, NGS 
ADC, and NGS field lens.  Both Rugate 
and more conventional dielectric coatings 
have been considered for the LGS/NGS 
beamsplitter We have also considered two 
cases for the remaining optics in the NGS 
WFS itself:  The optical design presented in 
Section 5.1.1.4.3.2 below (type A in Table 
15), and an “integrated optics” design with 
a reduced number of air-glass interfaces 
(type B).  It appears that the specified 
throughput of 0.7 can be approximated for 
red stars using the Rugate filter and type B 
NGS WFS optics.  For the three other 
possibilities the estimated transmittance at 
0.7 microns varies from 0.55 to 0.62. 

The LGS path contains 9 mirror reflections, 1 science beamsplitter reflection, a 4-element 
corrector lens, 1 collimator mirror and 1 tip/tilt mirror with dielectric coatings, 1 
anamorphoser lens, 1 SH lenslet array, and an 8-element relay lens between SH lenslet 
and CCD array. Table 16 summarizes the optical transmittance calculation for these 
elements.  For a Rugate beamsplitter, the estimated transmittance is about 7.0 per cent 
(relative) less than the requirement of 0.7 used to estimate laser power requirements, but 
this loss is more than cancelled by an increase in the quantum efficiency estimated for the 
LGS WFS CCD array (see subsection 5.1.1.4.3.1). 

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 

NGS/LGS Rugate BS 0.950 0.950 

NGS/LGS dielectric BS 0.850 0.850 

Air-glass per surface 0.993 0.996 

ADC net (4 surfaces) 0.970 0.984 

Corrector Lens 0.986 0.992 

APD Optical Path, Type A 0.79 0.82 

APD Optical Path, Type B 0.91 0.93 

        Total transmission:   

With Rugate BS and Type A 0.40 0.61 

With Rugate BS and Type B 0.46 0.69 

With dielectric BS and Type A 0.36 0.55 

With dielectric BS and Type B 0.41 0.62 

Table 15: Transmittance estimates for the NGS 
WFS optical path. 
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5.1.1.1.9 Fabricability 

The optical bill of materials will include a 
large number of flats, OAP’s, lenses, and 
prisms. The tolerable errors in these 
components are relaxed in the common 
path, because the deformable mirrors can 
correct fabrication/assembly flaws to a 
certain extent. Needless to say, the prime 
purpose of the DM’s is to correct for 
atmospheric distortion, and the less 
housekeeping they have to do, the greater 
their effectiveness. 

The optical budget is highly skewed by the 
off-axis paraboloids. Beyond mere 
technical difficulty, cost and schedule set 
bounds on the quality that can be obtained. 
It behooves us to tolerance them as loosely 
as possible, giving them a majority of the 
error budget. 

With the exception of a parabolic field 
corrector in the NGS path, all the remaining optics have flat or spherical surfaces that are 
easily made to very high precision. The single parabolic lens, being close to focus, has a 
relaxed figure tolerance that insures it can be made to sufficient accuracy without the 
heroic efforts required for the OAP’s. 

Surface coatings are being pushed to obtain the maximum efficiency that is consistent 
with durability.  The special “Rugate” coating used to separate and isolate the laser light 
from natural starlight is both difficult and expensive, and represents cutting edge 
technology that goes beyond the prior art for dichroic beamsplitters. Specifications can 
only be written in concert with the technology as it develops, although ROM quotes have 
already been received for the specifications listed in Table 15 and Table 16. 

5.1.1.1.9.1 Off-axis Paraboloids 

Three OAP’s (also known as eccentric pupil paraboloids) will be made from zero 
expansion glassy mirror material. They need not be cut from a parent paraboloid, and 
shall be disk-shaped, with a flat back surface that is perpendicular to the optical surface 
normal at the center of the piece. The diameter to thickness ratio shall be 6:1, the edges 
shall be perpendicular to the flat back surface, all edges beveled 1 mm x 45-degrees, and 
the sides, back, and bevels shall be felt-polished. Particulars for each mirror will be 
completely defined in separate, numbered drawings. 

Cosmetic finish (scratch and dig) shall conform to 60-40, per Mil-O-13830. 

For a test wavelength of 633nm, the paraboloidal optical surfaces shall be polished to a 
vertex radius accuracy of +/-0.5%, shall yield a wavefront flat to better than 0.5 wave P-
V, and an RMS wave front better than .17 wave. With the exception of the small 

Wavelength 589nm 

Transmission per silvered reflection 0.962 

9 silvered reflections 0.706 

Science Beamsplitter net 0.980 

NGS/LGS Rugate beamsplitter 0.990 

NGS/LGS dichroic beamsplitter 0.850 

Air-glass per surface optimized 589nm 0.998 

4 element Zoom Lens Corrector 0.984 

Collimator,dielectric mirror 0.998 

Pupil Steering, dielectric mirror 0.998 

De-anamorphoser lens 0.996 

Shack-Hartmann Lens 0.996 

6-group (8 element) SH-CCD relay lens 0.976 

      Total Transmission  

With Rugate BS 0.65 

With dichroic BS 0.56 

Table 16: Transmittance estimates for the LGS 
WFS optical path. 
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scratches and digs allowed by the 60-40 specification, the surface of the mirrors must be 
smooth such that wave front irregularity over any 5 mm circle on the clear aperture shall 
be smaller than 0.065 waves P-V, which preferably  (but not necessarily) will be verified 
with a phase shifting interferometer. 

The center of each OAP shall lie within +/-3 mm of its specified location relative to the 
theoretical parent paraboloid. The optical center of each mirror shall be marked with a 
fiducial cross consisting of two lines 5 mm long and 0.5 mm wide, boldly scribed or 
etched onto the optical surface. These fiducials lie within the shadow of the telescope’s 
secondary mirror, and serve as an aid to precision assembly and alignment. Additionally, 
the mirror’s principal meridian shall be indicated by a 0.5 mm thick line across the 
backside and across one edge of the mirror, which shall be identified as facing the optical 
axis of the parent mirror.  

The completed mirrors shall be silvered, tested and documented to warrant that all optical 
specifications are met after coating. The documented mirrors shall be securely packed, 
protected from abrasion, and shipped to Gemini Receiving at shipper’s expense. 

5.1.1.1.9.2 Additional Notes on OAP’s 

Two of the OAP’s can be made identical, except for the reflective coatings, and indeed 
the coatings may be made identical for further cost reduction. The issue is that broad 
band mirrors must be silvered, but OAP3 is used only for the comparatively modest 500-
850nm bandwidth and can be given a dielectric reflective coating that will be more 
durable, and offers at least 2% greater reflectivity. Dielectric reflectors are highly 
resistant to abrasion and have a sensibly infinite lifetime. Any mirror not in the science 
path is a candidate for such coatings. 

OAP1 and OAP3 can both have a 190mm aperture, and be extracted from a theoretical 
parent that is 1.25 meters in diameter. OAP2 is 230mm in diameter, and is extracted from 
the edge of a 4.3 meter diameter parent, which is why it is virtually inconceivable that it 
be cut from a large parent mirror. Vendors, of course, are free to fabricate the optics in 
any manner they chose. 

All OAP’s will be made oversized by approximately 10%, to facilitate fabrication of the 
surfaces, allow for uncertainty in the true optical center, and to keep coating and retaining 
clip marks well removed from the optical path. 

We have discussed the fabrication issues for OAP2 with several experienced parties, and 
have been advised that one method is to start with a round disk the same size as the 
intended final mirror and then proceed by steps. First, the back, front and edge are 
squared-up, edges beveled, and all given a ‘felt polish’. Then, the optical side is 
generated to the ‘nearest toroid’. Calculations suggest that this may then be close enough 
for local polishing to provide the comatic-like figuring required to turn the toroid (which 
is free from astigmatism) into the paraboloidal shape. Because of the long focal length 
and the comparatively small 80mm diameter axial beam size, the spherical aberration 
term is extremely small. 

Test methods for an off-axis paraboloid are numerous, including the obvious one using a 
reference flat, and enable the concave mirror to be tested geometrically and 
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interferometrically. In the end, all approximations used to “rough in” the optical surface 
are eliminated and a true paraboloid is obtained. 

5.1.1.1.9.3 Science Path Beamsplitter 

BS1 is made from water-free selected fused silica (to reduce the emission features 
characteristic with ordinary silica), is circular and 203 mm in diameter, and is 25.4 mm 
thick. Its surfaces are parallel to within 1 arc-second (2 waves) to ensure that ghost 
reflections are coincident at the focal plane. 

The incident face is given a dichroic coating that reflects wavelengths short of about 850 
nm, while transmitting all longer wavelengths to 2.5 microns. The exiting face is anti-
reflection coated between 850 nm to 2.5 microns to enhance transmission.  

The comparatively large thickness was selected to minimize the warping that 
accompanies asymmetrical coatings on a plane parallel plate, as well as to reduce other 
sources of distortion that would degrade the reflected beam into the LGS and NGS 
sensors. Absorption is nil except at the longest wavelengths, so there is little virtue in 
reducing the thickness. 

Fabrication of precision plane-parallel plates is straightforward and economical, using 
continuous polishing machines.  

5.1.1.1.9.4 Atmospheric Dispersion Correctors 

5.1.1.1.9.4.1 Science Path ADCs 

The science path ADCs are used in collimated space.  The two identical disk-shaped 
doublets are made from calcium fluoride (whether single crystal or polycrystalline form 
to be determined) and water-free fused silica, and are 160 mm in diameter with a bonded 
thickness of about 27.9mm. 

The CaF2 component has a wedge angle of 4.4642 degrees, while the fused silica has an 
angle of 4.2436 degrees. Net angular deviation is nominally zero degrees for the 
transmitted light. 

The transmitted wave front must be extremely flat, so that the wedges are candidates for 
finishing on a continuous polishing machine. Wedge angles can be measured 
interferometrically or with a small sighting telescope to a precision of 2 arc-seconds, 
which corresponds to just 0.02 arc-seconds in telescope space. 

The individual wedges will be examined interferometrically to determine the principal 
meridian to an accuracy of 10 arc-minutes, and the high/low points will be indelibly 
marked on the edge of each wedge.  

The wedges will then be joined with a viscous, non-hardening liquid or gel, selected to 
maximize infrared transmission, to avoid distortions caused by the high thermal 
expansion of CaF2 compared with the negligible expansion of fused silica. This is the 
method used to bond thermally sensitive optics, such as those found in popular hydrogen-
alpha interference filters, as well as in Zeiss fluorite apochromatic refractors. The 
components will be lined up in a non-distorting mechanical cell and carefully secured to 
prevent the components from slipping or rotating with respect to each other. The 
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principal meridian of the cell is aligned with the markings on the wedges, and the 
doublets are counter-rotated to produce the desired amount of corrective dispersion. 

The lifetime of silicone-joined components is indefinite, with anecdotal evidence of 10-
year durability even when exposed to rapid heating and cooling. The cell will still be 
designed for refurbishment should it be required. 

5.1.1.1.9.4.2 Natural Guide Star ADCs 

The NGS ADCs are used in an f/16 converging beam, and are therefore more 
complicated than the Science ADCs. 

Two non-identical circular disk-like doublets will be made from Schott anomalous 
dispersion glasses, PSK53A and KzFSN4, which have almost identical nominal refractive 
indices but different dispersive powers. They behave like plane-parallel plates of glass at 
the nominal wavelength, causing only minimal deviation at that wavelength, but show 
chromatic variation of the prismatic aberrations.  

We demand substantially diffraction limited performance from these ADCs, so that first-
quality tolerances are required. Continuous polishers will provide absolutely flat surfaces 
without difficulty. Thickness tolerances are not tight, and wedge angles (on the order of 
9-degrees) can be measured easily with a small telescope to an accuracy of 2 arc-seconds, 
which is much more precise than required since the prisms are relatively close to a focal 
plane. Cosmetic quality is of comparatively low importance to the NGS sensors, but the 
natural polishing process of a Continuous Polisher will assure a finish of 60-40 per Mil-
O-13830. 

Although the coefficients of expansion of these two glasses are mismatched, the problem 
is not serious and the prisms will be permanently bonded with ordinary optical adhesive. 
The principal meridians will be noted with indelible marks on the edges.  

5.1.1.1.9.5 Beamsplitter 2, Separating the LGS and NGS Light 

BS2, a circular disk 152mm in diameter by about 18mm thick, is made from a suitable 
grade of fused silica that doesn’t need to be water-free. 

Its incident surface is flat, probably made on a continuous polisher, to an accuracy of 1/8 
wave P-V at 633nm. That surface will be given an exotic dielectric coating to reflect 
589nm light to the LGS detectors, and to transmit the remainder into the NGS detectors. 
It is important to avoid leakage of the 589 nm laser light into the NGS channel that would 
degrade the NGS WFS limiting magnitude. Since laser power is precious, LGS light must 
also be reflected with peak efficiency. 

The exiting surface is inclined 0.206 degrees relative to the flat face, and has a concave 
cylinder with a 316 meter radius of curvature. This produces a vital few waves of optical 
correction to compensate for the coma and astigmatism that resulted from inserting the 
beamsplitter into the f/16 cone of light. 

The cylinder is 14 waves removed from a plane, and could be roughed-in by counting 
fringes against a reference flat. A final test is suggested by the fact that the wedge and 
cylinder are included to enable BS2 to be nearly free of aberration when used with a f/16 
beam at a particular distance from focus. The influence of the subsequent ADCs 
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(equivalent to two plane-parallel disks of glass) and the field corrector lens needs to be 
considered, of course, but by calculating a slight departure from its normal operating 
condition, BS2 can be null-tested in autocollimation with nothing more than a concave 
spherical test mirror. 

5.1.1.1.9.6 Spherical Zoom Lenses 

These four lenses, 110 mm in diameter, made from ordinary Schott BK7 glass, are 
shaped with tilted and decentered surfaces. In fact, the lenses are equivalent to cutting 
eccentric sections from larger, centered parent lenses, and while it isn’t necessary to 
make the parent lens, it may be simplest to do so. 

The quality required of the lenses starts out as fairly strict at the first element, but 
becomes extremely loose at the final lens, which is only 50 mm from a field mask. None 
of the lenses challenges conventional lens making practice.  Schott BK7 is probably the 
most widely used optical glass in the world, and features nothing but excellent optical 
and physical properties. Technology has refined the AR coating of such glass to near-
perfection. 

5.1.1.1.9.7 De-Anamorphoser Lenses 

Approximately 12 mm in diameter and 3 mm thick, with moderate cylindrical radii on 
both ends, made from Schott BK7, and antireflection coated for 589nm, this is an afocal 
(telescopic) attachment and is used in collimated light. It needs to be substantially 
diffraction limited over only a 4 mm pupil size; but it is advisable to figure it to a larger 
clear aperture because we may invoke some localized beam steering. 

The principal meridian of the first surface is marked upon completion, and the second 
surface’s meridian is then made to coincide to within 1 degree. Thickness is matched 
with the second radius’ test plate to produce collimated output. 

Except as caused by surface irregularity and glass inhomogeneity, a lens of this kind does 
not introduce wave front aberration when errors are made. Errors in one parameter can be 
offset with deliberate changes in others, and armed with the knowledge that the sole 
purpose of this lens is to produce an afocal attachment whose magnification is 3.5% 
greater in one meridian than in the other, the optician should find its manufacture 
straightforward.  

Three different designs are required, and a total of five lenses. Each must be clearly 
identified with indelible markings on the side, and each lens will also have an indelible 
index mark to show the principal meridian. 

5.1.1.1.9.8 Collimator Mirror 

5 off-axis Collimator mirrors, each with an approximately 143 mm concave radius of 
curvature, an aspheric coefficient K of about –3 (hyperbolic), and a clear aperture of 
approximately 12mm, will be required. Three different designs are anticipated, and each 
will be defined with its own drawing. 

The mirrors will be made from a zero expansion glass, although this is not critical owing 
to their small sizes.  The axial beam size is somewhat larger than 4 mm, and diffraction-
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limited wave front quality can be achieved by first figuring a larger parent mirror, then 
edging it down to the 12 mm working diameter. 

A concave hyperboloid can be exactly null tested in autocollimation with a concave 
spherical test mirror. Each mirror will be precisely measured for focal length and wave 
front quality in the null configuration. A vertex radius tolerance of +/- 0.5%, a wave front 
quality of 1/8 wave P-V within any 4 mm section over 10 mm of the mirror’s aperture, 
and a cosmetic finish better than 60-40, shall be specified. 

The principal meridian of the off-axis mirrors will be indelibly marked on the flat back 
surface, and along one edge that points toward the theoretical parent axis. 

The optical surface will be given a reflective dielectric coating with a reflectivity greater 
than 99.8% at 589 nm. 

5.1.1.1.9.9 Shack-Hartmann Lenslet Arrays 

These are 16x16 element arrays with a lenslet size of 250 microns, contained within a 4 
mm diameter circle.  The individual lenslets shall be plano-convex, with the convex side 
facing the focal plane. The focal length of the lenses shall be 12.89 nominal, with a 
tolerance of +/-1%. They shall be made from fused silica or equivalent, and both sides 
shall be antireflection coated so that transmission per surface exceeds 99.8%. 

It is expected that this array will resemble “stock items” from the qualified vendors. 

5.1.1.1.9.10 Spot Relay Between the SH Array and CCD 

Several candidate designs are under consideration. To provide maximum flexibility in 
accommodating tolerance accumulations and residual design aberrations, a complex 6-
group, 8-element design is “top of the line,” but of course will be the most difficult to 
fabricate and utilize. It will also have the greatest number of air-glass interfaces, for more 
light loss. 

This design consists of several cylindrical lenslets as well as a number of conventional 
spherical lenses, all of which must be custom-made. The necessary parameter accuracy of 
all surfaces is extremely loose, owing to the very slow individual beams coming from 
each of the Shack-Hartmann apertures. The critical tolerance will be on cosmetic finish, 
which must be of the “flawless,” of so-called reticle quality. Cleanliness in assembly is 
also vital, since an entire beam can be obstructed by a mere speck of dirt or a flake of 
paint. 

No special problems are anticipated in the fabrication of these lenses. 

The simplest candidate relay lens, chosen to maximize transmission, consists of a field 
lens and a cemented triplet.  

5.1.1.1.9.11 Aspheric Field Lens for NGS WFS Path 

A negative meniscus lens, approximately 100 mm in diameter, and made from Schott 
BK7 optical glass, optimizes the focal plane from BS2 and the pair of ADC’s, all used in 
an f/16 beam. Optimum performance with a single lens requires that its concave surface 
be paraboloidal, however the beam diameter for any star is only a few millimeters in 
diameter and the overall figure accuracy on the lens becomes easy to produce. Cosmetic 
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quality must be extremely high, since any small pits, scratches or particles of dirt will 
obstruct a significant fraction of the starlight. This quality level is called “reticle quality,” 
where a surface is actually in focus. 

The lens is slightly tilted and decentered, so its outside edge is ground accordingly, and 
the principal meridian indelibly marked on the lens edge. 

The lens will be broadband AR coated on both sides, enhancing transmission and 
reducing the ghost images that invariably arise with field lenses. 

That the aspheric is a parabola implies that it can easily be null-tested and verified 
interferometrically. Its thickness and spherical curvature can be loosely toleranced since 
the lens lies close to a focal plane. 

5.1.1.1.9.12 Lenses for the Deployable Diagnostic WFS 

Straightforward spherical lenses, two cemented doublets from optical glass, are bonded 
with conventional UV-hardened optical cement such as Norland #61.  Since the power 
level of the target simulator can be whatever is desired, conventional multicoatings for 
low reflectance suffice, being guided by the requirement to suppress ghost images.  

It remains to be determined whether a deanamorphoser is required for the DWFS, but if 
one is needed, its fabrication follows the same lines as described above for the LGS wave 
front sensor. 

Likewise, a Shack-Hartmann array with 32 by 32 lenslets and a suitable CCD will be 
selected along conventional lines, posing no complications. 
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5.1.1.2 Mechanical Design 

 
Since the Conceptual 
Design Review in May 
of 2000, we have 
developed a baseline 
opto-mechanical design. 
The final design will be 
the responsibility of the 
instrument builder, and 
will be based on either 
the baseline design or 
perhaps some other 
approach approved by 
Gemini. The purpose of 
the baseline design is to 
demonstrate a workable 
approach. With this in 
mind, no attempt has 
been made to optimize 
the design.  

The Adaptive optics 
module has three 
independently mounted sections. The center bay is for the optics bench, the two outer 
bays are for the electronics enclosures. All three bays are mounted, one at a time, onto the 
Instrument Support Structure (ISS). 

5.1.1.2.1 Bench description 

The optical bench is based upon a standard optical table system such as that of the 
Newport Company. The table would have custom outer dimensions and perhaps some 
special mounting features but is otherwise a standard product. The bench has stainless 
steel face sheets and a honeycomb core. One face sheet has a continuous array of M6 
mounting holes at 25 mm centers. All of the optics mounts, cables, ancillary equipment, 
etc. will be attached with these holes. The optical mounts will have sub plates that can be 
machined to the appropriate thickness and hole pattern. Using stainless steel for the bench 
material has several advantages. The thermal expansion coefficient will more closely 
match the steel ISS, and steel has less flexure than most alternatives. It is heavier than 
aluminum or composite tables but the thermal expansion rate of stainless steel is less than 
aluminum and greater than the carbon fiber or Invar alternatives. The stainless steel also 
has the advantage of more closely matching the expansion rate of the steel ISS. Thermal 
analysis has shown that in most cases, the thermal expansion of steel is within tolerances. 

The optics are all on a single plane with the incoming beam coming from the telescope 
via the AO fold mirror in the ISS and the outgoing science beam exiting back into the ISS  

 
Figure 31: AO Module mounted on the ISS, showing the optics bay in the 
center and flanked by the two electronics enclosures. Some outer panels 
have been omitted for this illustration. 
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on its way to the science 
instrument. All of the optics 
are mounted directly onto 
the optical bench. 

5.1.1.2.2 Bench support 
frame 

A steel frame, stiffened by 
the optical table and steel 
shear panels, supports the 
table. The frame is mounted 
onto the round mounting 
pads on the side of the ISS. 
The mating surface will be 
made nominally 5 mm 
shorter than necessary with 
a nominal 5 mm shim on 
each mounting surface. The 
shim can then be made thinner or thicker when the actual mounting position is measured 
during alignment. 

 

Figure 32: AO Module Optics Bench 

 
Figure 33: Optical bench with frame mounted on the ISS 
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5.1.1.2.3 Electronics enclosure 

The electronics enclosures are also mounted to the ISS on either side of the optics bay. 
The electronics enclosures are described in greater detail in section 5.1.2. After the 
electronics enclosures are mounted, panels are installed between them to enclose the 
optics bay. Neither the electronics enclosure nor the optics enclosure panels contact the 
optics bench. With all three bays installed, the AO Module space envelope is 1500 mm 
wide, 1350 mm high and extends 2100 mm from the face of the ISS. The top surface is 
650 mm above the science port on the ISS. 

Access to the optical bay is through a variety of methods. The end panel can be removed 
for access to the outer region of the electronics bay. Removing the lower panel will gain 
access to the lower region, including the area containing most of the wave front sensors. 
The electronic racks on the right electronics enclosures can be pivoted out of the 
enclosures to reveal the back enclosure surface. Access panels in the surface can then be 
removed to gain access from the right side of the optical bay. Since the optical table itself 
prevents access on the left side, there is no access there.  

5.1.1.3 Alignment Plan and Opto-Mechanical Tolerance Analysis 

5.1.1.3.1 The Initial Alignment plan 

The initial alignment plan in Appendix N identifies the components, features, equipment, 
and procedures needed to acquire an image during initial alignment. After image 
acquisition, additional alignment iterations will be made to “tune” the system to optimize 
image quality. This final process is not part of the initial alignment plan. 

5.1.1.3.2 Error Budget 

There are numerous sources for optical errors that either need to be corrected or that fall 
within the given error budget. Many of these errors are computed in terms of wave front 
quality as measured in nanometers. Others are described in terms of tip/tilt errors or pupil 
imaging distortion. A final budget was also derived for the wave front corrections applied 
to the deformable mirrors.  An overview of how the individual error components are 
computed and combined to obtain a final overall error is described in the diagram in 
Figure 34. 

Each of these error budgets has been evaluated for a variety of parameters and cases. 
There is one family of budgets for each beam path. Since flexure is a significant error 
source, each budget was examined at three load cases (gravity vectors at zenith, 45° and 
60°.) The single most important requirement is for a maximum science path wave front 
error attributable to the AO system of less than 60 nanometers, with a goal of 40 
nanometers.  Requirements for the remaining budgets are listed in Table 14 in Section 
5.1.1.1.1 above. 
A summary of the results obtained is given in Table 17. The following subsections 
outline the methods used and the principal assumptions made in the analysis. The 
complete error budget documents can be found in Appendix K. 
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Table 17: Error budget results summary.  The wave front errors in the science path are averaged over the 2 arc minute 
diameter field, and the errors in the LGS and NGS WFS paths are averaged over the sets of guide stars.  The LGS tip/tilt 
errors indicate the adjustments required of the pointing mirrors in the beam transfer optics.  LGS pupil motion (line 19) 
induces a LGS tip/tilt adjustment (line 20) when the pupil position is corrected using the WFS pupil adjustment mirror. 
 

 
 

Figure 34: Error budget diagram 

Error budget study results summary 20-Apr-01
Line Error Optical Zenith Error Source Overall
No. Category Path Description Angle Dsgn res. Fabric. Init. Align Flex/therm Rad/index (RSS) units

1 Wave front error Science Tilt removed 0 1.294E+01 4.150E+01 7.700E-03 4.050E+01 1.210E-01 5.941E+01 nm
2 " " " 45 1.294E+01 4.150E+01 7.700E-03 7.960E+01 1.210E-01 9.070E+01 "
3 " " " 60 1.294E+01 4.150E+01 7.700E-03 8.560E+01 1.210E-01 9.601E+01 "
4 " " RMS 2-axis tip/tilt 0 Calibrated Calibrated Calibrated 1.160E-02 1.309E-05 1.160E-02 arc sec
5 " " " 45 Calibrated Calibrated Calibrated 3.500E-02 1.309E-05 3.500E-02 "
6 " " " 60 Calibrated Calibrated Calibrated 3.800E-02 1.309E-05 3.800E-02 "
7 " Laser GS Tilt removed 0 3.528E+01 5.840E+01 7.540E+01 4.410E-01 3.430E-05 1.017E+02 nm
8 " " " 45 3.528E+01 5.840E+01 7.540E+01 1.290E+00 3.430E-05 1.017E+02 "
9 " " " 60 3.528E+01 5.840E+01 7.540E+01 1.440E+00 3.430E-05 1.017E+02 "

10 " " RMS 2-axis tip/tilt 0 Calibrated Calibrated Calibrated 5.040E-01 4.580E-04 5.040E-01 arc sec
11 " " " 45 Calibrated Calibrated Calibrated 9.030E-01 4.580E-04 9.030E-01 "
12 " " " 60 Calibrated Calibrated Calibrated 1.015E+00 4.580E-04 1.015E+00 "
13 " Natural GS Tilt removed 0 4.558E+01 4.810E+01 6.540E+01 5.380E+01 5.800E-02 1.075E+02 nm
14 " " " 45 4.558E+01 4.810E+01 6.540E+01 7.590E+01 5.800E-02 1.201E+02 "
15 " " " 60 4.558E+01 4.810E+01 6.540E+01 8.400E+01 5.800E-02 1.254E+02 "
16
17 Pupil Variables Science Pupil Motion 45 8.600E-03 2.000E-02 1.090E-03 4.110E-04 8.740E-04 2.182E-02 beam diam
18 " " Pupil Mag 45 1.600E-02 2.000E-02 1.680E-02 4.460E-03 2.140E-05 3.095E-02 "
19 " Laser GS RMS 2-axis Pupil Motion 45 1.130E-04 0.000E+00 0.000E+00 3.500E-02 3.110E-05 3.500E-02 "
20 " " Induced LGS motion 45 1.164E-03 0.000E+00 0.000E+00 3.605E-01 3.203E-04 3.605E-01 arc sec
21 " " RMS Pupil distortion 45 1.722E-03 2.600E-03 2.260E-03 1.180E-03 3.050E-06 4.028E-03 beam diam
22
23 DM adjustments DM0 45 2.760E+01 1.200E+02 3.500E+01 1.780E+01 4.434E+00 1.293E+02 nm OPD
24 DM4.5 45 3.840E+01 1.200E+02 5.670E+00 2.630E+01 4.434E+00 1.289E+02 "
25 DM9.0 45 2.920E+01 1.200E+02 1.330E+01 6.150E+01 4.434E+00 1.387E+02 "

Legend
Allocation
Includes 20 nm allocation for LGS WFS spot relay lens   
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5.1.1.3.2.1 Design Residuals 

This are the small errors associated with the ideal optical design.  The tilt removed wave 
front errors have been reduced further by DM figure adjustments, and the tip/tilt errors in 
the NGS WFS and science path have been zeroed via calibration.  The residual errors in 
the LGS WFS path are the maximum values for guide stars in the range between 90 and 
200 km. 

5.1.1.3.2.2 Fabrication Errors 

These errors occur because of deviations from the theoretically perfect optical surfaces. 
Their effect on wave front quality has been estimated as the RSS of very high spatial 
frequency surface roughness errors and RSS of lower order errors.  The latter errors are 
partially compensated by alignment adjustments and DM figure adjustments as described 
in Appendix K. 

5.1.1.3.2.3 Initial Alignment Errors 

Alignment will be accomplished in three phases, and thus provides three separate error 
sources. Allowable errors for individual elements must be distributed among the three 
sources. The alignment errors are multiplied by the appropriate sensitivities and, since 
they are random errors, are added in quadrature.  The alignment sensitivities have been 
computed assuming that the deformable mirrors have been adjusted to minimize the 
residual wave front errors in the science path, based upon measurements from the 
diagnostic WFS. 

5.1.1.3.2.3.1 Phase 1: Elements within Subassemblies 

Many of the elements are contained in a discreet sub assembly. These include the 
elements in the ADC’s, wave front sensors, and the zoom corrector. There is an 
alignment error attributable to how well the elements are placed into each unit. 

5.1.1.3.2.3.2 Phase 2: Subassemblies and Individual components to Bench 

The subassemblies assembled and internally aligned in phase one, as well as the other 
independent elements are aligned to the optical bench. There is a portion of the alignment 
error budget attributable to this process. 

5.1.1.3.2.3.3 Phase 3: Bench to Telescope 

The optical bench will be mounted as a unit onto the ISS, which is a part of the telescope. 
How well the bench is aligned to the telescope optics is the final component of the 
alignment error budget. 

5.1.1.3.2.4 Displacements 

There are three primary sources of displacement errors – thermal motion, gravity induced 
flexure, and vibration induced flexure. All of these tend to move the elements in a non-
random manner. For this reason, these displacements are arithmetically summed rather 
than using statistical averaging methods. The sensitivities for these displacements are the 
same, so they were summed before multiplying by the sensitivity to get the wave front 
error.  The sensitivities again assume that the resulting wave front errors have been 
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partially compensated using the deformable mirrors, but this time based upon 
measurements from the LGS WFS, NGS WFS, and OIWFS. 

5.1.1.3.2.4.1 Static (Gravity Induced) Flexure 

Finite element analysis, using the I-DEAS FEA program, was used to determine the 
flexure of the optical bench for the baseline design. The accuracy of the model was 
confirmed by an independent study at HIA using the same design but a different FEA 
program (Algor). Static deflections were checked at several gravity orientations. The AO 
module will be aligned, and thus flexure displacements removed, at a zero zenith angle 
orientation. Deflections at other orientations were thus evaluated with respect to the 
zenith deflections.  

The maximum deflection is found at the loading condition one would expect: When the 
telescope is at its maximum zenith angle (in this case 60°) and the Cassegrain rotator has 
put the AO module in it weakest position (out flat). At this extreme condition, the 
maximum deflection (near the tip) is about 220 microns.  

The finite element analysis modeling description and results are found in Appendix L. 

5.1.1.3.2.4.2 Dynamic (Vibration Induced) Flexure 

The dynamic flexure is obtained from the same I-DEAS software, using the same FEA 
model but solving for dynamic responses. The results are not as sensitive to gravity 
orientation but have multiple results – one for each dynamic mode. Since the AO system 
can compensate for some flexure below about 30 hertz, the lowest natural frequency is 
critical only as an indicator of the maximum amplitude. The lowest natural frequency 
(mode #1) is about 39 hertz. Whereas the frequency can be readily calculated from the 
FEA model, amplitude is also a function of the input energy from the telescope structure. 
This has not yet been measured. The motion of mode 1 (the dominate mode) is a side-to-
side “fishtailing” motion. The first ten modes were studied. Higher modes show various 
modal shapes such as drumming of flat panels, vibrations of the long, thin struts, and one 
torsional motion of the entire bench. All of these have natural frequencies in the 70 to 90 
hertz range. 

The finite element analysis results are found in Appendix L. 

5.1.1.3.2.4.3 Thermal Motion 

The operational temperature range for the AO module –15 to 25 C (REQ-FPR-0404). The 
mid-range temperature is 5 C, which gives a potential maximum excursion of 20 C. The 
AO module will be aligned in an environmental test chamber maintained near the mid-
range temperature. A temperature shift of 20 degrees C was used to compute the thermal 
motion contribution to the wave front error. 

The base line design calls for the optical bench and supporting frame to be constructed of 
steel. It is likely that most of the optical mounts will be made mostly of aluminum. Using 
the coefficients of expansion for these basic materials, thermal displacements were 
calculated and the results inserted into the displacement error budget. 
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5.1.1.3.2.5 Thermal Changes 

Temperature affects optical elements in other ways besides thermal motion. Radii of 
curvature and indices of refraction also are temperature dependent. The radii of curvature 
variations affect only powered elements. The OAP’s will be made from low expansion 
glass so their contributions are also zero. The wave front sensor elements, which have 
diameters of around a centimeter, are too small for the change in radius to produce 
significant wave front errors so they have been omitted as well. This leaves only the 
larger lenses, which are found in the zoom corrector, the field lens in front of the NGS 
WFS and the doublet at the front of the diagnostic WFS.  

This same set of elements is also subject to index of refraction variations with 
temperature. This effect is small but sometimes is not negligible. For the AO module, the 
total for both of these errors produced a science path wave front error of less than a 
nanometer. This is a small contribution to the budget. 

5.1.1.3.2.6 LGS WFS Relay Lens 

The LGS WFS spot relay lens has not yet been included in the tolerance analysis, but an 
additional 20 nm RMS wave front error have been allocated for this error source. 

5.1.1.3.3 Earthquake survivability 

Technically, earthquakes are a dynamics problem. However, since there is no way to 
predict the input function, the best we can do is to model it as a static load case with the 
acceleration greater than 1 g. In this case, the seismic acceleration requirement is 2 g’s. 
Since earthquake activity is not part of the operational environment required for the 
system, these accelerations are a survivability issue rather than a performance issue. The 
structural requirements for minimum flexure normally far exceed the structual 
requirements for earthquake survivability. Thus the loads imposed by the 2g earthquake 
acceleration is likely to be easily satisfied.  

To check this hypothesis, a 2x gravity load was placed perpendicular to the optical bench 
and the maximum stress was determined. The maximum stress, located near the the 
connection to the ISS, is 7.89 x 103 mN/mm2 (7.89 megaPascals). The yield strength of 
ordinary carbon steel is about 300 megaPascals or about 38 times the applied stress. 
Structural aluminum is around 180 megaPascals. This leads to the conlusion that 
survivability should not be an issue under ordinary earthquake events. 

The FEA diagram is shown in Appendix L. 

5.1.1.4 Optical Bench Subassemblies and Components 

The following three subsections contain additional information on the motorized 
mechanisms, deformable and tip/tilt mirrors, and wave front sensors comprising the 
optical bench.  As with the optical bench itself, these designs should be considered as a 
baseline. Design issues have been identified, and at least one design solution has been 
found. Detail designs, such as the mounts, will be left to the contractors. 
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5.1.1.4.1 Mechanisms 

5.1.1.4.1.1 LGS Wave Front Sensor Mechanisms 

The laser guide star wave front sensor has five individual, but basically identical, beams 
paths – one for each laser guide star. There are four active elements in each path. The 
first is a commercial miniature tip-tilt mirror used to control pupil alignment. The second 
is a cylindrical lens, which has a Z-motion, then a pair of doublets, which also have Z-
motion but independent of the cylindrical lens. These last three elements are used to 
compensate for small non-common path wave front errors that vary with LGS range.  The 
motion of the two doublets is opposite but proportional to each other, so it would be 
possible to actuate the pair with one actuator. The illustration below shows only three of 
the five laser beams as the two closer beams have been omitted for clarity. In the CoDR, 
one CCD was proposed instead of the five individual CCDs in this design. It was found 
that reading out the five different images from a single CCD would require a higher pixel 
digitization rate and would consequently increase the detector read noise. 

5.1.1.4.1.2 NGS Wave Front Sensor Mechanisms  

The mechanical description for the NGS wave front sensor is found in the general design 
description in 5.1.1.4.3.2, and in greater detail in Appendix I. 

 
Figure 35: Laser guide star wave front sensor 
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5.1.1.4.1.3 Diagnostic Wave Front Sensor Mechanisms 

The diagnostic wave front sensor resides in the science path directly after the second off-
axis parabola. It is mounted on a X-Y, tip/tilt stage. The stage allows the wave front 
sensor to scan the outgoing 
beam as well as retract 
from the beam completely. 
The tip/tilt stage is to 
maintain accurate pointing 
as it scans. An additional 
feature is an internal video 
camera that can be inserted 
into the beam ahead of the 
Shack-Hartman lenses for direct viewing of the output image at video rate.  

5.1.1.4.1.4 LGS Path Zoom Corrector 

The Zoom Corrector has 
four elements, two of 
which are fixed and two 
that move independently 
but linearly in the Z 
direction. All elements are 
tilted and decentered. 

5.1.1.4.1.5 Source 
Simulators 

The LGS simulator and 
NGS simulator are two 
separate mechanisms but 
are designed to work both 
together and indepen-
dently. Each has a two-
position stage for moving 
it in and out of the beam 
as well as a continuous Z-
motion stage. The NGS 
simulator is located at the 
telescope focus while the 
LGS simulator is located 
182.3 mm down stream. 

The NGS simulator is 
fiber fed from a light 
source located in the 
electronics enclosure to 
keep the heat from the 
lamp out of the optics bay. There is a 5 x 5 array of 4 micron diameter sources in the 

 
Figure 36: Diagnostic wave front sensor 

 

Figure 37: Zoom Corrector 

 
  Laser guide star source                          Natural guide star source 

Figure 38: Source simulators 
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middle surrounded by a circular array of eight 300 micron sources near the edge of the 
field (these eight sources are used together with the NGS WFS, and the larger source 
diameter simulates partial compensation of atmospheric seeing). The sources are in the 
.50 to 2.5 mm wavelength range. The Z-motion is +/- 1 mm to 40-micron accuracy. 

The LGS simulator uses LED’s that emit near the .589-micron sodium wavelength. There 
are five sources arranged in the same X-shaped pattern as the laser guide star 
constellation. Its Z-motion is 73 mm, corresponding to LGS ranges on the sky from 90 
km to 150 km with 40-micron accuracy.  The sources are 400 to 600 microns in diameter 
to simulate extended laser guide stars. 

5.1.1.4.1.6 Aperture stop 

There is a deployable aperture stop at DM0. This stop can be removed to overfill DM0 
with the NGS source simulators and reconstruct the DM figures to the very edge.   

5.1.1.4.1.7 ADCs 

There are two ADCs, one in the science path and one in the NGS path. These are both 
counter-rotating prisms. The science ADC can be moved out of the beam when observing 
is done in the L and M bands, where dispersion compensation is unnecessary. 

5.1.1.4.1.8 Beam Splitter 
Changer 

There are two beam splitters. The 
science path beam splitter can be 
changed for two different 
wavelengths. This is 
accomplished by using a rotating 
2-position stage. The second 
splits and LGS and NGS paths 
and is not changeable. 

5.1.1.4.1.9 Shutters 

These mechanisms are used to 
close the optics bay when not in 
use. The baseline design uses the 
same shutters as Altair, which are 
identified in the following table: 

  
Shutter manufacturer Packard Ideal Shutters, Professional 

Photographic Products, Inc 

Input shutter aperture/size 5” (127mm) diameter/9-3/16” square 

Output shutter aperture/size  203mm diameter/15” square 

Table 18: Shutters 

 

 
Figure 39: Beam splitter changer 
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5.1.1.4.1.10  Motor Summary 

A list of the motors required for the above mechanisms follows.  All that has been done at 
this point is to look at methods to accomplish the motion.  Motions may require limit 
switches, brakes, and/or encoders.  

Block diagrams of the functions are available in the Drawings and Schematics Appendix. 

- Source simulators  
§ LGS simulator 

• Focus – DC motors 
• In/Out – DC motors 

§ NGS simulator 
• In/Out – DC motors 

§ DM0 Mask 
• In/Out – DC motors 

- Shutters  
§ Input – DC motor or pneumatic 
§ Output – DC motor or pneumatic 

- Science BS  
§ 180° rotation – DC motor 

- Science ADC  
§ Two rotating prisms - tracking w/DC servos 
§ In/out – DC motor 

- NGS ADC  
§ Two rotating prisms - tracking w/DC servos 

- Diagnostic WFS  
§ XY and Tip/Tilt - tracking w/DC servos 
§ Mirror In/Out – DC motor 

- LGS zoom  
§ 2 focus adjustments - tracking w/DC servos 

- NGS WFS  
§ 3 XY stages - tracking w/DC servos 

- LGS WFS 
§ 5 pupil alignment mirrors - tracking w/DC servos (piezo) 
§ 15 focus – set to lookup table – DC motors 

 
5.1.1.4.2 Deformable and Tip/Tilt Mirrors 

5.1.1.4.2.1 Deformable Mirrors 

The overall requirements for the three deformable mirrors remain essentially the same as 
presented at the CoDR. Continuous facesheet, stacked actuator deformable mirrors have 
been assumed due to the order of correction that is required.  The three deformable 
mirrors are optically conjugate to ranges of 0, 4.5, and 9.0 km, with 17, 17, and 9 
actuators across the diameter of the collimated 80 mm beam. The resulting inter-actuator 
spacings are 5.0, 5.0, and 10.0 mm.  Each mirror includes rings of guard actuators to 
provide uniform influence functions for all actively controlled actuators.  The sizing for 
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the two mirrors conjugate to 4.5 and 9.0 km must also account for the 2 arc minute 
diameter field-of-view.  These considerations yield the following actuator geometries for 
each mirror: 

• DM0:  241 actively controlled actuators in a 17 by 17 array, within a 21 by 21 
array of 349 total actuators.  This provides 2 full guard rings around the pupil.   

• DM4.5:  352 actively controlled actuators in a 20 by 20 array, within a 24 by 24 
array of about 468 total actuators.  This provides 2 guard rings for all field points 
within a circular 1.15 arc minute field.  For field points at the corners of the fully 
corrected square 1 arc minute field, the minimum separation between the edge of 
the beamprint and the outer ring of guard actuators is 1.65 times the inter-actuator 
spacing.  The corresponding value at the edge of the full 2 arc minute field is 
0.88. 

• DM9: 145 actively controlled actuators in a 13 by 13 array, within a 17 by 17 
array of 241 total actuators.  This provides 2 full guard rings for all field points in 
the 2 arc minute field of view. 

These mirror sizes have been used for the purposes of packaging the optical design and 
determining real-time signal processing requirements. 

The requirement for peak-to-valley actuator stroke (remaining after DM flattening) is 4 
microns.  About 65-70 nanometers of RMS stroke will be used to compensate for errors 
in the AO module.   For DM0, the RMS stroke necessary to compensate for atmospheric 
turbulence under poor (70%) seeing conditions is 500 nm at 45 degrees, and about 615 
nm at 60 degrees.  The RSS of these values is 504 nm at 45 degrees and 619 nm at 60 
degrees, yielding ratios of 7.94-1 and 6.46-1 with the actuator peak-to-valley stroke 
requirement of 4 microns. 

Actuator uniformity and repeatability must be sufficient to allow unobservable mirror 
modes to be monitored without the use of an interferometer.  These modes include piston, 
waffle, and the high-order modes not actively controlled by the wave front reconstruction 
algorithm.  The requirements on hysteresis are thought to be similar to a conventional AO 
system, but this effect has not yet been included in simulations. 

The baseline mechanical design uses volume estimates supplied by Xinetics. The data is 
as follows: 

9 km DM:  200mm x 200mm x 65 mm,  300 gm. 

4.5 km DM: 145 mm x 145 mm x 65 mm,  1500 gm. 

0 km DM:  130mm x 130 mm x 65 mm,  1200 gm. 

The baseline design also allows room behind the mirror volumes for routing the cables to 
the many actuators. 

The DMs are controlled by the Real Time Computer (RTC) residing in the main thermal 
enclosures.  This is a high bandwidth control system using the 5 CCDs as input from the 
Laser WFS.  The High Voltage Amplifiers (HVA) and electronics for the DMs reside 
inside the thermal enclosures.  The racks for DM0 and DM4.5 require 18U of space each 
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and the rack for DM9 requires 9U of space, not including the power supplies.  Power 
dissipation for these systems is discussed in Appendices P and M.  Cabling for the DM’s 
needs to be shielded for noise reduction purposes, and needs to break at the thermal 
enclosure entrance as well as at the HVA electronics. 

5.1.1.4.2.2 Tip Tilt Mirror 

The revised AO module optical design now includes a conventional flat tip/tilt mirror at a 
conjugate range of approximately –2 km.  The required clear aperture is 130 mm.  The 
dynamic range requirement is +/-200 arc sec (TBR), which corresponds to +/-2 arc 
seconds on the sky.  The closed loop bandwidth requirement is 300 Hz and has been 
taken from Altair.  These values are consistent with the performance of existing mirrors.   

Tip/tilt adjustments will slightly alter the DM-to-WFS influence matrix because this 
mirror is not conjugate to a pupil. The magnitude of these shifts has been estimated from 
the values for (a) the RMS 1-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, corresponding to LGS 
beam print translations of about 0.39, 1.26, and 1.06 per cent of the interactuator spacing 
on the three deformable mirrors.  These translations area acceptable and small compared 
with the ~6% translations anticipated due to flexure and thermal effects.  

The baseline mechanical design uses the same tip/tilt mirror as Altair. Other mirror 
choices will differ as regards the required spatial volume. The Meudon mirror occupies a 
volume roughly 180 mm in diameter and 124 mm long. 

This fast Tip/Tilt mirror is also controlled by the RTC using a high bandwidth control 
system to attain the 300Hz requirement.  This will require care with cabling, as high 
voltage will be required to drive the piezo actuators.  Cabling needs to break at the 
thermal enclosure entrance as well as at the electronics racks. 

5.1.1.4.3 Sensors and Detectors 

5.1.1.4.3.1 LGS WFS CCD and Controller Options 

Six different possibilities were considered in detail for the laser guide star (LGS) wave 
front sensor (WFS) camera. These are summarized in Table 19. Of the six possibilities 
considered, two (ADAPT3 and CCD50) were found to be incapable of meeting the 
design requirements, and one of these two (ADAPT3) is no longer produced. 

Two optical configurations were included, one with five separate CCD’s for each of the 
WFS positions, and one in which all five Shack-Hartman arrays were combined onto a 
single 128x128 pixel CCD. We deem the former preferable because of the simplified and 
more flexible optical design. It also has the advantage of allowing for an additional 
“guard” pixel between the subapertures to reduce the optical crosstalk, while actually 
reducing the total number of pixels that need to be digitized. 

From the above considerations, we are left with two options, the Marconi CCD39 and the 
MIT/LL 642.  
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The Marconi CCD39 is the detector used for the Gemini peripheral and on-instrument 
wavefront sensors. For the purposes of this study, we have also assumed use of a camera 
head assembly similar to the one used for these WFS systems and an ARC/SDSU2 
controller. The ARC controller is a very flexible and modular system, and is easily 
programmed to accommodate different applications. The Gemini staff have experience 
with the ARC controllers, as they are being used not only for the A&G WFS systems, but 
also for the Altair, GMOS, NIFS, and GNIRS instruments. The estimated cost for this 
system is $USD 142000. 

The MIT/LL 642 is a complete camera system developed by the Lincoln Labs. It does not 
have the same modularity or flexibility as the ARC system and its bulky packaging would 
make it more cumbersome to integrate. The estimated cost for this system is $USD 
275000 

We therefore recommend the CCD39-based system for the following reasons: 

• The convenience of a compact camera head 
• Both detector and controller are commercially available components 
• The similarity to other Gemini systems and resulting in-house expertise 
• The high level of flexibility in the controller to accommodate different readout 

patterns, etc. 
• Lower cost 

 

PixelVision ADAPT3 80x80 pixels, 40 outputs (5 required) 

Highest noise. No longer produced. Replacement product in development. 

Marconi CCD39  

(with ARC controller) 

80x80 pixels, 4 outputs (5 required) 

Preferred option. 

MIT/LL 642 64x64 pixels, 4 outputs (5 required) 

Non-commercial product produced on special contract. Most expensive option. 

Marconi CCD50 

(with ARC controller) 

128x128 pixels, 16 outputs (1 required) 

Not fast enough to meet frame rate requirement. 

Marconi CCD60 128x128 pixels, 1 outputs (1 required) 

New product with limited availability. No apparent advantage from the high gain 
output stage for this application. 

MIT/LL 1282 128x128 pixels, 16 outputs (1 required) 

Non-commercial product produced on special contract 

Table 19: CCD Options for the LGS WFS 
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5.1.1.4.3.2 NGS WFS Design Concept  

The function of the NGS WFS is to patrol a field of 2.2 arc minutes in diameter, and 
acquire three natural guide stars using three probes.  Light is routed by the probes to three 
quadrant detectors that provide tip-tilt information.  The system is required to acquire 

objects with an 
accuracy and 
repeatability of 15 
milli arc seconds, 
and to maintain 
this accuracy under 
all orientations.  
The capture area of 
each sensor must 
not be less than 2 
arc seconds in 
diameter. 

APDs were chosen 
for the quadrant 
detectors.  They 
are preferred over 
CCDs because of 
the lower noise, 
expense, and heat 
dissipation.  The 
light from each 
quadrant of a 
quadrant detector 

is fed to an APD module via a fiber optic cable with a core diameter of 100 microns.  
Each module requires a power supply delivering 5 VDC at 2 A.  The dark count is as low 
as 25 counts per second in selected units.  The output is in the form of a TTL pulse, 25 
nsec wide, for each photon detected, and can drive a 50-ohm load.  The peak quantum 
efficiency is 72% at 700 nm.  The signal-to-noise ratio per quadrant is expected to be 
about 3 for a guide star of 18th magnitude. 

Light from each guide star is intercepted in the field by a right-angle mirror on the end of 
a thin probe arm that diverts it into a negative lens on the arm.  This lens changes the f-
ratio from f/16 to f/53, and relays the light to a collimating lens and a four-sided mirror 
prism where the stellar image is formed, with a plate scale of 2.0 mm per arc second.  
Light from the four facets of the mirror prism is reflected to four parabolic mirrors which 
image the telescope pupil onto the inputs of the four fibers feeding the APDs.  The image 
diameter is 80 microns.  This system is similar to the successful tip-tilt guider used in the 
CFHT SIS instrument.   

The capture field of the system is determined by the maximum acceptance angle of the 
light entering the fibers, and is 2 arc seconds in diameter.  The fibers are potted in 

 

Figure 40:  NGS wave front sensor 
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capillary tubes, and can be aligned in the X, Y and Z directions by adjustment screws to 
bring the fiber tips and pupil images into alignment. 

Each probe assembly is mounted on an X-Y stage adjacent to the patrol area.  The optical 
system is telecentric, so no motion is needed along the optical axis.  X and Y slides are 
sized to allow each probe to access the full field laterally and 75% of the field 
longitudinally.  The slides are actuated by DC motors and ball screws with 400-line 
rotary encoders.  This gives a positioning resolution of 10 milli arc seconds.  Ideally the 
probes should be 120 degrees apart, but space constraints may result in probes being at 0, 
90, and 180 degrees. 

The twelve optical fibers allow the APD modules to be up to 1 meter from the WFS 
package.  The modules must be mounted on a heat sink to remove the approximately 
60W of heat generated, and to keep the operating temperature between 5C and 40C. 

The more detailed description of the NGS wave front sensor is found in Appendix I. 

5.1.1.4.3.3 Diagnostic Wave Front Sensor 

The detailed design of this subsystem will be the responsibility of the vendor.  The 
required wave front sensing order is 32 by 32 subapertures, and the optical design 
presented above assumes a pupil diameter of 10.4 mm with an individual lenslet width of 
325 microns.  This sensor requires a relatively large linear dynamic range, which could 
be obtained (for example) with a lenslet focal length of 7.6 mm, a 1k by 1k CCD array, 
and a pixel width of 10 microns.  These parameters yield Nyquist rate sampling of the 
Shack-Hartmann spots at a wavelength of 0.9 microns, and also a subaperture field-of-
view of about 11.3 arc seconds in output space. 

The Diagnostic WFS will require absolute measurement accuracy on the order of 10-20 
nm RMS, which could be achieved (at the vendor’s option) through either passive 
thermal compensation or an internal reference source.  Absolute tilt measurement 
accuracy is not required, since modest plate scale variations and higher-order distortions 
will be calibrated using the NGS source simulator and the science instrument in any case.    
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5.1.2 Electronics Cabinets and Enclosure 

5.1.2.1 Mechanical Design 

The baseline design is a 
welded aluminum frame 
covered with steel panels. 
All components are 
mounted on a 19-inch 
rack system, although 
other mounts would be 
possible. There are 6 
racks in each bay, each 
rack capable of holding a 
9U chassis. This gives a 
total of 12 9U racks. 
Preliminary electronics 
designs require space for 
the equivalent of 9 9U 
racks. In addition to the 
12 9U racks shown, 
There are additional 
spaced for a limited 
number of small non-19 inch rack components. There are doors in the sides that open 
clamshell style to gain access to the components inside.  The racks swing out when the 
doors are opened to gain better access to the chasses. 

For access to the AO bench, there is a removable panel in the back of the right hand 
cabinet. 

5.1.2.2 Electronics Inventory and Layout 

Below is a possible layout of the thermal enclosures for the AO Module.  Space is given 
for the various subsystems described in this document.  The Deformable Mirror 
electronics take up most of the space in this layout (5x 9U plus power supplies), along 
with the two 9U VME racks for the controlling computers.   

The two computers are the Adaptive Optics Module Component Controller (AOM CC) 
and the Real Time Computer (RTC).  The former is VME based using Power PC 
processor running VxWorks and EPICS.  This is the baseline for the RTC as well, 
although the final design approach is the responsibility of the vendor.  Other interface 
cards in the computer crates include PMC cards for the SDSU CCD controllers as well as 
the Bancom 635 Time Bus card.  The reflective memory in the RTC should be the 
VMIVME5588 for compatibility purposes. 

Other cards are used as interfaces to the controlling electronics.  Optical isolation should 
be used where possible on the inputs and outputs.  Servo control has nominally used the 
Oregon Micro Systems VME58 card, which has 8 channels of control with encoder 
inputs, limit and home switch inputs.  Digital I/O can be done with the Xycom 

 
Figure 41: Electronics enclosure with one bay opened 
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XVME244, an optically isolated Digital I/O card. Control of the pupil alignment mirrors 
has been put on a Xycom IP carrier card using two XVME2440 series Digital Input and 
XVME5220 Analog Output (DAC) IP modules. 

The control racks for the servo control and piezo control should use commercially 
available cards and, when available, a commercially available chassis.  The DC control 
will likely be custom.  Note that there should be no use of PWM type controllers due to 
noise consideration for the CCD systems.  We have identified a suitable plug-in servo 
amplifier board that is not a PWM type, if necessary. 

5.1.2.3 Cabling Layout 

Cabling should conform to Gemini Electronic Design Specification, SPE-ASA-G0008, 
available from Gemini if requested. 

The cabling of this system is going to be a challenge.  The deformable mirrors will take 
three large multiconductor cables.  These cables should be as short as possible while 
staying out of the optical path.  After these cables, the rest will be smaller multiconductor 
type to run the CCD Controllers, servo motors, DC motors, and the piezos that are needed 
to run the system.   

Since the CCD subsystems are required to operate at very low signal levels, extra care 
must be taken to ensure that the CCD camera cables are separated from the motor drive 
cables and are as short as possible for noise consideration.  The CCD cameras are 
expected to operate at their rated noise levels of 5-6 electrons. 

Shielding and grounding of the cables and devices is extremely important for the 
operation of MCAO and other instruments since ground loops and radiated noise will 
affect performance of all electronics on the telescope. 

Cabling should be done so that there is a break at the thermal enclosure interface and 
another at the back of the chassis inside.  This allows the electronics to be removed from 

VME Rack 1

DC Servo Rack 1

DC Servo Rack 2

Piezo Control Rack 1

DM0 Drive Rack 1

DM0 Drive Rack 2

DM0 Power supplies

DC Power Supplies for Servoes

APD Interface

Network Interface

DM9 Drive Rack

DM4.5 Power supplies

DM4.5 Drive Rack 2

DM4.5 Drive Rack 1

DM9 Power Supply VME Rack 2

Piezo Power Supplies

DC Control Rack

Piezo Control Rack 2

SDSU Power Supplies

NGS Light Source

 
Figure 42:  Example layout of the thermal enclosures 
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the Optical Bench.  Gemini recommends the use of circular metal connectors, such as the 
MS series or the CA series for robustness. 

Cabling to the Instrument Services Panels includes all services required to operate 
MCAO.  Services provided include the fiber optics for the Control and Data networks as 
well as the Time Bus.  ICD 1.9/3.6 shows the connections available on the telescope. 

5.1.2.4 Power Requirements 

Power for the AO Module comes from the telescope system services.  There are two 
types of power available to the instruments – Mains and UPS power.  Both are 120 VAC, 
50 Hz.  (The instrument may be assembled at a site with 120 VAC, 60 Hz but needs to 
operate at the lower line frequency.)  The difference between Mains and UPS is that the 
UPS is an uninterruptible power supply which not only holds when the power fails, but is 
also conditioned.  Gemini recommends that the mains power be used for ‘noisy’ 
electronics and the UPS be reserved for ‘quiet’ electronics and also any electronics that 
requires uninterruptible power. 

Preliminary estimates for power consumption show that the DM’s will take 30A of 120 
VAC power.  The electronics will take about 5 – 10 A more.  We supply 20A each of 
Mains and UPS.   Gemini will need to solve this problem by changing the configuration 
at the Instrument Services. 

5.1.2.5 Thermal Management 

There are two separate electronics enclosures. Each has its own thermal management 
system. The enclosures are insulated with foam insulation to retard thermal migration 
into the dome and especially into the optical bay. There is nominally 2 inches of 
insulation over the entire perimeter with an additional 2 inches at the boundaries to the 
optics bay. There are water-cooled heat exchangers with a forced air circulation system. 
Preliminary calculations indicate that the AO module will radiate up to 85 Watts into the 
dome plus conduct another 11 Watts into the ISS. Of the 85 Watts radiated, 15 Watts are 
radiated into the optical bay first and then eventually into the dome. The 11 Watts into 
the ISS is below the 50 Watts allowable, but the 85-Watt radiation load into the dome is 
over the 50 Watts allowed. These are preliminary calculations based on only a conceptual 
design. Once a more complete design is developed, additional work must be done to 
improve the efficiency of the heat exchange process and reduce the heat losses into the 
dome to acceptable levels. Since the deformable mirror drivers generate the majority of 
the heat (up to 3.4 kW out of the 4.8kW total), some consideration is being given to 
providing the driver chasses with water-chilled heat sinks.  

Increasing the size of the coolant pump could double the coolant flow rate. This could 
reduce the radiant heat load to at or below the 50 Watt maximum.  Thermal calculations 
can be found in Appendix M. 

All electronics racks should use active cooling with fans to circulate the air from the 
cooled side.  Nominally the cool air will be available on the front side and the warm 
exhaust should be on the rear.   
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5.1.3 Mass and CG Budgets    

The latest AO module mass estimate is 971 kg. The requirement is 900 kg. Using 
aluminum in lieu of steel for the bench material would save approximately 60 kg at the 
outset. However, since aluminum is not as stiff as steel, this may be more than offset by 
the additional material required to maintain flexure requirements and deal with larger and 
dissimilar thermal changes. Some light weighting may be possible but would have to be 
identified and calculated later in the design process. The 8% by which the mass has 
exceeded the requirement is not serious as is, but needs to be watched carefully as the 
design progresses. 

It is difficult to accurately predict the overall center of mass at this stage in the design. 
The electronics enclosures are not yet well defined and they are a major part of the total 
mass. For the current estimate, the mass of the electronics enclosures was assumed to be 
evenly distributed. This is not likely to be grossly inaccurate, and some adjustments can 
still be made in the design process. The optical bench, however, is fairly well defined and 
its center of mass estimates were obtained from the finite element model. 

The details of the mass and center of gravity estimate are found in Appendix N.
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5.2 Laser System 

The Laser System is a subsystem of the Laser Guide Star system that includes all 
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 electronics, a control system, cooling systems, and any 
necessary diagnostics. 

Section 5.2.1 reviews the laser system requirements to date.  Section 5.2.2 gives an 
overview of candidate laser technologies.  Sections 5.2.3 and 5.2.4 present the status of 
the on-going Gemini laser Research and Development (R&D) program and the MCAO 
laser system procurement strategy. 

5.2.1 Requirements 

The following laser requirements were developed during the Conceptual Design phase, 
and the range of power requirements given below remains valid.  However we plan to 
update the laser power requirements as soon as the experimental data on the sodium 
column density above Cerro Pachon is reduced.  We also plan to adjust the power 
requirements according to the type of lasers we will be likely to procure once we know 
more about the possible laser formats to be considered for the MCAO laser system. 

5.2.1.1 Laser power requirement 

Zenith angle θ = 0 and 45 degrees 

Laser wavelength λ = 0.589 µm 

Laser beam quality < 1.5 times diffraction-limited 

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

LLT transmission TLLT = 0.9 

LLT pupil diameter DLLT = 450 mm 

Beam diameter on LLT primary mirror Dlaser = 300 mm @1/e2 intensity points 

Atmospheric transmission (one-way) at zenith Tatmo = 0.8 

Median seeing conditions r0 = 20.2 cm @ 0.589 µm 

Low-to-average sodium column density CS = 2 109 - 3 109 atoms/cm2 (to be updated) 

Sodium layer altitude and thickness Z = 95 km +/- 5 km (to be updated) 
Non-saturated slope efficiency of a 10-MHz CW laser SE = 0.26 photons.m2/ms/W/atom 

Telescope + AO fold transmission Ttelesope + AO fold = 0.8 

AO Module transmission @ 589 nm TAOM = 0.7 (0.65) 

LGS WFS Detector quantum efficiency η = 0.85 (0.95) 

Table 20  Laser propagation assumptions used to derive laser power requirements in the no-saturation 
regime.  Updated estimates are given in italics.   
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Based upon the MCAO performance calculations presented at the CoDR and updated in 
Section 4.3 above, the MCAO power requirement per laser beacon is derived from the 
corresponding number of photons detected by the LGS WFS (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 the fluorescence photons emitted by excited 
sodium atoms are propagated back through the atmosphere, Cerro Pachon telescope, and 
the AO Module to the LGS WFS.  Table 20 gives a summary of the laser, optics, 
atmospheric and detector parameters used to calculate the laser propagation and the 
photon return from the sodium layer.  New estimates for the AO Module transmission 
and the LGS WFS quantum efficiency are given in italics; the product of these two values 
is actually about a 4 per cent improvement (relative) upon the values used for the CoDR. 
Table 21 presents the laser power required per laser beacon with a continuous-wave 
(CW) 10-MHz monomode laser to achieve delivered H-band Strehl ratios of (a) 0.39 and 
0.19, and (b) 0.40 and 0.20, at zenith and 45 degrees respectively.  Note that these results 
are given in terms of “CW-equivalent 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 signal level, and 
on the sodium column density at the time of the observation. 

Photo-detection events for 
MCAO simulations at zenith 

(and for simulations at 45° 
elevation angle) 

(a) 

80 PDE’s/cm2/s 

(51 PDE’s/cm2/s) 

(b) 

125 PDE’s/cm2/s 

(80 PDE’s/cm2/s) 

Photon return at the primary 
168 photons/cm2/s 

(107 photons/cm2/s) 

263 photons/cm2/s 

(168 photons/cm2/s) 

Sodium column density 2 109 

atoms/cm2 
3 109 

atoms/cm2 
2 109 

atoms/cm2 
3 109 

atoms/cm2 

Laser head on 
telescope 

(TBTO = 0.8) 

5.7 W 

(6.3 W) 

3.8 W 

(4.2 W) 

8.9 W 

(9.7 W) 

5.9 W 

(6.5 W) 
CW-equivalent 
power 
requirement Laser head off 

telescope 

(TBTO = 0.6) 

7.6 W 

(8.4 W) 

5.0 W 

(5.5 W) 

11.8 W 

(12.7 W) 

7.9 W 

(8.5 W) 

Table 21:  MCAO laser power requirements per laser beacon for a 10-MHz CW laser without saturation 
based on CoDR estimates.  The 4% decrease induced by the slightly better LGS path throughput indicated 
in Table 20 has not been included. 

We have picked three “CW-equivalent” values: 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) A continuous-wave laser, similar to the ALFA laser at Calar Alto Observatory, Spain, 

(b) A high repetition rate pulsed laser, similar to the laser at Keck Observatory, Hawaii, 
and 
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(c) A macro-micro pulse laser similar to the sum-frequency laser at University of 
Chicago. 

Laser formats (a) 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 
22 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 
including the impact of saturation, due to the combined effects of high power levels and 
the small LGS spot size that is desirable for maximizing LGS WFS tilt measurement 
accuracy.  The corresponding calculations can be found in d’Orgeville et al., LGS AO 
photon return simulations and laser requirements for the Gemini LGS AO program, as 
presented at the “Astronomical Telescope” SPIE conference in March 2000.  They show 
that saturation can be compensated in the CW laser case by optimizing the laser spectral 
bandwidth so that the laser power requirement does not significantly increase.  However, 
saturation has a huge impact on the high repetition rate pulsed laser power requirement.  
Although no detailed calculation for other types of laser format has been made at this 
point, the corresponding power requirements can be extrapolated from formats (a), (b) 
and (c) requirements up to a certain extent.  For instance, the power requirement for a 
CW mode-locked laser with a 1 GHz bandwidth will be in a similar range than format 
(a). 

Laser power requirement estimates 

Without saturation With saturation Sample Laser Formats 

Low Medium High Low Medium High 

CW laser 
Laser head mounted in the telescope pier 
(assumes TBTO = 0.6) 
FWHM (without saturation) = 10 MHz 
FWHM (with saturation, optimized) ~ 200 MHz 

5.0 W 7.6 W 12.7 W ~ 6 W ~ 9 W ~ 15 W 

High repetition-rate pulsed laser 
Laser head mounted on telescope center section 
(assumes TBTO = 0.8) 
100 ns pulse @ 30 kHz rep. rate 
FWHM=3 GHz 

9.8 W 14.8 W 24.8 W ~ 40 W ~ 85 W > 100 W 

Macro-micro pulse laser 
Laser head mounted on telescope center section 
(assumes TBTO = 0.8) 
150 µs @ 800 Hz rep. rate 
700 ps @ 100 MHz rep. rate 
FWHM=1 GHz 

3.0 W 4.5 W 7.5 W - - - 

Table 22   Examples of power requirements per laser beacon for the MCAO laser system assuming 
conservative 36 cm diameter spot sizes at the sodium layer.  The total MCAO laser power requirement is 5 
times higher. 

Generally speaking, the laser power requirement for the MCAO Laser System requires a   
50-W class laser system, which is well beyond what has been demonstrated to date for 
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sodium lasers.  Technology permitting in the proposed MCAO program time-scale, the 
preference would be to procure one single laser head to produce the 5 independent beams 
with 4 beam splitters, since this would greatly simplify the overall LGS system design.  If 
this is not possible, other procurement scenarios include but are not limited to: (1) three 
10-W class individual laser heads similar to the Mauna Kea Laser System to produce 
respectively one 10-W on-axis beacon + four 5-W off-axis beacons with two beam 
splitters; (2) five 10-W class laser heads to produce five 10-W beacons; (3) one 20-W 
class laser and one 30-W class laser to produce five 10-W beacons with 3 beam splitters; 
etc.  The laser system procurement strategies are presented in detail in Section 5 “Risk 
Management” of the Management Plan.  They are also briefly discussed in section 5.2.4 
below. 

5.2.1.2 Other Top-Level Requirements 

Beside laser power, nearly all performance, functional and operational requirements are 
identical between the MK (Altair) and CP laser systems.  These requirements are fully 
detailed in the MK LGS Laser System Requirements Document, which is available at 
http://www.gemini.edu/sciops/instruments/adaptiveOptics/AOIndex.html (in the AO 
documents archive, Request for Proposal for a Laser for the Mauna Kea Adaptive Optics 
system, PDF format).  Major requirements are summarized below. 

Performances requirements 

• 50-W class laser (precise power requirement depends upon laser temporal and 
spectral format) 

• Beam quality: < 1.5 times diffraction-limited 

• Excellent pointing stability 

• Laser tuned to the highest peak of the sodium D2 absorption line @ 589 nm 

• Temporal and spectral formats optimized to ensure: (1) maximum photon return 
from the sodium layer, and (2) minimum background noise due to Rayleigh 
scattered light along the beam.  In the case that (2) is identified as an essential 
driver for laser temporal format requirements, pulse repetition rates in the 800 Hz 
range (same as Altair’s frame rate) will be necessary to time-gate the LGS signal. 

Functional and operational requirements: 

• Laser head(s) located on the telescope center section (if possible) 

• All systems designed for typical Gemini telescope environment (temperature, 
altitude, dust, changing gravity vector, etc.) 

• Mechanics, electronics, cooling, software, safety: design follows all appropriate 
standards, and is fully compatible with existing Gemini infrastructure 

• Fully automated Laser System controlled by its own built-in control system which 
is interfaced with the MCAO Control System 

• Laser System includes all diagnostics necessary to produce and maintain the laser 
beam(s) at required performance levels 
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All MCAO-specific operational requirements are presented in the MCAO Operational 
Concepts and Definitions Document (see appendix C). 

5.2.2 Technology Options 

The laser technology options have not changed dramatically since the MCAO CoDR a 
year ago, although progress has been made both in the dye laser field, with on-going 
work at the Lick and Keck Observatories, and in the solid-state field via the Gemini laser 
R&D program.  The progress on sum-frequency laser technology is presented in section 
5.2.3 below.  The present section is simply a reminder of the laser technologies that have 
been in consideration for sodium laser guide star thus far. 

Several laser technologies are able to produce 589 nm laser beams but they have various 
levels of scientific and technological maturity.  Producing a 589 nm beam is not so much 
the difficulty as is extracting the power out of the laser system.  The task is all the more 
challenging when high performance is required in terms of beam quality, wavelength 
purity and beam pointing stability.  Generally speaking, even the more advanced laser 
system concepts to date do not yet offer the high automation standards desirable at an 
astronomical observatory site, and most systems are closer to laboratory prototypes than 
fully engineered systems.  Candidate laser technologies are: (1) dye lasers, (2) solid-state 
lasers, (3) fiber lasers, and (4) some combinations of (1), (2) and (3). 

5.2.2.1 Dye Lasers 

Studied and developed since the beginning of lasers some 35 years ago, dye lasers are by 
far the most mature option for sodium light generation.  They can be either continuous-
wave (CW) like the modified commercial ALFA dye laser at Calar Alto observatory, 
Spain, or pulsed, like the pulsed dye lasers built by Lawrence Livermore National Lab 
(LLNL) for the Lick and Keck Observatories.  However commercial CW dye lasers are 
limited in output power (up to 5 W with some level 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 atoms so that they require even 
higher output power levels than other candidate lasers (see Table 22).  Moreover dye 
lasers are messy and present potential safety issues.  Option (1) is therefore not 
considered to be an option for MCAO.  Note that due to the relatively low output power 
of the ALFA dye laser, LGS AO observations at Calar Alto (Spain) are said to be 
“technically extremely difficult and very demanding on atmospheric conditions” (see 
http://www.mpia-hd.mpg.de/Public/index_en.html for reference) so the decision has been 
made to decommission the laser part of the ALFA AO system.  On another hand, much 
work has been done during the past few years to bring the Lick laser system to its current 
satisfying level of performance.  It is planned that the Keck laser, which has benefited 
from similar upgrades, will be working at the Mauna Kea summit by the end of this year 
(2001).  Note that in spite of the progress made towards efficient use of sodium dye laser 
with LGS AO, the Lawrence Livermore National Lab and the Keck Observatory are 
already considering a solid-state replacement for their lasers in the mid-term future. 
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5.2.2.2 Solid-State and Fiber Lasers 

In comparison with dye lasers, solid-state lasers and fiber lasers are relatively new in the 
field, but interest in them has been growing rapidly during the past 10 years.  Solid-state 
lasers with bulk materials and fiber lasers certainly offer the most attractive option for 
short-term and near-term LGS projects.  Solid-state lasers can be either flash-lamp- or 
diode pumped, with ever growing diode lifetimes and decreasing diode laser prices.  
There are many different ways to create 589 nm beams with solid-state and fiber 
technologies, and as many corresponding laser formats from CW to Q-switched, mode-
locked or macro-micro pulses.  Proposed 589 nm laser concepts include one or several 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 attractive, and a prototype is currently being developed by an 
independent laser company, with preliminary tests on the sky expected by the end of this 
year.  Raman/SHG-based lasers can either produce the 589 nm radiation from bulk 
materials, fibers, or a resonant cavity filled with gas.  Among those possibilities, the 
Raman fiber scheme looks very promising but still necessitates non-straightforward R&D 
to prove the concept viable.  Getting the power out of a Raman-based laser is an issue for 
any approach.  The SFG-based laser, also called the “sum-frequency laser”, is certainly 
the more advanced concept to date.  The 589 nm radiation is created by combining 1.06 
µm and 1.32 µm beams in a non-linear crystal.  One of the major difficulties consists in 
building the 1.32 µm laser using a Nd:YAG crystal, which is also the crystal material 
routinely used to produce the 1.06 µm beam.  Several sum-frequency laser prototypes 
have been built during the past 10 years with different temporal formats, and at least two 
of them have been implemented at a telescope site by the Starfire Optical Range and the 
University of Chicago.  However sum-frequency lasers still need some engineering to 
satisfy all automation and reliability requirements for LGS generation.  10-W class sum-
frequency lasers are almost there, but the 50-W class still needs to be demonstrated. 

5.2.3 Development Status 

5.2.3.1 Context 

In October 1999, Gemini issued a Request For Proposal to procure a 10-W class 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 also included 
significant technical risks.  Although procuring 5 identical lasers for MCAO (actually 6 
including the laser for Mauna Kea) could attract proposals for a future RFP, it was 
thought that Gemini should review its options and strategy if those six 10-W class lasers 
were to be implemented at Mauna Kea and Cerro Pachon, both in a reasonable time-scale 
and for an affordable total price. 

A second RFP was issued in January 2000 that sought laser Research and Development 
(R&D) proposals in the field of sodium Laser Guide Star AO.  Laser R&D proposals 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 across virtually all 
possible laser technologies, many of which received favorable review by the selection 
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committee.  In particular, R&D work on fiber lasers and Raman lasers looked promising 
but was thought to imply longer-range efforts than the three selected proposals, all of 
which suggested R&D work on sum-frequency laser variants.  Gemini therefore initiated 
two R&D contracts to develop the sum-frequency technique: one with Coherent 
Technologies Incorporated (CTI), a laser company based in Boulder, Colorado, and a 
second with the University of Chicago teamed with Lite Cycles, another laser company 
based in Tucson, Arizona.  The University of Chicago/Lite Cycles laser R&D work was 
jointly funded with NSF and the Center for Adaptive Optics (CfAO).  We also signed a 
Cooperative Research and Development Agreement (CRDA) with the Air Force 
Research Lab for joint funding of on-going laser developments at the Starfire Optical 
Range at Albuquerque, New Mexico. 

5.2.3.2 Laser Risk-Reduction Demonstrations 

The power limitations and other sources of concern of previous sum-frequency laser 
prototypes are now well understood and problems to be solved are more engineering 
issues than physics issues.  Gemini and its partners chose to diversify the approaches to 
the sum-frequency laser so that different technologies could be compared.  All three 
lasers under development are diode-pumped, but involve different techniques. CW, 
macro-micro-pulse and mode-locked temporal formats are being addressed.  Side-
pumped Nd:YAG zig-zag slabs are being investigated for the production of 1.32 and 1.06 
micron lasers as well as end-pumped Nd:YAG rods.  At least three non-linear crystals are 
considered to combine the 1.32 and 1.06 micron beams and produce the 589nm beam.  
But all efforts focus on improving gain module designs by managing the Nd:YAG crystal 
thermal load and pumping uniformity. 

Gemini has invested $510 k of its current AO budget in the laser R&D program. The 
intent was three fold: (a) reduce technology risks, (b) foster competition in order to 
reduce laser unit cost, 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.  The 
contracts with Coherent Technologies and University of Chicago/Lite Cycles are now 
nearing completion, while the Cooperative Research and Development Agreement 
obtained new funding and increased manpower from the SOR management chain.  The 
following sections present a brief review of the three laser R&D programs and the results 
obtained so far.  Please refer to the contract reports in Appendix U for a detailed technical 
review of each program.  Because the contract reports contain information proprietary to 
the laser vendors, this appendix is only available to the MCAO Preliminary Design 
Review Committee. 

5.2.3.2.1 Coherent Technologies Inc. 

Program goals:  

• Build a 10-20W 1.32 micron mode-locked laser 

• Demonstrate highly reliable power, timing and beam pointing stability 

• Propose a path to build an engineered mode-locked sum-frequency laser to 
produce 10-50W @ 589 nm  
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Key components: 

• End-pumped Nd:YAG rods 

• Birefringence compensation 

• [PP-KTP SFG] 

Program strengths: 

• CW design can be turned into pulsed design with ~ 45% duty cycle with minor 
modifications 

• Laser company with in-house expertise to engineer and commercialize final laser 
system 

Funding: Gemini 

The 10.5-month contract with Coherent Technologies Inc. is nearing completion at this 
time (mid-April 2001).  As early as February 2001, preliminary results have been very 
encouraging and have come close to theoretical expectations.  A simplified multimode 
cavity using a single end-pumped Nd:YAG rod produced >12W @ 1.32 micron during 
CW operation.  As expected, the power dropped down to > 8W when the single-end 
cavity was made to run monomode and exhibited a 1.25 times diffraction-limited beam 
quality.  The full-scale 1.32 micron laser that was assembled soon afterwards includes 
two of those end-pumped rods and all intra-cavity components necessary to operate in 
CW mode-locked format with a narrow spectral bandwidth in the 1.0-1.5 GHz range.  
The prototype laser has been successfully tested for timing stability since then. 

While the initial pump design included two 30W fiber coupled diodes per rods for a total 
power of 120W, it appears that the diode output power has been degrading significantly 
over the last couple of months so that the current full-scale cavity output power is only 
10.5W with a total pump power of less than 95W.  Such a fast degradation curve is 
highly unusual for laser diodes and CTI is currently investigating the problem with the 
diode vendor.  However the 10.5W result obtained with less than 80% of the intended 
pump power suggests that the 1.32 micron laser performance should produce up to 
12.6W – assuming that output power will scales linearly with pump power -- once this 
unexpected problem is solved.  Assuming a reasonable non-linear conversion efficiency 
of 40%, we can estimate that a 10.5W (resp. 12.6W) 1.32 micron laser combined with a 
13W (resp. 12.6W) 1.06 micron laser will produce > 9W (resp. > 11W) of 589 nm light. 

Finally, time and budget permitting, CTI plans to conduct some tests on second harmonic 
generation using the 1.32 micron laser with a relatively new PP-KTP crystals for which 
high powers are yet to be demonstrated. 

5.2.3.2.2 University of Chicago/Lite Cycles 

Program goals:  

• Refurbish the University of Chicago macro-micro pulsed sum-frequency laser to 
comply with major observatory requirements (control system, enclosure, beam 
pointing stability, etc.) and improve non-linear conversion efficiency  
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• Optimize gain module design to improve 1.32 micron (and 1.06 micron) pump 
laser efficiency  

• Eventually demonstrate 40W @ 589 nm 

Key components: 

• Side-pumped zig-zag Nd:YAG slabs 

• Birefringence compensation 

Program strengths: 

• Efficient pulse format well suited for MCAO needs 

• Macro-micro pulsed sum frequency prototype demonstrated at the 10-W level 

• UoC/Lite Cycles team combines the UoC in-house expertise of macro-micro 
pulsed sum-frequency laser with the laser company expertise to engineer and 
commercialize final laser system 

Funding: NSF, CfAO and Gemini 

The 11-month contract with the University of Chicago is now in its final stage.  All parts 
needed to demonstrate the gain module design have been delivered at Lite Cycles by the 
beginning of April, and are now being integrated in a simplified 1.32 micron pulsed laser.  
It is worth noting that even if late optics deliveries did delay the gain module integration 
phase, the procurement of the laser diodes did not pose a significant schedule issue.  Yet 
the assembly of the diode package did cause the longest delay.  All proposed 
modifications and improvements to the University of Chicago laser (other than the gain 
modules) have been designed and only await the delivery of Lite Cycles’ gain modules 
for the new 1.32 micron laser to be assembled with the UoC prototype laser parts.  
Delivery of the remaining gain modules is expected shortly after, so that the complete 
sum-frequency laser could be built and tested this summer.  We expect preliminary 
results on the gain modules efficiency to be available by the time of the MCAO PDR on 
May 24-25, 2001. 

5.2.3.2.3 Starfire Optical Range 

Program goals: 

• Build a 30W 1.32 micron CW laser 

• Build a 60W 1.06 micron CW laser 

• Demonstrate 25-50W @ 589 nm by sum-frequency mixing 1.32 and 1.06 micron 
light in a resonant ring cavity 

Key components: 

• Master Oscillator-Power Amplifier (MOPA) configuration for 1.32 and 1.06 
micron laser 

• Bow-tie configuration and resonant ring cavity for CW SFG 
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Program strengths: 

• Uses Lightwave Electronics demonstrated laser engine technology 

• Lightwave Electronics is the laser vendor for the Light Interferometer 
Gravitational wave Observatory (LIGO) project 

• Sodium-laser interaction modeling capabilities (Peter Milonni) 

Funding: AFRL and Gemini via a Cooperative Research and Development Agreement 

The 24-month Cooperative Research and Development Agreement (CRADA) with the 
Starfire Optical Range underwent some delays, as it took the SOR staff more time than 
expected to assemble a high quality laser laboratory and gather the necessary 1.32 micron 
laser parts.  The program has now benefited from increased interest from the SOR 
management chain, with two additional laser physicists/engineers recently assigned to the 
project.  The project’s revised goal is to build a 50W 589 nm breadboard laser for testing 
on the sky within one year.  AFRL is therefore now buying all parts necessary for the 
completion of a 10-W and subsequently 50-W prototype.  Simulations on sodium-light 
interaction efficiency and laser design optimization are ongoing. 

5.2.4 Procurement Strategy 

The MCAO Laser System procurement must begin by mid-2002 to support the current 
project schedule with commissioning in late 2004, but significant uncertainties still exist 
in the approach that will be taken.  Several possible options are envisioned as this is 
written (April 2001), all of which will enable commissioning a depopulated MCAO with 
a single 10-W laser guide star in late 2004 at the very least.  Although significant 
progress has been made towards the engineering of a 10-W class laser system for Altair, 
it is still unclear at this time whether one of the three risk reduction efforts that began in 
mid-2000 will convincingly demonstrate a low-risk route for the final engineering 
development of the MCAO laser system.  The basic questions that will need to be 
resolved before adopting a procurement strategy include (i) pulsed vs. CW lasers, (ii) one 
vs. multiple lasers, (iii) what level of risk is acceptable when beginning the procurement, 
and (iv) the possibility and role of additional risk-reduction activities.  Point (i) is 
addressed earlier in section 4.3 of the present document, while points (ii), (iii) and (iv) are 
briefly discussed below.  Please refer to section 5.2 of the Management Plan for a 
thorough discussion of the risks involved with the MCAO laser procurement strategy and 
Gemini’s plans to reduce them. 

Gemini began addressing points (iii) and (iv) some 7 months ago by submitting a 
comprehensive proposal for sodium laser R&D to the National Science Foundation 
(NSF).  Gemini prepared this proposal in collaboration with three other leading 
institutions in the sodium laser guide star adaptive optics field.  The Principal Investigator 
for this proposal is Brent Ellerbroek (Gemini Observatory), with co-investigators Robert 
Fugate (Air Force Research Lab), Jerry Nelson (Center for Adaptive Optics) and Peter 
Wizinowich (Keck Observatory).  As summarized in the one-page Project Summary, the 
three objectives identified for this proposal are as follows: 
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“The Association of Universities for Research in Astronomy, Inc., acting as the 
operator of the Gemini Observatory, proposes a program to develop lasers that 
can reliably generate a "guide star" in the sodium layer for use with astronomical 
and Air Force adaptive optics (AO) systems.  The first goal of this program is to 
develop, produce, and field-test three working lasers which have the power, beam 
quality, reliability, and ease-of-use necessary for facility use at 8-10m telescopes.  
The second goal is to develop a commercially available laser system derived from 
these prototypes that would be within the resources of all current 4-10m 
observatories. The final goal is to investigate and develop new laser concepts 
optimized for future 30-100m telescopes.” 

 
Please see Appendix B1 of the Management Plan for the full-length version of the 
Project Summary (Explicit references to the proposed budget have been deleted).  
Appendix B3 of the Management Plan contains a summary of the schedule for the 
proposed sodium laser development program. 

The current Gemini laser procurement plan for MCAO can only be presented in the 
context of this NSF.  In addition to the proposal’s generic goals: 

I. To enable the eventual commercialization of one or two off-the-shelf 
facility-class sodium lasers for the benefit of the entire AO community, and 

II. To organize and coordinate laser R&D efforts on advanced sodium laser 
concepts for LGS AO and MCAO on future Extremely Large Telescopes 
(ELTs), 

the proposed sodium laser development program would considerably reduce the risks 
associated with the scheduled Altair and MCAO laser system procurements.  In 
particular, the “facility-class laser development” part of the program (goal I) would 
enable the procurement of a very low-risk 10-W class laser for the Altair AO system, 
while more general R&D for “advanced sodium laser concepts” could quite possibly 
offer the Gemini South MCAO laser procurement new alternatives: including (i) pulsed 
lasers vs. CW lasers, (ii) 10-W class lasers vs. higher power lasers, (iii) new solid-state 
and fiber technologies that are potentially more reliable, easier to integrate with the 
telescope and maintain, etc. 
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5.3 LLT and BTO 

The Beam Transfer Optics (BTO) is the MCAO subsystem that 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 basically a beam expander whose purpose is to create the 
smallest LGS spots on the sky. 

5.3.1 Requirements 

Both the MCAO BTO and LLT designs must be similar to the Altair BTO and LLT 
designs and compatible with the single beam LGS AO system that may be implemented 
at Cerro Pachón prior to MCAO.  The MCAO BTO and LLT designs for Mauna Kea 
(MK) and Cerro Pachón (CP) are therefore designed in parallel.  The MK and CP LLT 
designs are identical, and the MK and CP BTO designs are also very similar to each 
other.  Both designs can be compared by looking at views one and two of the 
LLT5Plan.dwg AutoCAD drawings given in the appendix. 

The top-level requirements for the BTO and LLT are summarized in Table 23.  The 
overall performance requirements are driven by the necessity not to waste laser photons 

On-axis, behind the secondary mirror 
LLT location Do not obstruct secondary mirror central hole when 

MCAO is not used (à Periscope) 

LGS constellation 1 beam on-axis, 4 beams off-axis at the corner of a 42.5 
arcsec center-to-corner X-pattern 

TBTO > 0.8 for a laser system mounted on the telescope 
center section Transmission coefficients @ 589 nm 
TLLT > 0.9 

Optical aberrations 

Do not increase LGS FWHM by more than 10% 

     Low order aberrations < 0.15 wave RMS @ 589nm 

    High order aberrations < 0.06 wave RMS @ 589nm 

1-axis blind positioning accuracy on the sky 1 arcsec (peak) 

1-axis pointing accuracy @ 800 Hz on the sky 0.05 arcsec RMS 

Heat dissipated into the dome 

< 10 W for beam dump on top-end  

< 10 W for all BTOOB and LLT elements combined 

< 10 W for all other BTO elements combined 
< 0.5 W for periscope assembly 

All motions remotely controlled by the MCAO Control 
System 

Low maintenance (because of difficult access) Functionalities 

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

Table 23:  BTO and LLT top-level requirements 
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and to create the smallest LGS spot size on the sky.  The operational requirements are 
described in the MCAO Operational Concepts and Definition Document (Appendix D).  
Overall, the BTO and LLT systems must comply with all Gemini-specific requirements. 

5.3.2 Design Summary 

The LLT and BTO preliminary designs are updated versions of the conceptual designs 
presented at the MCAO CoDR in May 2000. 

Following the Conceptual Design Review committee report in May 2000, the LLT opto-
mechanical design underwent one major design change, as the preliminary design no 
longer includes a deployable primary mirror.  The direct view of the sky through the 
secondary mirror hole has been replaced with an indirect view of the sky, provided by 
two powered mirrors arranged in a periscope configuration around the LLT.  Section 
5.3.5 describes the design context for the periscope as well as an overview of its current 
opto-mechanical design. 

The LLT alignment tolerances and procedures have been considerably simplified by this 
change.  However this did not have that many consequences on the LLT opto-mechanical 
design, which is still very similar to what was presented at the CoDR.  All performance, 
functional and interface requirements are now fully detailed (see the Laser Launch 
Telescope Requirements Document, appendix R), and the LLT procurement is ongoing.  
A Request for Proposal was issued on March 30, 2001 to procure two identical LLTs.  
The first LLT is to be delivered at Gemini North no later than December 1, 2002, while 
the second LLT is due no more than a year later at Gemini South.  Proposals are due on 
May 4, 2001, and we expect contract negotiations to be on going at the time of the 
MCAO Preliminary Design Review on May 24-25. 

The LLT is envisioned as a standalone system that will be pre-aligned by the LLT vendor 
before it is integrated with the BTO Optical Bench (BTOOB) in the laboratory and the 
LLT/BTOOB assembly is mounted on the telescope.  The LLT will be located behind the 
Gemini Secondary Mirror and mounted within the Secondary Support Structure.  The 
LLT refractive-reflective preliminary optical design includes a toroidal fold mirror, an 
aspheric diverging lens and a 450mm Off-Axis Parabola (OAP).  The strawman opto-
mechanical design is detailed in section 5.3.3.  Note that the LLT unvignetted field of 
view (FoV) has been increased from its original +/- 42.5 arcsec originally to +/- 1.2 
arcmin on the sky in order to encompass pointing and centering corrections of the beam 
positions at the LLT entrance pupil by the new BTO design. 

The Beam Transfer Optics Preliminary Design was subcontracted to Don Gavel and 
Brian Bauman at Lawrence Livermore National Laboratory (LLNL).  Work began in 
November, 2000 and is now close to completion.  The Beam Transfer Optics Preliminary 
Design Report gives an overview of the detailed opto-mechanical design and BTO error 
budgets (Appendix Q).  Most of the functionalities foreseen in the conceptual design have 
been retained but the BTO components have been renamed, some locations changed, and 
the overall block-diagram reorganized (see Figure 43). 

For those familiar with the conceptual design, Table 24 below presents a non-exhaustive 
list of modifications/additions brought to the LLT and BTO designs since the CoDR. 
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Components CoDR PDR Reason for change 

Laser Launch Telescope 

Primary mirror Deployable Fixed 
Loosen tight alignment 
tolerances imposed by 
deployability  

Periscope None Part of LLT design 

Relay view of the sky 
through M2 hole that is 
obstructed by LLT primary 
mirror 

Beam Transfer Optics 

Slow tip/tilt mirror 
array 

1 array: M3 on BTOOB 
at end of (-X, +Y) vane 

2 arrays: Pointing Array 
(PA) and Centering Array 
(CA) on telescope center 
section 

(1) Needs two mirrors per 
beam to correct for beam 
misalignment due to 
flexure; (2) Beam can be 
hidden behind the vane 
using PA and CA down at 
center section 

Top-end ring 
mirror M6: slow tip/tilt mirror Top-end Ring Mirror: fixed See reason (2) above 

Beam position 
sensors 

Beam position sensors 
behind M6, M7, etc. 

Pre-alignment cameras 
looking at Top-end Ring 
Mirror, Fast Steering Array 
and LLT primary mirror 

Limit the number of servo-
loops, static pre-alignment 
good enough 

Fast tip/tilt mirror 
array 

M2, located after beam 
diagnostics beam 
splitter 

Fast Steering Array, located 
at end of (-X, +Y) vane 
before diagnostics beam 
splitter 

Space envelope constraints: 
cannot procure 0.5’’ tip/tilt 
platforms 

Pointing and 
Centering Mirrors 
(PM & CM) 

Fixed fold mirrors on 
each side of K-Mirror 

Pointing and Centering 
Mirrors (PM & CM) on 
each side of K-Mirror  

Correct for top-end sag and 
tilt and other flexures 

BTO diagnostics 

Control M3 and M6 

No shutter 

No design  

 

 

Control PA and CA 

Corner Cube Shutter 
Preliminary Design with 
identified camera and Near-
Field chopper 

More detailed design 

Beam shielding 
over vane and 
light shield around 
SSS 

No beam shielding Provisions for beam 
shielding 

Limit double scattering 
event from beam over vane 
into telescope FoV 

Table 24:  LLT and BTO design modifications since the conceptual design 
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Finally, we have also developed a preliminary alignment plan for the Beam Transfer 
Optics and Laser Launch Telescope to be co-aligned with the Gemini telescope optical 
axis.  This alignment plan is presented in the BTO and LLT Integration and Test 
document (Appendix S). 
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Figure 43:  BTO and LLT Schematic 
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5.3.3 LLT Design Concept 

5.3.3.1 Strawman Optical Design 

5.3.3.1.1 Design Constraints and Specifications 

The 5 laser beams must be launched on-axis to minimize the perspective elongation of 
the LGS images.  The LLT optical design is therefore constrained by two considerations: 
(1) the LLT structure must be hidden from the Cerro Pachon telescope field of view and 
fit inside the telescope secondary frame, and (2) the LLT clear aperture must be as large 
as possible (on the order of 50 cm) in order to create the smallest LGS spot sizes when 
seeing is good.  Additionally, 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 % encircled energy criteria) smaller than 10 
mm.  An analysis of the optimized gaussian beam diameter to be launched to the sky for 
bad seeing conditions shows an optimum close to a 300 mm diameter at 1/e2 intensity 
points, which corresponds to a 99% encircled energy diameter of 471 mm.  Ideally, the 
LLT pupil should not clip the gaussian beam, both to transmit the full laser power and to 
avoid large diffraction ripples in the beam far field.  We choose the largest reasonable 
input beam diameter at 1/e2 intensity points to be 5.0 mm, corresponding to a 99% 
encircled energy diameter of 7.9 mm, so that the laser power density is as low as possible 
on the 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 MCAO laser system is pulsed.  A quick calculation using available 
pulsed laser characteristics shows that the design should avoid bringing the beams to 
sharp focus if we want to avoid producing high power densities locally that could 
challenge beam quality.  The baseline design uses a fold mirror/diverging lens assembly 
to send the beam down onto an off-axis parabola that finally reflects the beams towards 
the sky.  The beams are arranged in an X-shaped constellation with one on-axis beam and 
four off-axis beams separated by 42.5 arcsec from the on-axis beam on the sky (see 
section 5.3.4.).  The LLT conceptual design used the +/- 42.5 arc second value to set the 
requirement on the LLT unvignetted Field of View (FoV).  The FoV has now been 
increased to +/- 1.2 arc minute on the sky to allow for the beam pointing corrections that 
will be introduced by the BTO to compensate for the Gemini telescope top-end flexures.  
However the image quality requirements presented in the following section are defined 
over a restricted +/- 1 arc minute FoV. 

Table 25 gives an overview of the LLT performance specifications and functional 
requirements that are fully detailed in Appendix R (LLT Requirements Document).  
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Parameter Specification 

Magnification ratio 60 with a 1% tolerance 

Field of View 

       Unvignetted FoV 

       FoV for image quality requirement 

 

+/- 1.2 arcmin 

+/- 1.0 arcmin 

Optical design 

       Obscuration 

       Internal focus 

       Optical STOP 

 

No central obscuration 

No internal focus 

~ 450mm (Compatible with space envelope) 

Entrance pupil BTO/LLT interface 

Focus adjustment Fixed afocal telescope (passive compensation 
preferred) 

Optical transmission 
> 97 % @ 589nm 

~ 50 % in the visible (450-700nm) 

Optics and coatings Can sustain power densities in the 500-1000 W/cm2 
range 

Table 25:  LLT design specifications 

5.3.3.1.2 Image quality 

The LLT image quality error budgets include all sources of wave front error, including 
fabrication, initial alignment, vibration, and thermal/gravitational effects.  The LLT must 
not significantly increase the beam wave front aberrations when compared to the input 
laser beam quality and the wave front distortions created by atmospheric turbulence.  
Neither must the LLT introduce significant beam pointing jitter on the sky at frequencies 
that cannot be corrected by the BTO fast tip/tilt loop.  The following sections present the 
LLT image quality requirements in terms of wave front aberrations, including static 
tip/tilt errors, dynamic tip/tilt errors, low order aberrations and high order aberrations. 

5.3.3.1.2.1 Tip/Tilt 

The static tip/tilt error has to do with the overall misalignment of the LLT with respect 
to the Gemini telescope optical axis when the telescope is pointing to zenith.  We intend 
to correct for this tip/tilt at the mechanical interfaces between the Secondary Support 
Structure (SSS) and the Laser Launch Telescope (LLT), and between the LLT and the 
Beam Transfer Optics (BTO) by introducing shims at both interfaces. Residual errors 
may be corrected by the pointing and centering mirrors of the Beam Transfer Optics 
Optical Bench (BTOOB) (see section 5.3.4), but the correction must not be so large that 
the four off-axis beams separated by 42.5 arcsec from the central beam in the MCAO 
configuration are aligned outside of the ± 1.2 arc minute LLT field of view.   

The dynamic tip/tilt error is the result of errors introduced by flexures, vibrations, 
temperature change, wind buffeting, etc. during normal telescope operation.  These tip 
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and tilt errors can be either internal to the LLT, caused by motion of the optics mounts 
with respect to each other, or they can be of a global nature more like static tip/tilt errors.  
The BTO fast tip/tilt loop will be able to correct for most of the low-frequency 
component of the dynamic tip/tilt errors and some of the high frequency part.  The LLT 
dynamic tip/tilt requirements (see Table 26) are therefore derived from the error rejection 
characteristics of this loop and the overall error budget of the LGS pointing error budget. 

5.3.3.1.2.2 Low Order and Higher Order Aberrations 

The low-order aberration and higher order aberration requirements are derived from 
an overall analysis of LGS WFS measurement accuracy as a function LGS signal level 
and spot size on the LGS WFS.  The error budget for these aberrations was obtained from 
a simulation including: 

• 30 cm 1/e2 laser beam diameter 
• 45 cm diameter LLT aperture 
• Laser beam quality 
• Wave front aberrations introduced by an optically-aberrated LLT 
• Atmospheric turbulence (uplink and downlink) 
• LGS WFS pixel blurring 
 

To derive the LLT optical error budget, we require that the LLT optical aberrations do 
not increase the LGS WFS subaperture tilt measurement error due to noise by more than 
20%, with a goal of 10 %.  The penalty splits evenly between a 10% (resp. 5%) increase 
in LGS spot size on the subaperture and a 10% (resp. 5%) decrease in signal to noise ratio 
(SNR).  Low order aberrations (focus, astigmatism, coma, trefoil, spherical) mostly 
impact the LGS spot size, whereas high order aberrations mostly impact the number of 
photo-detection events (PDE’s) in the core of the LGS spot, and therefore degrade the 
SNR. 

Simulations show that the following independent aberrations can separately introduce a 
10% increase in LGS spot size: 

DEFOCUS  0.1 wave RMS @ λ = 589 nm 

ASTIGMATISM 0.18 wave RMS @ λ = 589 nm 

COMA  0.1 wave RMS @ λ = 589 nm 

TREFOIL  0.25 wave RMS @ λ = 589 nm 

SPHERICAL  0.1 wave RMS @ λ = 589 nm 

On this basis, we require that the LLT does not introduce more than 0.15 wave RMS of 
low order aberrations @ λ = 589 nm, with a goal of 0.1 wave RMS.  These errors are 
defined with respect to uniformly illuminated, 45 cm diameter aperture. 

To derive the image quality requirement for the higher order aberrations, we assume a 
WFS with 6 electrons of read-out noise and an operating range of 250-390 
PDEs/subaperture/frame.  Within that range, a 10% penalty on the SNR corresponds to a 
15% reduction in photo-detection events.  Assuming that the laser beams do not saturate 
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the sodium atoms, this means that the laser power would have to be increased by 15% to 
compensate for that penalty. 

High order aberrations can produce a 15% decrease in the number of photo-detection 
events by lowering the Strehl ratio of the LGS spot image by 15%.  We can derive the 
corresponding wave front aberration by using the formula: 

Strehl ratio = exp(-σΦ
2) 

On this basis, we require that the LLT does not introduce more than 0.06 waves RMS of 
high order aberrations @ λ = 589 nm, with a goal of 0.04 waves RMS.  These errors are 
defined with respect to a uniformly illuminated, 45 cm diameter aperture. 

Table 26 below summarizes the error budget breakdown for the LLT design aberrations 
in terms of wavefront aberrations. 

Wavefront aberrations Requirement Goal 

Tip/Tilt – dynamic (during operation) 

      < 0.1 Hz 

      0.1-1 Hz 

      1-30 Hz 

      > 30 Hz  

 

< 10 arcsec (peak) on the sky 

< 1 arcsec (peak) on the sky 

< 0.2 arcsec (peak) on the sky 

< 0.03 arcsec RMS on the sky 

 

 

 

 

Low order aberrations incl. focus < 0.15 wave RMS < 0.1 wave RMS 

High order aberrations < 0.06 wave RMS < 0.04 wave RMS 

Table 26:  LLT image quality requirements and goals 

5.3.3.1.3 Focus Adjustment 

The projected laser beams must be focused on the sodium layer, whose altitude above sea 
level varies between 80km and 110km, with an average around 90-95km.  The Gemini 
South altitude of 2700m must be subtracted from these values to get the distance between 
the LLT and the sodium layer.  As the telescope zenith angle, θ, varies from 0 (zenith) up 
to 60 degrees, the range to the sodium layer approximately as 1/cos(θ).  However, if the 
LLT focus is fixed so that the output beams are basically collimated, the change in the 
distance to the sodium layer will produce changes in the spot size that are small 
compared to the distorting effects of atmospheric turbulence. 

In the LLT RFP, we required that the LLT focus be fixed over the whole range of 
temperature, gravity components, vibrations and other disturbances, with a strong 
preference for passive stabilization schemes.  An example of passive stabilization scheme 
using compensation rods is presented in section 5.3.3.2.5. 

5.3.3.1.4 Optical Design Description 

A revised LLT conceptual design with an increased field of view of +/- 1 arc minute was 
provided to LLT bidders in the LLT RFP package (see the LLT Requirements Document 
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in Appendix R).  This LLT is a true afocal telescope with a 60:1 magnification ratio that 
projects a 450mm collimated output beam to the sky.  The real input beams will be 
gaussian beams with a diameter of 5 mm at the 1/e2 intensity points corresponding to a 
projected 300 mm diameter at the 1/e2 intensity points.  For the sake of design, we have 
considered uniformly illuminated input beams. 

 

Figure 44:  LLT conceptual optical design included in RFP 

The telescope, shown in Figure 44, consists of an off-axis parabolic primary mirror and 
an aspheric negative eyepiece lens, supplemented with a field-correcting convex toroidal 
mirror.  A partial prescription is given in Table 27, with the complete prescription given 
in section 5 of the LLT Requirements Document (Appendix R).  Because of high laser 
power density at the small eyepiece lens in the 500-1000 W/cm2 range, attention must be 
given to resistance of the glass itself, and to adhesion of the antireflection coatings.  The 
candidate design is made from fused silica, but since the lens is monochromatic, it makes 
no optical difference what material is chosen.  To further enhance durability, we chose to 
use a single aspheric lens, rather than two spherical elements in a traditional doublet. 

The combination of a simple eyepiece with an off-axis paraboloid produces a telescope 
seriously afflicted with linear astigmatism in the principal meridian of the OAP.  We find 
that this can be corrected with a tipped convex toroidal folding mirror preceding the 
eyepiece lens.  If the mirror/lens order is reversed, correction is not achieved.  Although 
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correction is not geometrically perfect, the high degree of optical quality obtained is 
shown in Figure 45,  

Figure 46, and Figure 47.  Figure 45 presents the spot diagrams obtained over a +/- 1 arc 
minute FoV for a STOP diameter of 450 mm at the OAP, while  

Figure 46 presents the spot diagrams obtained over the same FoV for a 300 mm STOP.  
Performance is well above the diffraction limit, as indicated by the Airy disk perimeter 
drawn on the spot diagrams.  Note that the real beams being gaussian, the actual image 
quality of the LLT will be somewhere in between what is shown in those figures.  Figure 
47 shows the encircled energy profiles obtained on the sky over the full +/- 1.2 arcmin 
FoV of the LLT for a 450mm STOP.  Provided that optical alignment is maintained 
within the tolerances presented in section 5.3.3.1.4, such a telescope design would 
introduce negligible wave front aberrations compared to the beam distortions caused by 
atmospheric turbulence. 
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File : K:\AO\MKlgs_(&CPlgs)\Laser Launch Telescope\optical\Celine\Celine LLT 03-13-01 for RFP 
drawings.ZMX 
Title: CoDR LLT design   
Date : TUE MAR 13 2001 
LENS NOTES: 
       STOP = off-axis parabola, 450mm diam 
        +/- 1 arcmin FoV 

Fields          : 5 
Field Type: Angle in degrees 
#        X-Value        Y-Value         Weight 
 1       0.000000       0.000000       1.000000 
 2       0.000000       0.016700       1.000000 
 3       0.000000      -0.016700       1.000000 
 4       0.016700       0.000000       1.000000 
 5      -0.016700       0.000000       1.000000 

Wavelengths     : 1 
Units: Microns 
#          Value         Weight 
 1       0.589000       1.000000 
SURFACE DATA SUMMARY: 
 
Surf     Type              Comment         Radius      Thickness      Glass      Diameter      Conic 
 OBJ STANDARD                            Infinity       Infinity                        0          0 
   1 STANDARD                    -       Infinity           1700                  450.991          0 
 STO STANDARD                 STOP       Infinity             35                      450          0 
   3 COORDBRK                                   -              0                        -          - 
   4 STANDARD                  OAP        -3344.6              0     MIRROR      966.0001         -1 
   5 STANDARD                            Infinity        -1672.3                 986.5968          0 
   6 COORDBRK                                   -              0                        -          - 
   7 STANDARD                    -       Infinity         32.194                 1.004121          0 
   8 STANDARD                                72.6             -2     SILICA      9.678982          0 
   9 STANDARD             ASPHERIC          -19.5          -45.7                 9.297626      -1.14 
  10 COORDBRK                                   -              0                        -          - 
  11 TOROIDAL             TOROIDAL        -1316.2              0     MIRROR      15.24893          0 
  12 COORDBRK                                   -              0                        -          - 
  13 STANDARD                            Infinity      -70.24922                 9.901186          0 
  14 STANDARD     PARAX EXIT PUPIL       Infinity            200                 7.673161          0 
  15 PARAXIAL    1MICRON <-> 0.01'              -         343.77                 14.44857          - 
 IMA STANDARD                            Infinity                                12.04812          0 

 

Table 27:  LLT System/Prescription Data 
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Figure 45  Spot diagram for a uniformly illuminated 450mm STOP (FoV = +/- 1 arc 
minute).  The diffraction limit is referenced to the Airy disk perimeter. 

 
Figure 46: Spot diagram for a uniformly illuminated 300mm STOP (FoV = +/- 1 arc minute).  The 
diffraction limit is referenced to the Airy disk perimeter. 
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Figure 47 : Encircled energy performance over the full +/- 1.2 arc minute unvignetted FoV 

5.3.3.1.5 Component Feasibility 

The toroidal mirror has a circular convex radius of 1316.2 mm in one meridian, and 557.3 
mm in the other, with a working aperture only 16 mm in diameter.  The individual input 
beams are only 7.7 mm in diameter.  Tolerances on the toroidal mirror radii are +/-1%. 
Centration and tilt in assembly is measured in millimeters and several minutes of arc, so 
that it can be tilted a little to aid in collimation if need be. 

The double-concave fused silica eyepiece lens has a nominal mechanical diameter of 10 
mm, a concave spherical radius of 72.60 +/- 0.05 mm, and on the opposite side a concave 
hyperboloid radius of 19.50 mm +/-0.02, with a conic constant K = -1.14 +/-.10.  There is 
no denying that the making of such a small aspheric lens will require the hand of a 
craftsman.  To facilitate the work, we will allow the optician to take a larger tolerance on 
the vertex radius of the hyperbolic surface, in exchange for his assuring us of a smooth 
conic surface that is within a fairly loose, but still nontrivial tolerance.  The effect of 
fairly large aspheric error is to introduce spherical aberration - not the worst of problems 
when the beams are partly gaussian.  The finished aspheric surface will be measured, and 
a correction added to the opposite spherical curve to ensure that the focal length of the 
lens is as precise as necessary for the beam magnification of the LLT to be correct.  
Testing an aspheric concave lens is trivial: a positive lens of proper shape is placed in 
contact with the negative lens in order to form a real focus and null the spherical 
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aberration.  This provides an easy test for the optician during figuring, and a final test by 
interferometry. 

A 450mm diameter OAP with a focal length of 1672.3 mm would ordinarily be made by 
fabricating a parent mirror and cutting out two or more OAP’s from the parent.  
Alternatively, many blanks can be blocked and ground as though they formed a complete 
parent mirror.  Some very clever shops are even able to take a single blank and turn it 
directly into an OAP, although these are in the minority.  An OAP of this small size and 
comparatively long focal length, while not cheap, is conventional work.  We understand 
that some companies even offer a standard list of similar OAP’s, and are willing to 
undertake a “custom” mirror at little additional cost. 

The lens will be given an anti-reflection coating at 589 nm, while the mirrors will be 
given reflective coatings, probably dielectric, to obtain a transmission per surface 
approaching 99.9%. 

5.3.3.1.6 Assembly and Alignment 

If the optics in the LLT are to be passive, then assembly and alignment tolerance is 
driven by one number: the f-number of the OAP, which is f/3.7.  The focal error 
permissible for ¼ wave of defocus is a mere +/-.008 mm.  Additionally, the optics must 
remain “centered” with respect to each other, but here the tolerances corresponds to the 
“axis” being displaced from nominal, at the lens, by +/-0.1 mm.  Therefore, for a passive 
system, components should remain in position with respect to each other to within a very 
small amount, suggesting that an active focussing option be held in reserve. 

The LLT module will be aligned in the lab by the LLT vendor, most probably in 
autocollimation, with removable apertures and targets, an alignment telescope, and an 
interferometer (such as the Shack interferometer, because of its small size and 
transportability).  Gemini will install the LLT module in the SSS with locating pins so 
that it may subsequently be removed for service, and reinstalled without need for 
additional adjustment.  Additional information on the LLT alignment procedure with 
respect to the BTO Optical Bench and the Gemini 8M telescope optical axis is provided 
in the BTO and LLT Integration and Test document (Appendix S). 

5.3.3.2 LLT Mechanical Design 

5.3.3.2.1 General Requirements 

The fact that the LLT must be mounted inside the pre-existing Gemini Secondary 
Support Structure (SSS) implies mass, volume and mounting constraints for the LLT 
opto-mechanical design.  The mechanical design must be consistent not only with the 
LLT optical design, but with the optical alignment tolerances for the overall BTO/LLT 
subsystem as well.  In particular, it must enable the top-level pointing specifications 
described in Table 23 (beam pointing on the sky) and Table 26 (dynamic tip/tilt error).  
To this effect, a preliminary alignment tolerance analysis is presented in section 5.3.3.2.2. 

Specific requirements for the LLT/SSS and LLT/BTOOB opto-mechanical interfaces are 
presented in sections 5.3.3.2.3 and 5.3.3.2.4 below, while section 5.3.3.2.5 presents a 
possible passive compensation scheme to maintain the LLT focus within specification.  
The integration of the LLT with the SSS on the telescope is discussed in section 5.3.3.2.6.  
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All mechanical and electrical requirements are also fully detailed in section 3 of the LLT 
Requirements Document (Appendix R).  Table 28 gives an overview of these 
requirements, as well as other requirements of a more general nature, with reference to 
the corresponding mechanical drawings.  All drawings are available in the appendix. 

Parameter Requirement Drawing 

Location 
Within SSS 

Design must grant access to components 

TELESCOPE1.DWG 

ICR01.DWG 

Reference plane See drawing ICR02.DWG 

Structure Made from 6061-T6 Aluminum  

Orientation As shown in drawing ICR10.DWG 

Space envelope 

      Diameter 

 

      Depth 

      Distance to dome ceiling 

 

 

590/500mm max above/below Prime Focus 
WFS mounting brackets 

Max depth is 475mm above reference plane 

LLT max height is 2323mm above reference 
plane 

ICR01.DWG 

ICR02.DWG 

LLT primary mirror cover Remotely controlled by MCAO CS  

Handling fixtures and equipment 

Included in LLT package 

Must enable LLT mounting and dismounting 
from the telescope as well as large optics 
handling 

 

Table 28:  LLT mechanical design requirements 

5.3.3.2.2 Tolerance Analysis 

The key tolerances are listed in Table 29.  There are three sets of tolerances 
corresponding to (1) the LLT internal optical alignment, (2) the LLT optical alignment 
with respect to the BTO, and (3) the LLT alignment with respect to the Gemini telescope.  
The first set is comparatively tighter than the second and third ones.  The reason is that it 
is, for instance, possible to compensate for a relatively small LLT boresight error by 
moving the pointing and centering mirrors PM and CM (see Figure 43 and section 5.3.4) 
to adjust the LGS positioning on the sky.  On the opposite, it is not possible to use any 
BTO elements to compensate for a focus error of the LLT. 
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Alignment parameter Tolerance range description Static correction Dynamic correction 

Focus 
On-axis distance between LLT 
secondary assembly and LLT 
M1 must be stable by +/- 5 µm 

Passive stabilization 
scheme to correct for 
thermal expansion 

Optional if static 
correction not good 
enough 

Within 
LLT Primary-to-

secondary 
tilt and 
decenter 

Depends on LLT final design 
Accurate pre-alignment in 
the lab and fixed optical 
mounts locations  

Correct small 
misalignment with 
BTO PM and CM 

Decenter  Tolerance ~ 0.5 mm (TBR) Use alignment pins à 
Mounting error < 5 µm 

BTO to 
LLT 
optical 
axis Tilt Tolerance ~ 20-30 arcsec Use shims à Mounting 

error < 10 arcsec 

Adjust line of sights 
with BTO pointing 
and centering loops 

Decenter  Tolerance ~ 0.5mm Use alignment pins à 
Mounting error < 10 µm 

Top-end sag Max top-end sag < 2mm None 

Adjust line of sight 
with BTO pointing 
and centering loops 

Tolerance ~ 10 arcsec Use shims à Mounting 
error < 10 arcsec 

LLT to 
Gemini 
telescope 
optical 
axis Tilt 

Max top-end tilt < 30 arcsec None 

Adjust line-of-sight 
with BTO PM and 
CM and use LLT 
slightly off-axis 

Table 29 : LLT opto-mechanical alignment tolerances 

5.3.3.2.3 LLT/SSS Interface 

The existing mounting points on the SSS frame consist of three PFWFS mounting 
brackets within the SSS (oriented as shown in drawing ICR02.DWG) and the SSS Top 
Plate.  The mounting brackets were welded to the inside of the SSS and vary in their 
vertical locations by ±7 mm.  The SSS Top Plate was not machined after the structure 
was welded; hence the surface is not guaranteed to be flat or perpendicular to the central 
axis.  Therefore, all vertical dimensions have been referenced from the SSS Bottom 
Plate/Reference Plane as shown in drawing ICR02.DWG.  The most appropriate interface 
point between the LLT and the SSS is defined as the intersection of the SSS Reference 
Plane and the SSS Central Axis (see drawing).  

The SSS supports the Gemini Telescope Secondary Mirror.  The LLT will have the 
ability to be removed, installed and maintained without removal or modification of the 
secondary mirror module. The LLT will therefore be inserted into the SSS through the 
SSS Top Plate (see drawing ICR01.DWG).  The SSS top plate has an existing bolt circle 
pattern of F26 mm holes going through the 25 mm thick plate as shown in drawing 
ICR02.DWG.  Gemini will take advantage of this existing hole pattern in mounting the 
LLT.  The connection between the LLT and the SSS top plate will be made via four- 60 
mm diameter raised pads with protruding M20 studs (see drawing ICR21.DWG).  Once 
the LLT has been initially aligned with the SSS, two F½” locating pin/liner sets will be 
match drilled and installed, thus providing an alignment repeatability of ±3.8 microns. 
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This will enable us to dismount and remount the LLT at will, for instance if necessary 
during coating maintenance of the LLT primary mirror. 

5.3.3.2.4 LLT/BTOOB Interface 

The Beam Transfer Optics Optical Bench (BTOOB) will be integrated with the LLT in 
the lab.  The following opto-mechanical interfaces have been defined to ensure correct 
alignment. 

The LLT input beam height above the Reference Plane is 2273 mm, oriented as shown in 
drawing ICR10.DWG.  The beam height and its direction of propagation correspond to 
the BTOOB optical axis, which must be boresighted with the LLT to better than 
100 microns.  The BTO Optical Bench will be mounted to the top of the LLT via three- 
60 mm diameter raised pads (see drawing ICR20.DWG).  These pads constitute an 
interrupted surface and will be perpendicular to the SSS central axis and parallel to the 
LLT/SSS interface.  The corresponding perpendicularity and parallelism tolerances are 
specified in drawing ICR22.DWG.  In order to simplify the removal and replacement of 
the BTOOB on the LLT, F¼” locating pin/liner sets will be installed on two of the 
LLT/BTOOB interface pads and provide an alignment repeatability of ±2.5 microns. 

Space envelope specifications for the LLT are derived from the LLT interface with the 
SSS and the BTOOB as well.  For instance, the optical bench will limit the available 
volume for the Fold Mirror/Diverging lens subassembly.  We required that: (i) the 
maximum height of the LLT components be 2323 mm above the Reference Plane; (ii) 
any LLT component extending beyond the LLT/BTOOB mechanical interface (2178 mm 
above the Reference Plane) be within a 315 mm radius of the LLT central axis; (iii) the 
LLT top plate does not vignet the outgoing beam(s) reflecting off the OAP primary 
mirror; and (iv) the sides of the remaining Fold Mirror/Diverging lens subassembly 
footprint lie within 40 mm of the Y-axis (see drawing ICR20.DWG). 

5.3.3.2.5 Focus compensation 

The linear distance from the diverging lens to the OAP primary mirror is the parameter 
that controls the LLT correct focus.  In order to limit the variation of the LGS spot size to 
less than 0.1 arc seconds, this distance must be held to about ±5 microns over the whole 
range of possible temperature in the dome during MCAO observations.  Temperature 
variations can be as large as ±15 °C and cause the aluminum LLT frame to expand or 
contract, changing the distance between the diverging lens and OAP primary mirror 
beyond the required maximum.  Therefore a thermal compensation system is required to 
meet the functional requirements.  This may be accomplished using either active or 
passive compensation schemes.  Due to the mass and heat dissipation requirements, a 
passive system is preferred. 

It is a design goal for the LLT vendor (and almost a requirement) that there is no active 
adjustment of the LLT internal alignment once the system has been aligned in the lab and 
the LLT mounted on the telescope.  A simple compensation system can be devised to 
accommodate the current LLT optical design.  This passive compensation scheme uses an 
invar rod or a zero-expansion carbon fiber rod spanning the vertical distance between the 
fold mirror/diverging lens assembly and the OAP primary mirror as shown in drawing 
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COMP01.DWG.  The lower connection of the compensation rod is attached to the LLT 
frame with the rod end at the same elevation as the theoretical mirror mounting plane.  To 
simplify the compensation analysis, the mounting plane has been chosen perpendicular to 
the optical axis of the LLT, at an elevation containing the vertex of the OAP primary 
mirror.  By assuming all aluminum components, thermal expansion of the LLT will occur 
radially away from the OAP mirror vertex.  The upper end of the compensation rod is 
connected to the diverging lens bracket mounted on the translation table.  The connection 
will be at the same elevation from the mounting plane as the diverging lens and at the 
same distance from the LLT optical axis.  With the translation table mounted at the same 
angle as the beam path, the diverging lens motion will be limited to following along the 
beam path.  With a 15 °C increase in temperature, the distance from the diverging lens to 
the OAP primary mirror will increase by only 2.5 nanometers as shown graphically in 
drawing COMP02.DWG and numerically in Table 30. 

5.3.3.2.6 LLT Integration with the Telescope 

As mentioned earlier, the SSS top plate is neither flat nor perpendicular to the Gemini 
telescope optical axis.  Therefore a static alignment scheme is required to ensure that the 
LGS fall within the LGS WFS FoV.  There must be sufficient clearance between the LLT 
structure and the SSS to allow for angular pre-alignment.  From measurements taken at 
both Gemini North and Gemini South, the maximum angular deviation of the SSS with 
respect to the Gemini telescope optical axis is 8 arc minutes.  If for any reason the 
Gemini telescope top end is removed, it can be replaced on the telescope with an angular 
repeatability on the order of arc seconds.  Therefore a minimum angular motion of the 
LLT within the SSS of about 10 arc minutes must be provided (see drawing 
ICR11.DWG). 

The angular clearance within the SSS also sets the required shim thickness for the 
LLT/SSS mechanical interface.  The longest distance between the LLT/SSS interface 
pads (ICR21.DWG) is 783.9 mm diagonally (represented in drawing ICR11.DWG as the 
392.0 mm radial dimension).  The variation in elevation between the two farthest 
interface pads due to angular alignment is 2.3 mm.  Therefore shims with 5.0 mm 
nominal thickness will be used at the LLT /SSS top plate interface. 

The LLT will be installed in the secondary frame while the telescope is in a quasi- 
horizontal position, without disassembly of the top end, secondary support structure, or 
the secondary mirror support assembly.  The space between the dome and the top-end for 
inserting the LLT is 1830 mm.  Due to shipping, BTOOB integration in the lab and 
subsequent installation on the Gemini Telescope, the LLT must have the ability to be 
lifted, supported and manipulated anywhere from a horizontal position to a vertical 
position.  The LLT integration procedure will be defined by the LLT vendor and the LLT 
will be delivered with the adequate handling equipment.  The handling equipment will be 
manipulated using existing Gemini cranes and hoists. 
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CTE (Al)
(m/m-°C)

Required
Focal Distance

(a0)

Constant
Compensation

Rod Length
(b, mm)

Constant Angle
(B, degrees)

Constant
Initial Offset

(c0, mm)

Change in
Temperature

(DT, °C)

Offset
= (1+CTE*DT)c0

(c, mm)

Effective
Focal

Distance
(a, mm)

Focal Distance
Error

(a - a0, nm)

23.6E-6 1650.98148439 1631.45063306 81.17822080 253.19694643 15.0000 253.28657815 1650.98148188 -2.5
14.0000 253.28060270 1650.98148220 -2.2
13.0000 253.27462725 1650.98148250 -1.9
12.0000 253.26865181 1650.98148278 -1.6
11.0000 253.26267636 1650.98148303 -1.4
10.0000 253.25670091 1650.98148327 -1.1
9.0000 253.25072546 1650.98148348 -0.9
8.0000 253.24475001 1650.98148366 -0.7
7.0000 253.23877457 1650.98148383 -0.6
6.0000 253.23279912 1650.98148397 -0.4
5.0000 253.22682367 1650.98148410 -0.3
4.0000 253.22084822 1650.98148420 -0.2
3.0000 253.21487277 1650.98148427 -0.1
2.0000 253.20889733 1650.98148433 -0.1
1.0000 253.20292188 1650.98148436 0.0
0.0000 253.19694643 1650.98148437 0.0
-1.0000 253.19097098 1650.98148436 0.0
-2.0000 253.18499553 1650.98148433 -0.1
-3.0000 253.17902009 1650.98148427 -0.1
-4.0000 253.17304464 1650.98148420 -0.2
-5.0000 253.16706919 1650.98148410 -0.3
-6.0000 253.16109374 1650.98148397 -0.4
-7.0000 253.15511829 1650.98148383 -0.6
-8.0000 253.14914285 1650.98148366 -0.7
-9.0000 253.14316740 1650.98148348 -0.9

-10.0000 253.13719195 1650.98148327 -1.1
-11.0000 253.13121650 1650.98148303 -1.4
-12.0000 253.12524105 1650.98148278 -1.6
-13.0000 253.11926561 1650.98148250 -1.9
-14.0000 253.11329016 1650.98148220 -2.2
-15.0000 253.10731471 1650.98148188 -2.5

          From the Law of Cosines:     b² = a² + c² - 2*a*c*cos(B)
or solving for "a" and simplifying:     a = c*cos(B) ± v{b² - c²sin²(B)}
(The negative sign case is eliminated as it produces a negative distance)

b

C

A B

a

c

r = b = Compensation Rod Length

 

Table 30: Passive compensation analysis 
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5.3.4 Beam Transfer Optics 

5.3.4.1 BTO description  

In this section, the text tends to refer to the 5-beam LGS configuration and corresponding 
hardware.  In general, the 1-beam configuration can be considered to be the same, except that the 
corner beams of the constellation are deleted, as are the corresponding optics of any mirror array.  

The BTO consists of the optical train from the output of the laser source to the entrance pupil of 
the LLT, conceptually seen in Figure 43.  Briefly, the BTO can be thought of in two sections:  
the first section delivers the 5 beams from the laser source to the BTO Optical Bench (BTOOB) 
above the telescope secondary without letting scattered light contaminate the WFS’s; the second 
section formats the beams into the 5-beam constellation and aligns the beams into the LLT.  
Separate control systems guide the control surfaces of each BTO section. 

Starting from the laser source, the key BTO components are: 

• Two actively-controlled mirrors/mirror arrays to point and center the beam across the 
secondary vane (CA and PA) 

• A relay telescope to relay the pupil of the laser source to the entrance pupil of the LLT; 
this relay is located on the side of the main telescope 

• Fast steering array/mirror (FSA/M) for active tip/tilt control of each of the LGS’s 

• An array of static mirrors that reformats the incoming beams into the 5-beam x-shaped 
constellation seen on the sky 

• A diagnostic package that provides feedback for the alignment of the beam over the 
secondary vane and provides boresighting information between the main telescope and 
the LLT 

• Two actively-controlled mirrors that point and center into the LLT, thus compensating 
flexure or other common-mode pointing errors (CM and PM) 

• An actively-controlled, rotating K-mirror that keeps the orientation of the LGS 
constellation constant with respect to the WFS.   

Additionally, auxiliary cameras aid in the coarse alignment of the BTO.  The control 
systems/active mirrors will be described in later sections.  In addition, there are a few other 
optical and mechanical parts to be described later on. 

5.3.4.2 Optical component list 

A suggested list of optics is given in Table 31 below, based on initial designs for this PDR.  
Details are given elsewhere in section 5.3.4 and in the BTO Preliminary Design Report 
(Appendix Q). 
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B T O  o p t ics  l is t
n a m e d e s c r i p t i o n n u m b e r d i a m e t e r f o c a l  l e n g t h  ( m m )s u g g e s t e d  v e n d o r p a r t  n u m b e r c o a t i n g

L L T 1 L L T  p r i m a r y 1 4 5 0 1 7 5 0 L L T  v e n d o r H R

L L T 2 1 L L T  v e n d o r A R ,  h i g h  p o w e r  d e n s i t y

L L T 3 1 L L T  v e n d o r A R ,  h i g h  p o w e r  d e n s i t y

P M p o i n t i n g  m i r r o r 1 m a n y H R ,  4 5  d e g ,  h i g h  p o w e r  d e n s i t y

K M k - m i r r o r 1
A p p e n d i x  

S m a n y
H R ,  b e  c a r e f u l  o f  p o l a r i z a t i o n  e f f e c t s  
f r o m  h i g h  i n c i d e n c e  a n g l e s

C M c e n t e r i n g  m i r r o r 1 m a n y H R ,  4 5  d e g ,  h i g h  p o w e r  d e n s i t y
b e a m  d u m p  
m i r ro r b e a m  d u m p  m i r r o r 1 m a n y

H R ,  h i g h  p o w e r  d e n s i t y ,  h i g h  
i n c i d e n c e  a n g l e

X S M x - s h a p i n g  m i r r o r 5 12 .7 m a n y H R ,  4 5  d e g

F S A ar ray  o f  5  t / t  m i r ro rs 5 25 m a n y
H R ,  b e  c a r e f u l  o f  p o l a r i z a t i o n  e f f e c t s  
f r o m  h i g h  i n c i d e n c e  a n g l e s

T R M top  r i ng  m i r r o r 1 2 0 0 x 5 0 H R ,  4 5  d e g

L 1 re lay  l ens 1 1 5 0 5 0 0 0 C V I A R

L 2 re lay  l ens 1 1 5 0 5 0 0 0 C V I A R

P A p o i n t i n g  a r r a y 5 5 0 m a n y H R

C A cen te r i ng  a r ray 5 5 0 m a n y H R

B S beamsp l i t t e r  cube /p l a te 1 5 0 C V I ,  R o c k y  M o u n t a i n  I n s t r u m e n t ,  P r i s m s  U n l i m i t e d

C C c o r n e r  c u b e / r e t r o r e f l e c t o r 1 63 .5 N e w p o r t U B B R 2 . 5 - 5

D i a g M 1 f o l d  i n t o  d i a g n o s t i c s  p a c k a g e

D i a g B S
b e a m s p l i t t e r  b e t w e e n  p o i n t i n g  
&  c e n t e r i n g  l e g s 1 75 m a n y

c o a t  o n  2 n d  s i d e  t o  g i v e  l e s s  p o w e r  
t o  p o i n t i n g  c a m e r a

D i a g M 2 fo ld  i n to  cen te r ing  l eg 1 7 5 m a n y H R ,  4 5  d e g

D i a g L 1 cen te r i ng 1 38 .1 1 2 5 N e w p o r t P A C 0 7 4 b r o a d b a n d  v i s i b l e  A R

D i a g L 2 cen te r i ng 1 25 .4 - 2 5 N e w p o r t K P C 0 4 3 b r o a d b a n d  v i s i b l e  A R

D i a g L 3 cen te r i ng 1 25 .4 2 0 0 N e w p o r t P A C 0 6 4 b r o a d b a n d  v i s i b l e  A R

D i a g L 4 po in t i ng 1 5 0 1 5 0 L i n o s 0 3 8 9 0 9 b r o a d b a n d  v i s i b l e  A R  
Table 31: BTO optics list 

5.3.4.3 BTOOB 

The BTOOB supports all of the BTO components from the FSA/M to the LLT.  The AutoCAD 
drawing LLT5Plan.dwg presents the preliminary layout for the BTOOB.  The drawing can be 
found in Figure 48 below. 

 

 

 

 

 

 

 

 

 

 
Figure 48:  BTOOB design for five beams (next page) 
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5.3.4.4 Active mirror description 

5.3.4.4.1 Pointing Array (PA) and Centering Array (CA) 

Since each of the 5 beams must be aligned over the secondary vane, each beam must have two 
control mirrors upstream of the vane to point and center the beam correctly.  These control 
mirrors take the form of a 5 mirror PA and a 5 mirror CA.  These mirrors are sized large enough 
so that the beams will not “walk off” mirrors as the telescope flexes.  See section 5.3.6 for details 
of sizing. 

5.3.4.4.2 Fast Steering Array/Mirror 

The Fast Steering Array (FSA - 5 beam design) /Mirror (FSM - single beam design) consists of 5 
high-bandwidth, 25 mm diameter tip-tilt mirrors (Physik Instrumente model # S-330).  The +/-1 
mrad surface tilt range provides +/- 3.5 arcsec range on the sky with the 60x LLT.  The 
resonance frequency of the unloaded t/t platform is 3.5kHz.  The resonance frequency is reduced 
by the addition of mass on the platform, but does not degrade performance as long as the 
resonance frequency is sufficiently far from the frequency of correction.  A 25 mm diameter, 6 
mm thick mirror has a moment of inertia 550 g mm2 with respect to the tip/tilt mirror pivot point 
(cf. 650 g mm2 for the platform itself).  This reduces the resonance frequency to 2.6kHz, still 
well above the frequencies of interest. 

5.3.4.4.3 Pointing Mirror (PM) and Centering Mirror (CM) 

The PM and CM are located just before the entrance pupil of the LLT, and so steer the 5 beams 
bodily into the LLT and onto the sky.  The PM and CM are steered in a coordinated manner to 
compensate for telescope flexure and other common-mode pointing errors of the LGSs.  The 
flexure correction is derived from a lookup table, with residual errors corrected in closed-loop 
using LGS WFS measurements (via an offload from the FSA).  In addition, the PM and CM can 
be steered in a coordinated, open-loop manner to adjust the centering of the beams into the LLT; 
the input for this is taken from a lookup table generated using the pre-alignment camera mounted 
just at the top edge of the LLT (looking down at the LLT primary). 

5.3.4.4.4 K-mirror 

The K-mirror is a 3-mirror configuration that rotates about an axis parallel to the incoming beam; 
this rotates the constellation.  The K-mirror is controlled via a look-up table that is keyed to the 
orientation of the main telescope.  Details of the design of the K mirror are in Appendix Q (BTO 
Preliminary Design Report). 

5.3.4.5 Diagnostic Sensors Requirements and Description 

The purpose of the BTO diagnostics package is two-fold.  First, the diagnostics provide feedback 
for the MCAO control system to steer the 5 beams behind the –X,+Y secondary vane, via the CA 
and PA control mirrors.  Second, the BTO diagnostics package assures that the 5 beams are 
properly co-registered at the LLT pupil and pointed correctly with respect to each other before 
delivery to the LLT.  These two goals are consistent with each other, and in fact, the second 
requirement is subsumed within the requirement of the first, given appropriate boresighting and 
calibration of the BTO diagnostics.  Details are given in Appendix Q (BTO Preliminary Design 
Report). 

Scattered light analysis (see Section 5.3.6) indicates that the 5 beams propagating over the 
secondary vane should be aligned within 0.5 mm of the center of the vane at either end to avoid 
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excess scattered light into the WFSs.  The 0.5 mm centering requirement represents 10% of the 
1/e2 diameter of the beam; this is the same as the alignment requirement into the LLT.  The 
pointing requirement at the vane is on the order of 0.5 mm/4.8 m = 0.1 mrad, whereas the 
requirement for the LLT is looser—the beam must remain within the FOV of the WFS (2 arc 
seconds on the sky, which is 2 arc minutes, or 0.6 mrad on the BTO; finer control is provided by 
the closed-loop FSA/M at the direction of the WFS), and within the correction range of the fast 
tip/tilt mirrors (approx 1 mrad).  Thus, the pointing and centering requirements to keep the 
beams behind the vane are more stringent than those for alignment into the LLT.  We will 
consider only the vane requirements in the diagnostics design. 

The BTO diagnostics package sits on the BTOOB, “downstream” of the secondary vane and 
FSA/M, and before the final pointing and centering mirrors into the LLT.   The diagnostics 
therefore indicate the far-field pattern on the sky and the co-registration of the beams into the 
LLT.   A small sample of light is sent to the diagnostics package via a dichroic beamsplitter 
cube.  In addition, the diagnostics package may view a star through the LLT via the beamsplitter 
cube and a retroreflector; remotely actuated shutters allow the selection of one path or the other 
or both.  The purpose of looking at the sky is to aid boresighting the LLT and main telescope. 

Note that it may be possible to use a plate beamsplitter rather than a beamsplitter cube.  An 
antireflective “V-coat” centered near 589 nm (easily applied to a plate; harder with beamsplitter 
cubes) will yield a small “leak” to the diagnostics package and non-negligible reflection in the 
rest of the visible.  This will allow some throughput from the sky to the diagnostics.  If a plate is 
used, it should be wedged to “kick out” ghosts.  A subsequent wedge oppositely oriented to the 
first can re-steer the beam back along its original path. 

The diagnostics consist of a “centering” camera and a “pointing” camera.  A small telescope 
images the FSA/M plane onto the centering camera (a small CCD); a lens images the far-field of 
the beam(s) onto the pointing camera.  The “aligned” positions of these cameras are set so that 
the beam is centered over the secondary vane. A 7-position rotating chopper wheel isolates each 
of the 5 beams for the two cameras; there is also a “dark” position, and an open, “all-beams” 
position.  Details of these diagnostics are given in Appendix Q (BTO Preliminary Design 
Report). 

In addition to the diagnostics package that is used closed-loop, there are a few auxiliary cameras 
that are used as alignment aids and system “health” monitors.  Mounted cameras looking at the 
top-end ring mirror (TRM) and the FSA/M aid in coarse alignment; these cameras allow the 
system to be aligned to the point where the control loops can take over.  These cameras are 
turned off after alignment is complete.  There is also a camera perched near the edge of the LLT 
looking down at the LLT primary.  The scattered light off this surface allows direct evaluation of 
the centering of the beam(s) on the LLT.  Similar cameras are used at Lick and Keck 
Observatories. 

5.3.4.6 Relay Telescope 

The relay telescope relays the 5 LGS beams from a plane near the laser source to the fast tip/tilt 
array.  When the beams emerge from their source packages, they will be nominally collimated 
with a 1/e2 diameter of 5 mm.  Without any optics, the beams would diverge to about a 6 mm 
1/e2 diameter.  While this is not an enormous increase, the difference does basically consume the 
budget for aligning over the secondary vane (+/-0.5mm).  Just as importantly, the long throw 
between the control mirrors near the bottom of the telescope and the FSA “target” at the top end 
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means that the resolution of the control mirror tilts would have to be very fine (< 0.5 mm/20 
m/2=12 µrad; this would imply < 0.5µm motions of the actuator, given a 50 mm lever arm).  
This is not a trivial requirement.  Further, since the CA and PA would both be approximately 20 
m away (perhaps 20m and 21m), the cross-coupling between the two control mirrors would be 
very strong. 

Use of a relay telescope can ease these concerns by relaying a convenient surface, such as the 
centering array, to the fast tip/tilt mirror; the pointing array would be a short distance (perhaps 
1m) away.  Thus, the throw distances are much smaller (and much less strongly cross-coupled)—
the PA operates solely as a pointing mirror, and the CA is mostly a centering mirror.  In addition, 
the actuator movements are much larger and easier to control. 

While the necessity of the relay telescope is not cut-and-dried, it appears to be desirable.  A 
preliminary design of an afocal relay telescope is given in Appendix Q; it is a “4f” design.  The 
telescope would be mounted on the side of the telescope and provide a 1:1 pupil relay from the 
PA to the FSA.  Since the mounting location of the laser systems is not known, this design is not 
final.  The PA-FSA distance was assumed to be 20m; thus it uses 5 m focal length optics.  An 
assumption that the vertical interbeam spacing at the FSA was 27 mm (slightly more than the 25 
mm diameter of the fast tip/tilt stages) resulted in lens diameters that are not particularly small:  
125-150 mm diameter lenses would be appropriate.  However, mounting moderate-sized lenses 
such as these is not difficult.  

5.3.4.7 Flexure, thermal effects, windshake 

The analysis of flexure and windshake is handled in the alignment budgets section 5.3.6.1.  
Thermal effects (such as temperature-induced stresses) are appropriately left for the Detailed 
Design phase, since the thermal analysis will make sense only in the context of a detailed and 
final design. 
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5.3.5 Periscope 

5.3.5.1 Context 

Each science instrument package “looks at” the secondary mirror of the telescope, and in some 
cases re-images the secondary mirror, which is the aperture stop of the Gemini telescope.  If the 
secondary mirror were not perforated, the instrument would “see” its own reflection, an effect 
known as “narcissus.” The secondary mirror therefore has a 168mm diameter central hole, which 
if unobstructed would let the instruments look directly into space, producing a background 
similar to that of an entirely unobstructed telescope, but with marginally greater transmission and 
without focused light. 

The Laser Launch Telescope (LLT) is located directly above the secondary mirror and blocks the 
secondary mirror hole.  To restore a view of space, two mirrors are used to deflect light around 
the LLT and again allow the instrument package to see the sky.  They form the so-called 
“periscope.”  The periscope will be mounted at the bottom of the Secondary Support Structure 
(SSS).  It has interfaces with the following existing Gemini systems: 

• Optical interface with IR instruments 

• Mechanical interface with the secondary mirror (M2) assembly  

• Clearance interface with the Secondary Support Structure (SSS) 

• Software interface with Telescope Control System (for shutter remote control) 

5.3.5.2 Requirements 

The periscope performance specifications and functional requirements are summarized in Table 
32 below.  Most of the optical and mechanical requirements are described in greater detail in 
sections 5.3.5.3 and 5.3.5.4. 

5.3.5.3 Optical Design 

Owing to the limited apertures through the side of the SSS, simple flat mirrors do not work, and 
we have designed a quasi-Schwarzschild periscope to restrain the beam size within the secondary 
support structure, and to minimize its profile as it runs along the outside of that structure. 

Note that the periscope must NOT focus stars on the instrument focal plane, otherwise out of 
field objects could be confused with true telescope targets.  Similarly, it is important that the 
periscope's field of regard be as small as possible, so that the keep-out region around the moon is 
minimized. 

The resulting design consists of two “off axis” aspheric metal mirrors, made as thin as possible 
to reduce weight and take up minimum volume.  Figure 49 below shows a side view of the 
parent mirror system from which the periscope optics are extracted. 

The Periscope will be attached to one part of the Secondary Support Structure, while the 
Secondary mirror itself is attached to another part that both tips and decenters during fast 
guiding.  Consequently, it is necessary to design oversized Periscope optics to ensure the focal 
plane sees nothing but mirrors through the hole in the secondary mirror, regardless of secondary 
mirror position. 

The prescription for the parent optical system is presented in section 4 of the Periscope Design 
Report in Appendix T. 
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5.3.5.3.1 Optical Stop 

The hole in the Secondary mirror of the telescope is the aperture stop of the Periscope, and is 168 
mm in diameter.  However, to allow for the relative motion of secondary mirror relative to 
Periscope, the design aperture was taken to be 180mm.  Packaging constraints limit the image of 
this hole to a diameter of about 58mm on the side facing the stars.  This is the entrance pupil for 
calculating unwanted sky-side light pollution. 

 

Parameter Requirement Comment 

Number of 
periscope units 2 One periscope for each Gemini telescope 

Emissivity Low Similar to the secondary mirror emissivity 

Optical design 

 

    Optical STOP 

 

    Field of View 

 

    Optical axis 

 

 

Not an imaging system 

 

     STOP at the secondary 
mirror hole, 180mm in diam. 

     OBJECT at the telescope 
focal plane, FoV = +/- 90mm 

     As close as possible to 8M 
telescope axis 

 

Must not bring starlight into focus 

 

     STOP req. incl. M2 decenters +/- 3mm and SSS sag 
+/- 2.5mm 

     FoV req.incl. 1.5arcmin IR instr. FoV, M2 decenters 
+/- 3mm, and SSS tilts +/- 6 arcmin and sag +/- 2.5mm 

     Periscope must be hidden from 8M telesc. FoV and 
beam must clear SSS top à min angle of ray bundle 
must be > 7-8° from Gemini telesc. axis 

Image quality Surface aberration +/- 0.3mm 
per mirror 

Opto-mechanical 
alignment 
tolerances 

Decentration < +/-3mm per 
mirror 

Not an imaging system ! 

 

Keep exclusion angle < 5° 

Cover 
Cover open (resp. closed) 
during IR (resp. vis.) observ. 

Controlled by SCS 
Must replace central baffle functionality 

Heat dissipation < 0.5 W  

Table 32:  Periscope requirements 
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Figure 49:  Periscope optical design 

5.3.5.3.2 Field of View 

The instrument field corresponds to +/-1.5 arc minutes in object space, or +/-55 mm at the focal 
plane. Additional coverage to ensure no vignetting of light with secondary mirror shifting results 
in a design field of  +/-90 mm.  The pupil coincides with the center of the oversized stop, which 
lies on the nominal optical axis of the telescope. 

Packaging constraints dictate the size and shape of the beam path, from the instrument focal 
plane up to the end of the secondary support structure (SSS).  The beams over the whole field of 
view are contained within a straight circular cylinder that extends from the front of the SSS down 
to the periscope convex mirror, PM2, which has the least possible inclination to the side of the 
SSS.  This is not a collimated beam in space, however, and it diverges to form a cone of 3.7 
degrees diameter, which is approximately half as large an angle as would occur if the optics were 
designed for collimated light in star space. 

Subsequent calculation shows that stars focus about half way between the secondary mirror and 
the instrument focal plane, for a blur diameter about half the size of the 168mm central 
perforation, but with a reduced irradiance since the entrance pupil of the Periscope is only 
58mm. 

5.3.5.3.3 Emissivity 

If the two mirrors of the Periscope are recoated each time the main telescope mirrors are re-
silvered, then the emissivity of the “hole” in the Secondary mirror of the telescope (except for 
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the oblique view of the sides of the hole, and slight bevels) will inherently be the same as the 
image from the main part of the telescope itself.  Calculations may reveal that less perfect 
coatings will suffice, so that the Periscope needn't be recoated along with the main telescope 
mirrors. 

Depending on the “cosmetics” of the Periscope Mirrors and emission from mechanical 
components in the SSS, the precise determination of emissivity of the “hole” may require more 
complicated modeling with ASAP software.  

5.3.5.3.4 Image Quality 

5.3.5.3.4.1 Wavefront Aberrations 

The Periscope is intentionally NOT an image-forming optical system!  The significance of 
“image quality” has only to do with restricting the field of regard, so that out-of-field objects, 
notably the moon or clouds, will cause the least possible interference with observation. 

If the parent system is made perfectly, the field of regard will be 3.7 degrees in diameter.  The 
image of a star is defocused severely, to a focal plane irradiance less than if the instrument were 
simply peering through a hole in the secondary mirror directly at the star itself.  Extended 
objects, like moon and clouds, affect the focal plane as though an f/98 camera lens were imaging 
an object within the 3.7 degree field onto the focal plane.  If the optics were perfectly made, the 
exclusion angle would still be 3.7 degrees in diameter.  The cost to produce substantially perfect 
optics is prohibitive, and for the purposes intended, unnecessary. 

We experimented with parameter tolerances, and found that if the allowable exclusion angle is 
increased to 4.5 degrees, component fabrication and assembly tolerances corresponding to many 
hundreds of wavelength of light are permissible.  While optical methods may still be used to 
facilitate testing, ordinary mechanical tolerances are in fact sufficient. 

5.3.5.3.4.2 Optical Alignment Requirements 

The prime requirement is that no point on the instrument focal plane sees anything but space 
when it looks through the hole in the telescope secondary mirror.  Important, but less vital, is that 
the angle of regard in star space be a minimum, which we have taken as a cone 4.5 degrees in 
diameter, and that the side of the SSS remain just barely out of the field of view. 

Tolerances in terms of wave front quality were shown to be very loose.  The result of these loose 
tolerances is that “boresight” of the Periscope becomes primarily a mechanical concern when 
assembling the module by itself, and then installing it in the SSS.  Pin registration of a precisely 
made module will ensure that the optics can be returned to the telescope after servicing, without 
need to align the optics ON the telescope.  An alignment scheme to adjust the optics within the 
module will likely involve the use of an alignment telescope and both internal and external 
targets.  Owing to the lax tolerances, measured in many minutes of arc, the periscope is not a 
precision mechanism and is virtually invulnerable to malfunction. 

5.3.5.4 Mirror Fabrication and Mounting 

Access to the periscope assembly will be quite limited due to the space envelopes detailed in 
Appendix T, Periscope Design Report.  An aluminum substrate will be preferred over a glass 
substrate due to the limited access to the periscope primary mirror, simplicity in mounting, and 
mass constraints. 
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 The accuracy for fabrication of the periscope mirrors resembles that found in the making of steel 
dies for automobile body parts.  Therefore, numerically controlled machinery is suitable to the 
pre-polishing stage of mirror fabrication.  Loose tolerances permit unusually thin metal sections 
on the mirrors.  The final surfaces will be polished with appropriate, possibly but not necessarily, 
optical machinery.  The aluminum substrates will be electroless nickel plated, stress-relieved, 
and measured to confirm satisfaction of component specifications. 

The bracket that the two periscope mirrors will be mounted on will be fabricated in two parts.  
The primary mirror bracket will be mounted on the stationary portion of the M2 Module, 35 mm 
below the SSS/M2 Module Interface as shown in drawing PERISCOPE12.DWG.  Since the M2 
module must have the ability to be removed from the SSS and the periscope secondary mirror 
must be outside the space envelope required for removal, the secondary mirror bracket must have 
the ability to be removed and replaced on the primary mirror bracket.  A set of locating pins will 
be utilized to eliminate the need for realignment upon completion of this process.  The periscope 
assembly is shown in drawing PERISCOPE11.DWG. 

The two mirrors will be mounted on their respective brackets by similar means. We will take 
advantage of a 3-point kinematic support with the supports offset by 115 degrees, eliminating the 
possibility of remounting the mirror in the wrong orientation.  Each of the three kinematic 
supports will wedge the mirror between a spherical seat and spherical washer as shown in 
SUBSTRATE01.DWG.  The mirror will be aligned on the bracket by placing shims between the 
mirror mount and the spherical washer.  The shims and spherical washer may then be locked in 
place by using an industrial 2-part epoxy or similar means.  In this manner, the mirror may be 
removed for maintenance and replaced without the need for realignment. 

The total allowable mass added to the secondary structure due to the AO system must not exceed 
125±25 kg.  This mass has been divided amongst the LLT, BTOOB and periscope subassemblies 
in order to separate the design tasks.  The mass allocation for the periscope assembly is 10 kg.  A 
breakdown of the periscope assembly mass may be found in Appendix T, Periscope Design 
Report.  The periscope assembly will replace the existing M2 Hole Cover Assembly; therefore 
the mass of the current cover assembly has been deducted from the total mass being added to the 
SSS.  The total estimated change in mass for the periscope is 3.9 kg. 
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5.3.6 Error budgets 

5.3.6.1 BTO Alignment 

The following sections give a detailed explanation of the error budget presented in Table 33 
below. 

5.3.6.1.1 Stages of Alignment 

Alignment through the beam transfer optics train is accomplished in four stages: 

1) Initial mount placement to the capture range of motorized adjustments: The mirror mounts 
must be installed so that the motorized adjustment ranges include the nominally aligned position.  

2) Remote alignment and P&C capture: Motorized adjustments must be accurate enough that the 
beams enter the capture range of diagnostic sensors for handoff to low-bandwidth pointing and 
centering (P&C) control.  The motorized adjustment range for the pointing and centering mirrors 
on the BTO bench must allow for open-loop compensation of flexure of the LLT as a function of 
zenith angle. 

3) P&C closed loop: The pointing control system must control the beams to within the capture 
range of the fast tip/tilt sensors in the AO system.   The centering control system must keep the 
beam aligned to the LLT entrance pupil. 

4) High speed closed loop tip/tilt control: The high-speed tip/tilt mirror must have sufficient 
range to cover tip/tilt excursions introduced by the atmosphere and be controlled accurately 
enough to achieve the on-sky pointing requirement. 

Separate error budgets are developed for each stage. 

5.3.6.1.2 Requirements 

The BTO design for the 5-beam system must be compatible with a single beam LGS system 
(CoDR p.74).  The on-sky pointing accuracy requirement is 0.05 arc seconds RMS for each of 
the 5 beams in a nominal star pattern (CoDR Table 24, p.75).  The capture range of the AO fast 
tip/tilt sensor is +/-1 arc second on the sky (CoDR 5.1.2.2, p.63). 

The laser beams must “overlap fully” on the LLT primary, according to CoDR appendix H, sec 
2.3, p.5.  We interpret this (arbitrarily) to mean that the beam-to-beam overlap at the LLT 
entrance pupil must be less than 10% of the beam diameter (0.5 mm) and that the beams must be 
centered on the LLT entrance pupil to within 0.5 mm of the LLT input optical axis.  Aberration 
analysis of the LLT design should be performed to determine if this is sufficient, or overly strict, 
for attaining the required output wave front quality.  A 10% shift of the beam on the LLT 
primary corresponds to 30 mm motion.  The beam is 300 mm 1/e2 diameter and the LLT primary 
clear aperture is 450 mm (CoDR Appendix I, p.8; LLT Specifications and Requirements 
Document, 2.4.4, p.12). 
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Gemini Laser Beam Transfer Optics
Pointing Tolerance and Dynamic Range Budget
Don Gavel, LLNL 3/29/01

Flex of top end position 2 mm 17.4532925 mr/degree
Flex of top end angle 30 arcsec 0.00484814 mr/arcsec
LLT magnification 60 x
LGS separation 42.5 arcsec
Beam size 5 mm
Max seeing 3 arcsec

Stage 1: Mount Alignment

From* To dist., m
mirror 
size, mm

mounting 
tolerance 
angle, mr

beam position 
error at end of 
path (to-mirror), 
mm path

Laser Centering array 17.4532925
Centering array Pointing array 1 17.4532925
Pointing array Primary ring fold mirror 0 17.4532925  
Primary ring fold mirror Top-end ring mirror 12 17.4532925 209.4395102 up the side of the telescope
Top-end ring mirror Fast steering mirrors 3.5 17.4532925 61.08652382 along the spider vane
Fast steering mirrors X shaping mirror 0.4 25 17.4532925 6.981317008
X shaping mirror Centering mirror 1 17.4532925 17.45329252
Centering mirror Pointing mirror 0.25 17.4532925 4.36332313
Pointing mirror LLT pupil 0.15 17.4532925 2.617993878 into LLT virtual pupil
LLT pupil sky

*spreadsheet entry values apply to the "from" mirror, unless otherwise indicated

Stage 2: Remote Alignment for P&C Capture, and remove elevation-dependent flexure open-loop

From* To dist., m
mirror 
size, mm

anticipated 
flexure sag 
along path, 
mm

anticipated 
flexure 
angle, mr

motorized 
dynamic 
range 
required, 
mr

beam position 
error at end of 
path (to-mirror), 
mm

pointing 
error 
budget, 
mr path

Laser Centering array
Centering array (CA) Pointing array 1 25
Pointing array (PA) Primary ring fold mirror 0 25 primary fold and pointing array are the same optic
Primary ring fold mirror Top-end ring mirror 12 25 2 0.1454441 27.395444 0.5 up the side of the telescope
Top-end ring mirror Fast steering mirrors 3.5 0 17.453293 0.5 2.083333 along the spider vane
Fast steering mirrors X shaping mirror 0.4 25 0.5 2.5
X shaping mirror Diagnostic pupil 1.4 10 17.453293 1.5 2
Diagnostic pupil 4.3 mm on the pupil
Diagnostic far-field 79.37549 arcsec on the sky
X shaping mirror Centering mirror 1
Centering mirror Pointing mirror 0.25 22.68928
Pointing mirror LLT pupil 0.15 11.58862 31.415927 0.5 into LLT virtual pupil
LLT pupil sky

Stage 3: Closed loop P&C, and align optics downstream of P&C using backpropagating star

From* To dist., m

anticipated 
flexure sag 
along path, 
mm

anticipated 
flexure 
angle, mr

motorized 
dynamic 
range 
required, 
mr

beam position 
error at end of 
path (to-mirror), 
mm

pointing 
error 
budget, 
mr path

Laser Centering array
Centering array Pointing array 0.205689
Pointing array Primary ring fold mirror 0.205689
Primary ring fold mirror Top-end ring mirror 12 2 27.395444 0.5 up the side of the telescope
Top-end ring mirror Fast steering mirrors 3.5 0 17.453293 0.5 along the spider vane
Fast steering mirrors X shaping mirror 0.4 0.5
X shaping mirror Diagnostic pupil 1.4 0.5
Diagnostic near-field sensor 0.5
Diagnostic far-field sensor 0.408248 arcsec on the sky
X shaping mirror Centering mirror 1
Centering mirror Pointing mirror 0.25 22.68928 0.118755 mr
K mirror 0.118755 mr
Pointing mirror LLT pupil 0.15 31.415927 0.5 0.118755 mr
LLT pupil LLT secondary
LLT secondary LLT primary 0.118755 mr
LLT primary sky 0.001979 mr 6 terms

1 arcsec on the sky to acquire

These terms RSS to uplink tip/tilt 
acquisition requirement

 
Stage 4: Closed loop Fast Steering

From* To dist., m

dynamic 
range 
required, 
mr

pointing 
error 
budget

Laser Centering array
Centering array Pointing array
Pointing array Primary ring fold mirror
Primary ring fold mirror Top-end ring mirror 12
Top-end ring mirror Fast steering mirrors 3.5
Fast steering mirrors X shaping mirror 0.4 0.8726646 0.014544
X shaping mirror Diagnostic pupil 1.4
Diagnostic near-field sensor
High bandwidth uplink tip/tilt sensor (in AO system) 0.05 arcsec on the sky
X shaping mirror Centering mirror 1
Centering mirror Pointing mirror 0.25
Pointing mirror LLT pupil 0.15
LLT pupil sky 0.05 arcsec on the sky pointing stability requirement 

Table 33:  BTO pointing tolerance and dynamic range budget 

5.3.6.1.3 Beam Transfer Method 

The beam transfer layout is shown in section 5.3.1 (see Figure 43). 
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The beams exit the laser and are reflected off centering and pointing arrays.  One purpose of 
these arrays is to statically configure the 5 beams for transfer across the telescope primary hidden 
behind one of the secondary support spider vanes.  The 5 beams are stacked on top of one 
another so that their nominal beam width is within the width of the vane, thus shadowing air-
scattered laser light from entering the AO system.  Cameras located at the top-end ring mirror 
and at the fast tip/tilt mirrors sense these beam positions.  The second purpose of the pointing 
and centering arrays is to dynamically compensate for the flexure of the top-end of the telescope, 
so that the beams remain centered across the spider vane as the telescope moves off zenith.  The 
top-end is expected to sag 2 mm and rotate 30 arc seconds as the telescope is moved from zenith 
to horizon. 

Once crossing over the vane, the beams hit the fast tip/tilt mirrors on the BTO table.  The beams 
hit these mirrors nominally on center and, with the tip/tilt mirrors at center range, the beams 
reflected off these mirrors hit defined positions on the X-shaping mirror.  Beams leaving the X-
shaping mirror are in the 5-beam configuration for the sky, and are converging at an angle so that 
they overlap at the pupil of the LLT (CoDR Fig 33, p.82). 

A pair of pointing and centering mirrors directs the beam into the LLT.  In their alignment role, 
these mirrors bring the beam onto the input centerline of the LLT.  They also function to offload 
the fast tip/tilt mirrors to keep the laser beacons fixed in the sky with respect to the AO axis, 
compensating the long-term flexure of the LLT axis with elevation. 

5.3.6.1.4 Explanation of Error Budget 

In the discussion below, the scaling of beam angles due to reflection off mirror surfaces has been 
neglected.  The numbers indicate beam angle deviations with respect to nominal.  Although 
actual mirror angular motion might generally be half this, the exact motion of the mirror will 
depend on the geometry of the mount gimbals. We will ignore this whole issue with the 
statement that the dynamic range requirements on mounts will be no more than the numbers 
indicated and the motorized mount angle accuracy requirements will be no smaller than half the 
indicated numbers. 

5.3.6.1.4.1 Stage 1: Mount Placement to Capture Range of Motorized Adjustment 

The mounts will be manually positioned to the accuracy needed for subsequent adjustment by 
motors and/or micrometers.  The usual accuracy of manual positioning is on the order of one 
degree (17.45 mr).  In the spreadsheet, the resulting beam positioning error is calculated as this 
one degree angle times the distance between mirror points. 

5.3.6.1.4.2 Stage 2: Remote Alignment and P&C Capture 

The remote alignment must establish the beam line across the top-end vane, be within the control 
range of the pointing and centering arrays, and within the field of view of the pointing and 
centering diagnostic sensors. 

5.3.6.1.4.2.1 Range of the Pointing and Centering Array Mirrors 

Proceeding from top to bottom in the Stage 2 error and dynamic range budget, we see that the 
primary fold mirror (we assume this is the same as the pointing array) must be able to take up 
top-end sag and rotation, as well as the initial mounting accuracy of the top-end fold mirror.  The 
0.5 mm initial positioning accuracy at the top-end fold mirror is achieved with a camera looking 
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at the scattered light from this mirror.  Another camera looks at the tip/tilt array at the 
“receiving” end to assure similar positioning accuracy there.  Now, imagine a beam propagating 
backwards through these two fixed points in space, reflecting off the top-end fold mirror and 
going down to the pointing array.  If the top-end fold mirror is pointed to an accuracy of 2 mrad, 
the beam reaches the pointing array within 25 mm of center.  Therefore the pointing array 
mirrors must be >25 mm diameter, and the centering array must steer the forward-propagating 
laser beam by 25 mrad (assuming a 1 meter distance between pointing and centering arrays) so 
that it hits this point on the pointing array mirror.  Because of the 25 mrad steering from 
centering array to pointing array, the beam angle as it hits the pointing array mirror (propagating 
forward) is in error, so the pointing array mirror must tilt 25 mrad to compensate.  Add to this 
add the 2 mrad beam angle necessary to propagate up the telescope and hit the proper position on 
the top-end fold mirror.  Finally, the gravity-induced sag of the top-end by 2 mm and the tilt of 
the top end of 30 arcsec (0.15 mr) must also be taken up by the pointing array mirror.  These 
flexure terms total to 0.31 mrad. The total range of the pointing array is 29 mrad.  The total range 
of the centering array is 25 mrad. 

5.3.6.1.4.2.2 Top-End Ring Fold Mirror Range and Accuracy 

The mirror at the top-end ring must have the range to cover its own mounting accuracy of 1 
degree (17 mrad).  The accuracy is determined by the ability to point to some location on the 
pointing array mirror, an area we arbitrarily set to 25 mm, which, over the 12 meter path amounts 
to 2 mrad pointing accuracy. 

5.3.6.1.4.2.3 Fast Steering Array range and accuracy 

The fast steering array assembly is not motorized.  However, we will assume that during initial 
alignment it can be tapped into place to position the beam on the X-shaping mirror to within 1 
mm.  This is 2.5 mrad pointing accuracy. 

5.3.6.1.4.2.4 X-Shaping Mirror Size, Range, and Accuracy 

We allow for 0.5 mm random positioning of the beam on the fast steering array plus the 1 mm 
initial alignment accuracy to arrive at a requirement that each receiving mirror in the X-shaping 
array be larger than 1.5 mm.  The X-shaping array will be remotely adjustable to a range of 1 
degree (17 mr) to take up initial mounting accuracy.  We allow 2 mrad pointing accuracy. 

5.3.6.1.4.2.5 Diagnostic Sensor Range 

The pointing and centering diagnostic sensors must have fields of view to cover the accumulated 
inaccuracies of the upstream optics after initial alignment.  The alignment brings the beam to a 
position accuracy of 1.5 mm and an angular accuracy of 2 mrad at the X-shaping mirror.  
Computing the pupil shift after a path length of 1.4 m to the LLT virtual pupil gives 4.3 mm, 
approximately one beam width. 

In order to view the entire 5 beam constellation after initial alignment, the pointing camera must 
have a field of view (on the sky) of 42 arc seconds constellation size, plus the 30 arc second 
flexure of the top-end, plus the 2 mrad / 60 = 7 arc second alignment accuracy of the X-shaping 
mirror, totaling 79 arc seconds on the sky. 
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5.3.6.1.4.2.6 Pointing and Centering Mirror Range and Accuracy 

The pointing and centering mirrors on the BTO bench are used to compensate for the overall 
shift of the beam constellation on the sky resulting from flexure of the top-end as a function of 
zenith angle.  They are aligned initially by looking at a star through the LLT, and adjusting these 
mirrors to put the star in the proper position on the pointing and centering diagnostic sensors (a 
retro-mirror scheme allows backward-propagating starlight to enter the diagnostic package).  The 
pointing range must be large enough to take up the anticipated flexure, 30 arc seconds on the sky 
(9 mrad on the BTO bench), while the centering must keep the beam on the LLT entrance pupil.  
The pointing (P) and centering (C) mirrors are not purely “pointing” and “centering”, but are 
cross-coupled, so they each take up some of the job of pointing.  The P mirror (actually 150 mm 
from the LLT pupil) must point the beam the 30 arc seconds times the 60x magnification ratio 
and also undo the angle introduced by the C to recenter the pupil.  The resulting motions are: 

θC = θflexure × M × (Zpupil-P)/(ZP-C) 

θP = θflexure × M + θC 

where θflexure is 30 arc seconds, M is the LLT beam expansion ratio, Zpupil-P is the distance from P 
mirror to the pupil (150 mm), and ZP-C is the distance from the C mirror to the P mirror (250 
mm).  We add to these the 1 degree mounting accuracy to get 23 mrad range for the C mirror and 
32 mrad range for the P mirror. 

The accuracy must be good enough to off-load the fast tip/tilt mirrors.  The tip/tilt mirrors have 
an approximate 1 mrad range, so 0.5 mr accuracy is appropriate for the pointing and centering 
mirrors. 

5.3.6.1.4.3 Stage 3: P&C Closed Loop 

The closed loop P&C system must provide enough accuracy that the AO system’s LGS wave 
front sensors can acquire the guide stars.  We set a somewhat conservative limit of 1 arc second 
on the sky as the necessary accuracy. 

5.3.6.1.4.3.1 Accuracy of the Pointing and Centering Arrays 

The pointing and centering arrays must position each beam separately to 1 arc second.  This is 1 
× M / sqrt(2) = 0.2 mrad for each mirror element (the sqrt(2) factor distributes the error evenly 
between pointing and centering elements). 

5.3.6.1.4.3.2 Accuracy of the Diagnostic Sensors and Stability of Downstream Optics 

We distribute the 1 arc second error budget evenly over 6 sources of pointing error: the P&C 
diagnostic sensor and 5 “optics” downstream of the diagnostic split (C mirror, K mirror, P 
mirror, LLT secondary, LLT primary).  To achieve 1 arc second accuracy, these optics must be 
stable against vibration and other drift sources to 1 arc second × M / sqrt(6) = 0.12 mrad.  The 
diagnostic pointing sensor must be accurate to 1 arc second / sqrt(6)  = 0.41 arc second. 
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5.3.6.1.4.4 Stage 4: High Bandwidth Closed Loop Tip/Tilt Control 

Once the beams are acquired into the wave front sensors, the high-bandwidth tip/tilt loop takes 
over.  This loop is specified (CoDR p.75) at 0.05 arc seconds accuracy.  The fast Tip/Tilt mirrors 
must have a resolution of 0.05 arcsecond × M = 15 µr to achieve this. 

5.3.6.2 LGS Transmittance 

5.3.6.2.1 Laser Transmission Path 

The laser beam must reflect off or transmit through 19 surfaces in the path of the beam transfer 
optics and laser launch telescope.  These are: centering array, pointing array, beam relay lens (2 
surfaces), top-end fold mirror, fast tip/tilt array, X-shaping mirror array, diagnostic splitter cube 
(3 surfaces), centering mirror, K-mirror (3 surfaces), pointing mirror, launch telescope fold, 
launch telescope secondary lens (2 surfaces), launch telescope primary.  Of these surfaces, the 
first 15 are associated with the BTO and last 4 with the LLT. 

5.3.6.2.2 Requirement 

Transmission for the BTO is required to be >80% (CoDR, Table 24, p74).  

5.3.6.2.3 Transmission Budget 

Evenly dividing the transmission budget among the 15 surfaces we have: 

Toptic  =  TBTO
1/15 = 0.985 per surface 

High reflectivity “V” band (narrowband) coatings can get better than 0.999 transmission.  For 15 
coated surfaces the total is 0.98 transmission. 

Surface roughness and dust also reduce the transmitted power.  Surface roughness depends on 
the quality of the optics and the polishing method used.  Standards for optical component surface 
roughness are described in [D.J. Janeczko, “Power Spectrum Standard for Surface Roughness, 
Part I,” SPIE 1165, (1989)] and [Stover, Optical Scattering – Measurement and Analysis, 
McGraw Hill, 1990].  The total integrated scatter, as a fraction of the incident light, is given by: 

Pscat/Pinc = (4 π σ / λ)2 

where σ is the rms surface roughness and λ is the wavelength.  Surface roughness falls into the 
following categories (according to Stover): “commercial”: σ = 10-30 Å, “precision”: σ = 2-10 Å, 
and “super-polish”: σ = 0.5-2 Å.  For 50 Watts of incident sodium laser light at λ = 0.589 µ, the 
commercial polish will give no worse than 0.6% loss per surface, or a total of 9% loss.  
Precision-quality surfaces will give less than 0.06% loss per surface for a total of 0.9% loss, or 
transmission of 0.991. 

Dust on the optical surfaces is a major contributor to scattered light loss.  According to [I. F., 
Stowers, Optical Cleanliness Specifications and Cleanliness Verification, SPIE 3782, 1999] 
“visibly dirty surfaces” contain greater than 103 particles per square mm of size greater than 10 
microns.  The dust size distribution on the optical surfaces will depend on the environment 
(particle distribution in the atmosphere), the orientation of the optic with respect to gravity, and 
the length of time the optic is exposed to the environment.  Using the particle distribution 
formula and definitions in Stower’s article, we find that (see BTO Preliminary Design Report, 
Appendix Q) the percentage area blocked by dust is dominated by particles of roughly 10 
microns in diameter and that a “visibly” dirty (“Level 500”) surface is 10% covered.  Obviously, 
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one does not want the laser optics to become visibly dirty.  A “Level 100” surface, i.e. one that 
has 5 times fewer particles than a “Level 500” surface, has only 0.01% of the area covered by 
dust.  This level of cleanliness can be maintained in a class 1000 cleanroom environment (“class” 
refers to number of particles per cubic ft > 0.5 micron) for about 24 hours. 

The typical particle density in the Mauna Kea or Cerro Pachon telescope dome is not known to 
this author.  It is recommended that the laser beam transport optics be cleaned very frequently, 
perhaps on a daily basis.  If we assume that this maintains dust coverage to on the order of 0.1% 
per surface, then the total loss due to scattered light by the 14 exposed beam transport optic 
surfaces (not counting the inside surface of the diagnostic beam splitter) is 1.4% and the 
transmission is 0.986. 

The BTO transmission budget is summarized below. 

Coatings   0.98 

Surface roughness 0.991 

Dust   0.986 

Total   0.957 

Note that the transmission budget far exceeds the requirement of 0.8.  It turns out that the higher 
transmission specification is driven by the tighter requirement on total heat dissipation in the 
dome (see section 5.3.6.4). 

5.3.6.3 LGS Beam Quality 

5.3.6.3.1 Requirement 

The BTO top-level requirement (CoDR Table 24, p. 75) states that the optical aberrations are 
negligible compared to atmospheric distortions.  We can compute the tilt-removed atmospheric 
wave front distortion on a 300 mm beam in r0 = 20 cm seeing at λ = 0.589 µ using: 

σ2 = 0.134 (D/r0)5/3 

The result is 0.5 radians rms = 1/12 wave = 48 nm rms.  To have the beam transport optics 
introduce negligible wave front residual with respect to this, we assign 10 nm to the BTO optics. 

5.3.6.3.2 Optics Quality 

If we spread the 10 nm budget evenly over each surface in the BTO in a root-sum-square sense, 
we are allowed 2.6 nm per surface.  Reflective surface error is doubled on the wavefront, so that 
each reflective surface therefore is required to have 1.3 nm surface error.  Optics vendors quote 
figure quality in terms of peak-to-valley surface, which is roughly 5 times the RMS value for low 
order aberrations.  This makes the specified surface error equal to 6.5 nm peak-to-valley or 
roughly λ/100.  This is an extremely tight requirement on optics surface manufacture; λ/10 is 
more typical while λ/20 is premium quality for flat reflective surfaces and surfaces of lenses, 
while λ/4 is typical for beamsplitters. 

We can compute the impact of using λ/20 optics in the BTO system.  There are 10 flat reflective 
surfaces, 2 lens surfaces and 3 beamsplitter surfaces in the BTO path.  The total wavefront error 
calculation is summarized in Table 34 below. 
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Optic
surface quality, waves 

P-V

rms 
surface, 

nm

rms 
wavefront, 

nm
number of 
surfaces

rss sum of rms 
wavefront, nm

Flat 0.05 6.25 12.5 10 39.52847075
Lens 0.05 6.25 3.125 2 4.419417382
Beamsplitter 0.25 31.25 15.625 3 27.06329387
Total 48.10876349  

Table 34:  Wavefront error due to BTO optics surface quality 

Unfortunately this budget introduces almost as much wavefront error as the atmosphere (and 
recall that this does not include the aberrations in the laser launch telescope powered optics).  
Specifying a λ/10 instead of λ/4 surface for the beamsplitter changes the total to 41 nm.  λ/20 
reduces the total to 40 nm. 

One should note that an optics vendor’s surface quality specification refers to the peak-to-valley 
variation over the full aperture of the optic, whereas most of the BTO optics will only see beams 
of approximately 5 mm diameter.  The local surface from which the beam reflects may have only 
local tilt or power, which has no impact on “real” beam quality.  Therefore, the wave front error 
estimates in the above table are probably pessimistic. 

5.3.6.4 Stray Light 

5.3.6.4.1 Requirement 

Stray light should be minimized. 

5.3.6.4.2 Baffling 

The laser light scatters off of air molecules and every effort should be made to prevent this 
scattered light from entering the adaptive optics wave front sensors.  One should follow the 
general guideline of preventing photons that are single-scattered off an air molecule from 
entering the AO system via another specular or diffuse reflection off a piece of metal. 

The use of baffle along the beams as they go up the side of the telescope is highly recommended.  
The baffle can be a C-shape, rather than a tube, to minimize convection induced wave front 
distortions.  Once at the top of the telescope, the beams will transfer to the secondary table 
hidden behind one of the secondary spider vanes.  A calculation of the amount of light entering 
the AO wave front sensor from Rayleigh scattered light along this path is given in the BTO 
Preliminary Design Report, Appendix Q.  It is recommended that baffling be placed along the 
sides of the beams going across the vane to avoid scatter from the tails of the Gaussian beam 
profile into subapertures below them. 

Once on the secondary table, appropriate baffling should be used to prevent any laser light from 
entering the periscope and thereby onto metal parts of the AO table. 

5.3.6.5 Heat Dissipation 

5.3.6.5.1 Requirement 

To minimize disturbance to the seeing conditions due to heat dissipation in the dome, each AO 
subsystem has a heat dissipation budget.  The BTO system has a requirement of dissipating less 
than 10 Watts total (CoDR, Table 24, p74). 
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5.3.6.5.2 Power dissipating components 

Power consuming components are listed in Table 35.  The entry values for power per component 
and total power are estimates, based on the arguments given in the following sections. 

Component Location Number Power per 
component Total power 

Optics Secondary and Top Ring 11 127 mW 1.4 W 

Optics Primary Ring 4 127 mW 0.5 W 

P&C diagnostic cameras Secondary 2 3.6 W 7.2 W 

P&C motors Secondary 4  Negligible 

Fast tip/tilt stages Secondary 5 40 mW 0.2 W 

Chopper wheel Secondary 1 0.5 W 0.5 W 

PA and CA motors Primary Ring 20  Negligible 

Total    9.8 W 

Table 35:  Power dissipating components 

 

5.3.6.5.2.1 Optics 

The optics transmission error budget requires that each optic have better than 0.985 transmission 
per surface.  High reflectivity “V” band (narrowband) coatings can get better than 0.999 
transmission.  We assume that the 0.1% loss is converted to heat either by absorption in the 
coating or reflection off the coating and absorption somewhere else.  For 50 Watts of laser light 
this amounts to 50 mW per surface, or 0.75 Watts total 

As stated above, the typical particle density in the Mauna Kea or Cerro Pachon telescope dome is 
not known to this author.  It is recommended that the laser beam transport optics be cleaned very 
frequently, perhaps on a daily basis.  If we assume that this maintains dust coverage to on the 
order of 0.1% per surface, then the amount of scattered light by the 14 exposed beam transport 
optic surfaces (not counting the inside surface of the diagnostic beam splitter) is 0.7 Watts. 

The total power in the light scattered by the optical surfaces is summarized below. 

Coating    0.75 Watts 

Surface roughness  0.45 Watts 

Dust    0.7 Watts 

Total    1.9 Watts 

5.3.6.5.2.2 Diagnostic Cameras 

Two cameras must be powered on continually in order to operate the closed-loop pointing and 
centering system.  Each camera runs at 12 Volts, 0.3 amps = 3.6 Watts per camera, or a total heat 
load of 7.2 Watts. 
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5.3.6.5.2.3 P&C Motors and PA and CA Motors 

Four motors, one per axis per mirror, are used to make P&C corrections.  These motors will be 
powered only when corrections are necessary.  Newport 850 motors take very little time, a few 
milliseconds, to move the few hundred encoder steps (corresponding to 0.5 arc second on the 
sky) anticipated per P&C update.  The update rate is determined by the rate at which flexure 
must be compensated.  We’ll say 30 arc seconds (the full flexure amount zenith to horizon) 
occurs in 6 hours.  That’s 5 arc seconds per hour or one update every 6 minutes.  The motors 
therefore need only be on for < 1 second /(6 × 60) < 0.3% duty cycle.  Power dissipation should 
be negligible.  Similar considerations indicate that power dissipation from the PA and CA motors 
should be negligible. 

5.3.6.5.2.4 Fast Tip/Tilt Stages 

The fast tip/tilt stages are operating continuously to correct for atmospheric turbulence.  These 
stages use piezo-electric transducers (PZTs) to move the mirror.  PZTs typically have about 10% 
hysteresis, which can be interpreted as the energy loss per cycle in each Fourier component of its 
motion.  The motions however are extremely small (see BTO Preliminary Design Report, 
Appendix Q) so the power load is negligible.  We assign 40 mW per stage in the power budget to 
cover Ohmic losses in the cables, although this should be negligible also.  Total allocated: 0.2 
Watts. 

5.3.6.5.2.5 Chopper Wheel 

The chopper wheel is operating continuously during closed loop P&C operation.  This should 
dissipate no more than 0.5 Watt. 

5.3.6.6 Mass 

The total allowable mass added to the secondary structure must not exceed 125±25 kg.  The 
mass has been divided amongst the three subsystems, LLT, BTOOB and periscope. 

5.3.6.6.1 LLT Assembly 

The total mass allocated to the LLT assembly is 120 kg.  This includes all components of the 
LLT that must be mounted on either its own frame or the SSS frame, including the primary OAP 
mirror, the mirror cover, the fold mirror/diverging lens assembly, and any positioning/alignment 
components that will remain with the LLT.  From Table 36, the current model shows a mass of 
119.0 kg. 

5.3.6.6.2 BTOOB Assembly 

The mass allocated to the BTOOB subsystem is 20 kg.  This will include the optical bench, all 
BTO components mounted on it, and the dust cover.  From Table 37, the current model shows a 
mass of 22.0 kg for the five-laser system and 18.7 kg for the single beam system. 

5.3.6.6.3 Periscope Assembly 

The mass allocated to the periscope subsystem is 10 kg.  This will include the periscope mirrors, 
brackets and hardware necessary for mounting on the telescope.  From Table 38, the current 
model shows a mass of 8.5 kg total for the periscope.  The periscope subsystem will be replacing 
Gemini’s M2 Central Baffle assembly.  The net gain in mass must subtract the mass for removed 
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baffle assemblies of 4.1 kg.  Therefore the net gain in mass from the periscope subsystem is 4.4 
kg. 
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LLT Mass 
 

ITEM INCLUDED ITEMS VOLUME 
(mm³) 

DENSITY 
(g/mm³) 

MASS 
(kg) COMMENTS 

LLT Frame Aluminum Structure 24,886,528.7 0.00270 67.194  

 Mounting Hardware   1.000  

   Subtotal = 68.194  

LM1 Mirror Assembly LM1 Mirror 14,829,382.8 0.00253 37.518  

 LM1 Mirror Cell 2,742,217.7 0.00270 7.404  

 LM1 Mirror Mounting Hardware   2.000 Includes alignment hardware 

 LM1 Mirror Cover   1.000  

 Mirror Cover Hardware   2.000 Includes mirror cover motor and linkage 

   Subtotal = 49.922  

Lens/Fold Assembly Diverging Lens 490.9 0.00253 0.001  

 Lens Bracket 16,873.7 0.00270 0.046  

 Lens Bracket Adjustment Rods   0.500  

 4X Adjustment Rod Retainer Brackets   0.250  

 Lens Bracket Hardware   0.010  

 Fold Mirror   0.001  

 Fold Mirror Bracket   0.050  

 Fold Mirror Bracket Hardware   0.010  

   Subtotal = 0.868  

   LLT Mass (kg): 118.984 Allocated mass = 120 kg 
 

Table 36:  LLT mass budget 
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BTOOB Mass (Page 1 of 2) 
 

ITEM INCLUDED ITEMS 
VOLUME 

(mm³) 
DENSITY 
(g/mm³) 

MASS 
(5 Beam, kg) 

MASS 
(1 Beam, kg) COMMENTS 

Optical Bench Optical Bench 4,080,135.9 0.00270 11.016 11.016 10.0 mm thick Aluminum Tooling Plate 

 Mounting Hardware 37,978.2 0.00785 0.298 0.298 Includes all interface alignment pins 

   Subtotal = 11.314 11.314  

Slow Tip/Tilt Array 5X STT Mirrors   2.000 0.400  

 5X Alignment Sensors   0.010 0.002  

 STT Mounting Bracket   0.250 0.050  

 Mounting Hardware   0.010 0.002  

 Electronics   0.250 0.050  

   Subtotal = 2.520 0.504  

Fast Tip/Tilt Array 5X FTT Mirrors   2.000 0.400  

 5X Alignment Sensors   0.010 0.002  

 FTT Mounting Bracket   0.250 0.050  

 Mounting Hardware   0.010 0.002  

 Electronics   0.250 0.050  

   Subtotal = 2.520 0.504  

Diagnostics (Case I) Beam Splitter 312,500.0 0.00253 0.791 0.791  

 Corner Cube 312,500.0 0.00253 0.791 0.791  

 Fold Mirror 490.9 0.00253 0.001 0.001  

 Fold Mirror Bracket 312,500.0 0.00270 0.100 0.100  

 CCD camera   1.000 1.000  

 3XLenses   0.050 0.050  

 Electronics   0.250 0.250  

 Mounting Hardware   0.010 0.010  

   Subtotal = 2.992 2.992  
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Dither Sensor Assy Fold Mirror   N/A 0.001 Not used with 5-beam array 

 Dither Mirror   N/A 0.500 ~FTT mirror + sensor 

 Beam Splitter   N/A 0.791  

 Corner Cube   N/A 0.791  

 Sensor Enclosure & Bracket   N/A 0.250  

 Mounting Hardware   N/A 0.010  

   Subtotal = 0.000 2.342  

Rotator 2X Fold Mirror   0.002 N/A Not used with 1 beam array 

 Rotator   1.500 N/A  

 Mounting Hardware   0.010 N/A  

   Subtotal = 1.512 0.000  

Polarization Sensor Fold Mirror   0.001 0.001  

 Polarization Sensor   1.000 1.000  

 Electronics   0.100 0.100  

 Mounting Hardware   0.010 0.010  

   Subtotal = 1.111 1.111  

   BTOOB Mass (kg): 21.971 18.769 Allocated mass = 20 kg 
 

Table 37:  BTOOB mass budget 
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Table 38: Periscope mass budget 

ITEM INCLUDED ITEMS VOLUME 
(mm³) 

DENSITY 
(g/mm³) 

MASS 
(kg) COMMENTS 

Aluminum Brackets Primary Mirror Bracket 1,710,187.5 0.00270 4.618  

 Secondary Mirror Bracket 430,884.5 0.00270 1.163 
Includes secondary mirror mount 

and access panel 

 Bracket Hardware 7,212.1 0.00785 0.057  

   Subtotal = 5.838  

Primary Mirror Aluminum Mirror 810,409.0 0.00270 2.188  

 Mirror Hardware 11,233.1 0.00785 0.088 Includes spherical seat assemblies 

   Subtotal = 2.276  

Secondary Mirror Aluminum Mirror 65,958.1 0.00270 0.178  

 Mirror Hardware 1,033.4 0.00785 0.008 Includes spherical seat assemblies 

   Subtotal = 0.186  

Mirror Cover Aluminum Cover 14,245.6 0.00270 0.038  

 Aluminum Hinge 5,507.3 0.00270 0.015 Includes spherical seat assemblies 

 Hinge Hardware 698.9 0.00785 0.005  

 Mirror Cover Motor 40,505.1 0.00270 0.109 Estimated as its volume of Aluminum 

 Mirror Cover Motor Bracket 27,438.9 0.00270 0.074  

 Mirror Cover Motor Hardware 2,490.8 0.00785 0.020 
Includes mirror cover linkage 

and linkage hardware 

 Mirror Cover Felt Strips 1,774.3 0.00040 0.001  

   Subtotal = 0.262  

Existing Central Baffle M2 Central Baffle Assembly -1,532,595.5 0.00270 -4.138 

The existing central baffle assembly 

will be removed and replaced 

by the periscope assembly 

   Subtotal = -4.138  

   Periscope Mass (kg): 4.424 Allocated mass = 10 kg 
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5.4 Control System 

5.4.1 Notation and Definitions 

The following notation is used in this section when describing software algorithms: 

- C  describes a column vector, 

- L  describes a line (or row) vector, 

- The result of CLa =  is a dot product, LCM =  is a matrix, 

- IMO = is the matrix product of M and the vector I , 

- NC  is the average over the time of the vector C . 

A circular buffer is a buffer of fixed size containing a fixed number of records. A circular buffer 
differs from a normal buffer in that it is filled continuously, starting again from the beginning 
once the end has been reached. There are two integers associated with each buffer, one 
representing the position of the last record written and one representing the number of times the 
buffer has been overwritten. Some exclusion mechanisms can be added when multiple processes 
must access the same buffer. Generally one process writes the buffer and updates the position 
and the counter. Other processes can recover the most recent values by reading backwards from 
the last value written. 

5.4.2 Changes since the Conceptual Design Review 

Since the CoDR, the following areas has been developed: 

- The requirements for all the sub-systems of the MCAO have been modified and refined, 
- The Interface Control Documents (ICDs) between MCAO and the other telescopes 

systems have been written as well as the internal sub-system interface ICD (see Appendix 
Z), 

- Preliminary design documents (mainly flow diagrams) have been written for some of the 
subsystems (see appendix X). 

 
5.4.3 Overview 

The MCAO Control System will be a “subsystem” of the Observatory Control System (OCS). 
This solution is different from the one chosen for the MK AO system, Altair, which is a 
subsystem of the Telescope Control System (TCS). The reasons are: 

• The MCAO system is an independent system with a minimal interface to the TCS. 
It does not receive any commands or continuous demands from the TCS, only 
public status information.  

• The MCAO system needs to be synchronized with the other instruments 
controlled by the OCS. 

• There will be some very complex sequences that need to be done at the level of 
the Sequencer that will be most efficiently performed by using a direct-access tool 
like ocswish. 



MCAO PDR 

GEMINI SOUTH MULTI-CONJUGATE ADAPTIVE OPTICS  PAGE 150  
PRELIMINARY DESIGN REVIEW DOCUMENTATION 

MCAO will exist alongside a number of other instruments. The following figures shows how the 
MCAO Control System fits into the overall Gemini Control System Architecture. 
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Figure 50: Relative position of the MCAO Control System 

The MCAO Control System will interface the other systems of the telescope as the OCS, the 
TCS, the SCS (Secondary Control System), the A&G (Acquisition and Guidance System), and 
the GIS (Gemini Interlock System) as shown in the following figure. In this drawing the circles 
represent the various systems, the simple arrows represent data transfer paths and the double 
arrows represent continuous data transfer path: 
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Figure 51 Interface with the other systems of the Telescope 
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These interfaces are described in the following Interface Control Documents (ICD): 

- ICD 1.13.5/3.1 MCAO to OCS 

- ICD 1.13.5/1.6 MCAO to A&G 

- ICD 1.13.5/1.4.4 MCAO to SCS 

- ICD 1.13.5/1.1.11 MCAO to TCS 

The MCAO system uses the standard GIS interface already described in ICD 1.1.13. 

Note that there is no interface to the Gemini Data Handling System. Diagnostic displays will 
require very high refresh rates and so will be generated and sent directly to video displays. 

5.4.4 The MCAO Controller Architecture 

The MCAO controller must manage a large number of opto-mechanical devices and still meet 
stringent real-time performance requirements. In order to do so the MCAO control system will 
be split in six independent sub-systems: 

• The Adaptive Optics System which performs the real time wave front 
reconstruction and controls the DM, TTM and the readout of the WFS 
components directly. 

• The Adaptive Optics Module Controller that manages all of the opto-mechanical 
assemblies of the AOM except the DM, TTM and the readout of the WFS.  

• The Beam Transfer / Laser Launch Telescope Controller, which manages all of 
the opto-mechanical assemblies of the BTO and LLT. 

•  The Laser Controller, which manages the opto-mechanical assemblies of the laser 
itself.  

• The SALSA Interface 

• The Diagnostics Wave Front Sensor Controller 

The MCAO control system will be implemented using the standard Gemini control system 
model. An Instrument Sequencer will manage the 6 independent subsystems and act as the main 
public interface for the entire MCAO system. The sequencer will coordinate all of the internal 
tasks and provide external systems with the commands and status information they need to 
control the MCAO System. 

5.4.4.1 System Hierarchy 

The following figure shows the relationship between the different sub-systems. Each of these 
elements will be described in detail in subsequent sections. In this drawing the circles represent 
the various sub-systems, the simple arrows represent data transfer paths and the double arrows 
represent continuous data transfer paths. 
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Figure 52: MCAO Controller Architecture 

5.4.5 The MCAO Instrument Sequencer 

The instrument sequencer is the overall control process in the MCAO system. It is responsible 
for receiving all of the commands needed to control the MCAO, even though the command may 
only be re-directed to one of the sub-systems. 

When the sequencer receives a command from the OCS, it will issue an appropriate set of sub-
system commands. It will also check each sub-system’s state before sending commands and will 
monitor the sub-system’s activities while executing the commands. 

The Sequencer will also synthesize all the action, status and health information of all the 
subsystems of the MCAO system into a set of state records. 

The Sequencer will be implemented using only standard EPICS records as is the case for the 
Gemini GMOS and T-ReCS instruments. 

Dedicated sequences as well as simple commands (for the RTC and for the Component 
Controllers) will be available through the sequencer. Some of these sequences and commands 
will be available to the OCS, some others will be only for engineering purposes. 

5.4.5.1 MCAO to OCS Sequences and Commands 

Command and status information that pass between the OCS and MCAO systems is described in 
detail in the OCS/MCAO ICD (Appendix Z). 
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The standard high-level commands (reboot, initialize, datum, park, test, simulate and debug) will 
be implemented to perform global actions on all of the associated devices for all the sub-systems. 
Because the MCAO system doesn’t perform any observation, the standard commands pause, 
continue, stop and abort will not be implemented. The observe command will be rejected during 
the preset directive and the others compulsory commands will be ignored (verify, endVerify, 
guide, endGuide, endObserve). 

Night operation sequences are described in details in the OCDD (Appendix D). These sequences 
will be implemented using ocswish tool. 

5.4.5.2 Engineering Sequences and Commands 

The MCAO Sequencer will be capable of standalone operation during setup, maintenance and 
engineering time. It will be able to run completely disconnected from higher levels and/or other 
subsystems. The setup/engineering command set can be found in the MCAO Internal Interface 
Document (see Appendix Z). 

Calibration and maintenance sequences are described in details in the OCDD (Appendix D). 
These sequences will be implemented using ocswish tool. 

5.4.6 The BTO/LLT Component Controller 

This sub-system is responsible for managing all of the opto-mechanical devices associated with 
the Beam Transfer Optics and Laser Launch Telescope under the direct control of the MCAO 
Instrument Sequencer. 

A complete listing of the command and status information that passes between this system and 
the Instrument Sequencer can be found in the MCAO Internal Interface Document (Appendix Z).  
The software requirements for this system can be found in the MCAO Software Requirements 
Document (Appendix X). 

In order to efficiently manage the large number of devices involved this controller will be 
implemented as a standard Gemini Component Controller. The standard high-level commands 
(initialize, datum, park, test, simulate and debug) will be implemented to perform global actions 
on all of the associated devices. 

The component controller will be an all-EPICS implementation based on the Gemini Altair 
model, which uses a mix of standard EPICS records and custom assembly and device control 
records. Operating and engineering status information will be published in the Gemini Status and 
Alarm Database as described in the MCAO Internal Interface Document (Appendix Z). 

The BTO/LLT component controller will interface directly with the RTC to receive 
pointing/centering/tip/tilt commands data as described in the MCAO Internal Interface 
Document (Appendix Z). It will interface directly with the SALSA sub-system to sense the state 
of the SALSA shutter. It will interface directly with the Gemini GIS system to disable all 
motions in the case of a hardware interlock as described in ICD 1.13.1. It will also interface with 
the TCS system to read the telescope pointing information. 

5.4.6.1 Component Controller Functions 

A summary the BTO/LLT components and how they will be controlled is given below. Each of 
these assemblies can be controlled independently without danger of collision or damage to the 
system. 
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Laser Launch Telescope Cover 

The LLT cover is driven by a single AC motor with two limit switches. The cover will be 
positioned by two EPICS binary output records, each one attached to one output bit of a 
XVME244 digital I/O card. The current position will be determined using two EPICS binary 
input records, each attached to one input bit of a XVME244 digital I/O Card. 

The LLT cover can be opened or closed by setting and clearing the appropriate output bits. 

Pointing Mirror 

The pointing mirror will be driven in tip and tilt using two DC servo motors. The mirror will be 
positioned by two EPICS device control records, each attached to one axis an OMS58 servo 
card. A single EPICS assembly control record will be used to coordinate the two axes. 

The pointing mirror can be positioned directly by issuing a single move command or set to 
follow by tracking the telescope elevation angle at 1Hz via a lookup table, as well as offloading 
the Fast Steering Array. 

Centering Mirror 

The centering mirror will be driven in tip and tilt using two DC servo motors. The mirror will be 
positioned by two EPICS device control records, each attached to one axis an OMS58 servo 
card. A single EPICS assembly control record will be used to coordinate the two axes. 

The centering mirror can be positioned directly by issuing a single move command or set to 
follow by tracking the telescope pointing (El, Az) at 1Hz via a lookup table, as well as offloading 
the Fast Steering Array. 

K Mirror 

The K mirror will be driven in rotation using a single DC servo motor. The mirror will be 
positioned by a single EPICS device control record attached to one axis of an OMS58 servo card. 

The pointing mirror can be rotated directly via an explicit move command or set to follow by 
tracking telescope pointing (El, Az) at 1Hz via a lookup table, as well as offloading the Fast 
Steering Array. 

Top End Ring Mirror 

The top end ring mirror will be driven in tip and tilt using two DC servo motors. The mirror will 
be positioned by two EPICS device control records, each attached to one axis an OMS58 servo 
card. A single EPICS assembly control record will be used to coordinate the two axes. 

The top end ring mirror can be positioned directly via an explicit move command only. 

Beam Dump Mirror 

The beam dump mirror will be driven by a single AC motor with two limit switches. The mirror 
will be positioned by two EPICS binary output records, each attached to one output bit of a 
XVME244 digital I/O card. The current position will be determined using two EPICS binary 
input records, each attached to one input bit of a XVME244 digital I/O Card. 

The beam dump mirror can be inserted or removed by setting and clearing the appropriate output 
bits. 
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Corner Cube Shutter 

The corner cube shutter will be driven by a single DC motor with two limit switches. The cover 
will be positioned by two EPICS binary output records, each attached to one output bit of a 
XVME244 digital I/O card. The current position will be determined using two EPICS binary 
input records, each attached to one input bit of a XVME244 digital I/O Card. 

The corner cube shutter can be opened or closed by setting the appropriate output bit. 

Near-field Chopper Wheel 

The near-field chopper wheel will be driven by a single stepper motor with encoder. The wheel 
will be positioned by a single EPICS device control record attached to one axis of an OMS58 
servo card.  

The near-field chopper wheel can be rotated to one of 5 discrete positions via an explicit move 
command or set to track the beam diagnostics camera readout. 

Centering Array 

Each of the five mirrors that make up the centering array will be driven independently in tip and 
tilt by DC servomotors. Each of the mirrors will be positioned using two EPICS device control 
records, each attached to one axis of an OMS58 servo card (10 records in all). A single EPICS 
assembly control record will be used to coordinate the two axes of each mirror (5 records in all). 

The centering array elements can be positioned directly by issuing a single move command or set 
to track the beam position and tilt measurements from the diagnostics camera at a 1Hz rate. 

Pointing Array 

Each of the five mirrors that make up the pointing array will be driven independently in tip and 
tilt by DC servomotors. Each of the mirrors will be positioned using two EPICS device control 
records, each attached to one axis of an OMS58 servo card (10 records in all). A single EPICS 
assembly control record will be used to coordinate the two axes of each mirror (5 records in all). 

The pointing array elements can be positioned directly by issuing a single move command or set 
to track the beam position and tilt measurements from the diagnostics camera at a 1Hz rate. 

Fast Steering Array 

Each of the five mirrors that make up the fast steering array will be driven independently in tip 
and tilt by piezo-electric actuators. Each of the mirrors will be positioned directly by the control 
process running on the second (non-EPICS) CPU via the XYCOM531 high-speed D/A card. 
This process will also coordinate the motions of the 5 independent mirrors. 

The fast steering array elements can be positioned independently, positioned as a unit (via a 
single move command or set to track the RTC signals at an 800Hz rate via the synchro bus). 

Quarter-wave Plate 

The quarter-wave plate will be driven by a single stepper motor with encoder. The plate will be 
positioned by a single EPICS device control record attached to one axis of an OMS58 servo card.  

The quarter-wave plate can be rotated to one of 20 discrete positions via an explicit move 
command or set to track the elevation angle via a lookup table at 0.1Hz. 
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Alignment camera selector 

The pre-alignment monitor input can be switched between the three pre-alignment cameras via 
TTL selection signals. The selection lines will be controlled by three EPICS binary output 
records, each attached to a single output bit of an XVME244 digital I/O card. 

The camera to be monitored will be selected by setting and clearing the appropriate output bits. 

Power Meter 

The power meter will be read via a single analog input. The power level will be read at a 0.1Hz 
rate using a single EPICS analog input record attached to one input channel of the XYCOM 566 
Analog I/O card. 

Near-field and Far-field Beam Diagnostic Camera 

The near-field beam diagnostic camera will be used in conjunction with the near-field chopper 
wheel to sample the near field profiles. 

The far-field beam diagnostic camera will be used to sample the far field profiles. 

From these two cameras, the beam position measurements (5x2) and the beam tilt measurements 
(5x2) will also be determined. 

Today, commercial products (Spiricon as an example, PC based product) are available which are 
very close to our requirements. As a consequence, a simple solution consists of having a separate 
computer that drives the cameras, computes the near and far field profiles, displays and stores 
them, computes the beam position and beam tilt measurements, and finally transfers the beam 
position and tilt measurements to the main BTO/LLT CC Controller. The interface between the 
diagnostic camera controller and the BTO/LLT CC Controller is also very simple: 

- A start/stop command to acquire measurements from the camera, 

- As a feedback, the diagnostic camera computer returns the beam position and beam tilt 
measurements. 

Interface between the two computers can be done through the synchro bus. A description of the 
interface is done into the MCAO Internal Interface Document. 

Polarization Sensor 

The polarization sensor will generate an analog signal. This will be read using a single EPICS 
analog input record attached to one input channel of the XYCOM 566 Analog I/O card. 

This measurement will be made available through EPICS for monitoring and archiving. 

5.4.6.2 Hardware Environment 

The following hardware component controller architecture has been defined to satisfy the 
BTO/LLT control and software requirements: 

- Two PPC MVME2700 - 366MHz, 64MB CPU board (or dual synergy ?) 

- One Bancom BC635 - timing board 

- One XYCOM 244 - DIO board 

- Four OMS58 - 8 Axis servo/stepper motor control boards 
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- One XYCOM 531 - high-speed 16 channel 12 bit DAC board 

- One VMIVME5588 - Reflective Memory board 

- One XYCOM 566 - ADC board 

These boards will be mounted in a standard 21 slot VME chassis as shown in the following 
illustration:  
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Figure 54: BTO/LLT IOC 

 

All communications between the BTO/LLT component controller and other systems will be via 
the control LAN and the synchro bus. 

5.4.6.3 Software Preliminary Design 

Software flow diagrams that describe the component controller software architecture are 
contained in appendix X. Software interfaces with other systems are described in detail in the 
MCAO Internal Interface document (see appendix Z). The remainder of this section addresses 
specific software implementation details for this sub-system. 

The BTO/LLT CC will be a hybrid EPICS / VxWorks system implemented using two separate 
CPU boards. 

The first CPU board (EPICS) will provide the EPICS interface and all device control. This board 
will also implement the following slow closed loop algorithms described at the end of this 
section: 

- PM, KM, CM closed loop,  

- Beam diagnostic WFS and CA and PA closed loop, 
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- Quarter wave plate closed loop. 

These functions involve the following VME boards: 

- the bancom 635 board 

- the XYCOM 244 DI/O board 

- the 4 OMS58 boards 

- the XYCOM566 AD board 

- the reflective memory board. 

Standard EPICS drivers and records will be used for the XYCOM 244, 566 and the Bancom 635 
boards. The custom EPICS Device Control and Assembly records developed for GMOS and 
Altair will be used to control the servo motors. Driver for the OMS58 has already been written 
for Altair.  The Interface with the synchro bus board will be through a VxWorks task started by a 
gensub record. 

The SALSA system will write directly to an input bit on the XYCOM244 board to indicate the 
state of the SALSA shutter. A change in shutter state will generate an interrupt which will trigger 
a process on the EPICS CPU. This process will set a flag to enable or disable all of the closed 
loop processes depending on the current state of the shutter. 

The second CPU board (non EPICS) will be dedicated to the fast TT mirror control at 800Hz and 
will drive: 

- The XYCOM 531 DA board (requires custom C library to be written), 

- The reflective memory board. 

A VxWorks task on this CPU will implement the following TT control loop algorithm at a rate 
of 800Hz: 

- Receive an interrupt from the synchro bus and read the reflective memory data 
coming from the RTC NBTOC ,  (vector of dimension 10) 

- Apply a second order temporal filter, for example: 

NBTOFSANFSANFSA CkCC ,1,, += −  where FSAk  is the parameter of the temporal filter 

- Co-add the NBTOC ,  vector and every 800 frames compute the average and the x, y 

and rotation components of the BTOC  vector: N
XBTOC , , N

YBTOC ,  and N
BTOC θ, . These 3 

average commands will be written into the first CPU shared memory. They will be 
used by the first CPU to control the PM, CM and KM. 

Shared memory and shared object mechanisms (available with vxmp) will be set up to allow 
communication between the two CPUs. The following command, status and other data will have 
to be exchanged between the EPICS and non-EPICS CPU: 

- Start and stop the fast TT control loop, 

- Send a command vector to the Fast TT mirrors, 
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- Save the fast TT circular buffer. 

All of the closed loops will maintain circular buffers to hold debugging and display history data 
as follows: 

Circular Buffer content Frequency Length Data type Size 

CM, PM, KM commands 1Hz 1h double 144KB 

Power meter measurement 0.1Hz 10h double 28.8KB 

Beam position, tilt measurements, CA, PA commands 1Hz 1h double 1.152MB 

FSA commands * 800Hz 60s double 3.84MB 

FSA averages: N
XBTOC , , N

YBTOC ,  and N
BTOC θ, * 1Hz 1h double 86,4KB 

Quarter wave plate command 0.1Hz 10h integer 14.4KB 

Polarization sensor measurement 1Hz 10h float 144KB 

Total ~6MB 

The FSA circular buffers will be shared between the two CPUs and located on the first CPU 

Table 39: BTO Circular buffer contents 

 

Control of the pointing mirror (PM), of the K mirror (KM) and of the centering mirror (CM): 
The offload of the fast steering array process (rate of 1Hz) will synchronize the control of the 3 
mirrors as described hereafter: 

- Let BTOC  be the control vector provided at a rate of 800Hz by the RTC for the control 

of the Fast Steering Array. Let N
XBTOC , , N

YBTOC ,  and N
BTOC θ,  be the time average x, y, and 

rotation components of the BTOC  vector over 1s. 

- The control of the pointing mirror PMC  (vector of dimension 2) will be determined as 
follows: 

( ) PMPMPM OElLC +=   

where ( )ElLPM  is the output vector determined from a lookup table according to the 
elevation angle of the telescope, 
where PMO  is the offload vector from the fast steering array: 
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where KMθ  is the rotation angle of the KM and 1α  and 2α  are scale factors, 

and where NPMPMNPMNPM EkOO ,1,, += −  where PMk  is the parameter of the temporal 

filter. 

- The control of the centering mirror CMC  (vector of dimension 2) will be determined as 

follows: ( ) CMCMCM OAzElLC += ,   
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where ( )AzElLCM ,  is the output vector determined from a lookup table according to the 
elevation angle and the azimuth of the telescope, 
where CMO  is the offload vector from the fast steering array: 
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 where 1β  and 2β  are scale factors, 

and where NCMCMNCMNCM EkOO ,1,, += −  where CMk  is the parameter of the temporal 

filter. 

- The control of the K mirror KMθ  will be determined as follows: 

( ) KMKMKM OAzElL += ,θ  

where ( )AzElLKM ,  is the output determined from a lookup table according to the 
elevation angle and the azimuth of the telescope, 
where KMO  is the offload value from the fast steering array: N

BTOKMNKMNKM CkOO θ,1,, += −  

where KMk  is the parameter of the temporal filter. 
 

Control of the centering array (CA) and the pointing array (PA) (rate 1Hz): 

The control of these mirrors will be done as follows: 

- For each beam (i=1 to 5), measure the beam position and the beam tilt using the near field 
and the far field diagnostics sensors: a vector of 4 elements. The command of the 
corresponding centering and pointing mirror in the arrays are determined as follows: 
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 where PACAM ,  is a 4x4 matrix. 

5.4.7 The AOM Component Controller 

This system is responsible for controlling all of the opto-mechanical devices of the Adaptive 
Optics Module under the direct control of the MCAO Instrument Sequencer. Although the DM 
and TTM assemblies are part of the AOM system they are controlled by the RTC sub-system 
directly. The save front sensors are positioned by this system but readout of these devices is also 
handled by the RTC sub-system directly. 

A complete listing of the command and status information that passes between this system and 
the Instrument Sequencer can be found in the MCAO Internal Interface Document (Appendix Z). 
The software requirements for this system can be found in the MCAO Software Requirements 
Document (Appendix X). 

In order to efficiently manage the large number of devices involved the controller will be 
implemented as a standard Gemini Component Controller. High-level commands will be 
available to perform global actions (initialize, datum, park etc.) on all of the associated devices. 
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The component controller will be an all-EPICS implementation based on the Gemini Altair 
model, which uses a mix of standard EPICS records and custom assembly and device control 
records. Operating and engineering status information will be published in the Gemini Status and 
Alarm Database as described in the MCAO Internal Interface Document (Appendix Z). 

The AOM component controller will interface directly with the RTC to receive LGS WFS pupil 
alignment data as described in the MCAO Internal Interface Document (Appendix Z). It will 
interface directly with the SALSA sub-system to sense the state of the SALSA shutter. It will 
interface directly with the Gemini TCS system as described in ICD 1.13.5/1.1.11, with the 
Gemini GIS system as described in ICD 1.1.13, and also with the A&G as described in the ICD 
1.13.5/1.6. 

5.4.7.1 Component Controller Functions 

A summary of the AOM components and how they will be controlled is given below. Each of 
these assemblies can be controlled independently without danger of collision or damage to the 
system. 

LGS Simulator Source Array Illumination 

The LGS simulator source array will be turned on or off via a single EPICS binary output record 
attached to one output channel of a XVME244 output card. 

LGS Simulator Source Array Positioning 

The LGS simulator source array will be driven by a single DC motor with two limit switches. 
The array will be positioned by two EPICS binary output records, each attached to one output bit 
of a XVME244 digital I/O card. The current position will be determined using two EPICS binary 
input records, each attached to one input bit of a XVME244 digital I/O Card. 

The LGS simulated source array can be inserted or removed by setting and clearing the 
appropriate output bits. 

LGS Simulator Source Array Focus 

The LGS simulator source array focus will be driven by a single DC servo motor. The mirror 
will be positioned by a single EPICS device control record attached to one axis of an OMS58 
servo card. 

The LGS simulated source array focus can be set directly via an explicit move command. 

NGS Simulated Source Peripheral Array Illumination 

The NGS simulated source peripheral array will be turned on or off via a single EPICS binary 
output record attached to one output channel of a XVME244 output card. 

NGS Simulated Source Central Array Illumination 

The NGS simulated source central array will be turned on or off via a single EPICS binary 
output record attached to one output channel of a XVME244 output card. 

NGS Simulated Source Array Positioning 

The NGS simulated source array will be driven by a single DC motor with two limit switches.  
The array will be positioned by two EPICS binary output records, each attached to one output bit 
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of a XVME244 digital I/O card. The current position will be determined using two EPICS binary 
input records, each attached to one input bit of a XVME244 digital I/O Card. 

The NGS simulation source array can be inserted or removed by setting and clearing the 
appropriate output bits. 

LGS Reference Source Array Illumination 

The optional LGS reference source array will be turned on or off via a single EPICS binary 
output record attached to one output channel of a XVME244 output card. 

LGS Reference Source Array Positioning 

The optional LGS reference source array will be driven by a single DC motor with two limit 
switches.  The array will be positioned by two EPICS binary output records, each attached to one 
output bit of a XVME244 digital I/O card. The current position will be determined using two 
EPICS binary input records, each attached to one input bit of a XVME244 digital I/O Card. 

The LGS simulation source array can be inserted or removed by setting and clearing the 
appropriate output bits. 

DM0 Mask 

The DM0 mask will be driven by a single DC motor with two limit switches. The mask will be 
positioned by two EPICS binary output records, each attached to one output bit of a XVME244 
digital I/O card. The current position will be determined using two EPICS binary input records, 
each attached to one input bit of a XVME244 digital I/O Card. 

The DM0 mask can be inserted or removed by setting and clearing the appropriate output bits. 

Inlet Shutter 

The inlet shutter will be driven by a single DC motor with two limit switches. The shutter will be 
positioned by two EPICS binary output records, each attached to one output bit of a XVME244 
digital I/O card. The current position will be determined using two EPICS binary input records, 
each attached to one input bit of a XVME244 digital I/O Card. 

The inlet shutter can be opened or closed by setting and clearing the appropriate output bits. 

Output Shutter 

The inlet shutter will be driven by a single DC motor with two limit switches. The shutter will be 
positioned by two EPICS binary output records, each attached to one output bit of a XVME244 
digital I/O card. The current position will be determined using two EPICS binary input records, 
each attached to one input bit of a XVME244 digital I/O Card. 

The output shutter can be opened or closed by setting and clearing the appropriate output bits. 

Beam Splitter Wheel 

The beam splitter wheel will be driven between two positions by single DC motor with two limit 
switches. The wheel will be positioned by two EPICS binary output records, each attached to one 
output bit of a XVME244 digital I/O card. The current position will be determined using two 
EPICS binary input records, each attached to one input bit of a XVME244 digital I/O Card. 

The beam splitter wheel can be set in position via an explicit move command. 
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Science ADC Unit Position 

The science ADC Unit will be driven by a single DC motor with two limit switches. The unit 
will be positioned by two EPICS binary output records, each attached to one output bit of a 
XVME244 digital I/O card. The current position will be determined using two EPICS binary 
input records, each attached to one input bit of a XVME244 digital I/O Card. 

The science ADC unit can be inserted or removed by setting and clearing the appropriate output 
bits. 

Science ADC Rotation 

The science ADC prisms will be driven in rotation using two DC servo motors. The prisms will 
be positioned by two EPICS device control records, each attached to one axis an OMS58 servo 
card. A single EPICS assembly control record will be used to coordinate the two rotations. 

The science ADC can be positioned directly by issuing a single move command or set to track 
telescope pointing at 1Hz via a lookup table based on the observing band. 

NGS ADC Rotation 

The NGS ADC prisms will be driven in rotation using two DC servo motors.   The prisms will be 
positioned by two EPICS device control records, each attached to one axis an OMS58 servo 
card.  A single EPICS assembly control record will be used to coordinate the two rotations. 

The NGS ADC can be positioned directly by issuing a single move command or set to track 
telescope pointing at 1Hz via a lookup table based on the observing band. 

Diagnostic WFS Probe Arm 

The diagnostic WFS probe arm will be driven in X, Y, Tip and Tilt using four DC servo motors. 
The arm will be positioned by four EPICS device control records, each attached to one axis an 
OMS58 servo card.  A single EPICS assembly control record will be used to coordinate the four 
motions. 

The diagnostic WFS probe arm can be positioned directly by issuing a single move command to 
the assembly record. 

Diagnostic Camera Mirror 

The diagnostic camera mirror will be driven by a single DC motor with two limit switches. The 
mirror will be positioned by two EPICS binary output records, each attached to one output bit of 
a XVME244 digital I/O card. The current position will be determined using two EPICS binary 
input records, each attached to one input bit of a XVME244 digital I/O Card. 

The camera mirror can be inserted or removed by setting and clearing the appropriate output bits. 

LGS Zoom Corrector 

The focus of the LGS zoom corrector will be driven in position using two DC servo motors, one 
for each of the two elements. The elements will be positioned by two EPICS device control 
records, each attached to one axis an OMS58 servo card. A single EPICS assembly control 
record will be used to coordinate the two linear motions. 

The LGS zoom corrector focus can be set directly by issuing a single move command or set to 
track the OIWFS focus data at 1Hz. 
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NGS WFS Probe Arms Stages 

The three NGS WFS probe arm stages will be driven in X and Y using two DC servo motors per 
arm. Each arm will be positioned by two EPICS device control records (total of 6 records), each 
attached to one axis an OMS58 servo card. A single EPICS assembly control record will be used 
for each arm to coordinate the two motions (total of 3 records). 

Each NGS WFS probe arm stage can be positioned independently by issuing a single move 
command or can be set to follow a position stream from the RTC at 0.1Hz. 

Pupil Alignment Mirrors 

Each of the five pupil alignment mirrors will be driven independently in tip and tilt by piezo-
electric actuators. Each mirror will be positioned by two EPICS analog output records, each 
attached to one output channel of a XYCOM 531 DAC (total of 10 channels). A single EPICS 
gensub record will coordinate the motion of the mirrors. 

Each of the pupil alignment mirrors can be positioned independently or set to follow a position 
stream generated by the RTC at 0.1Hz. 

LGS Active Relay Elements 

The three relay lenses associated with each of the five LGS Wavefront Sensors will be driven 
using three DC servo motors per WFS, one for each of the three elements. The elements will be 
positioned by three EPICS device control records (15 records in all), each attached to one axis an 
OMS58 servo card. A single EPICS assembly control record per WFS will be used to coordinate 
the three motions (5 records in all). 

The LGS active relay elements can be positioned using a single move command or set to track 
the LGS Zoom Corrector at 1Hz using a lookup table. 

5.4.7.2 Hardware environment 

The following component controller hardware architecture has been defined to satisfy the AOM 
control and software requirements: 

- One PPC MVME2700 - 366MHz, 64MB CPU board 

- One bancom BC635 - timing board 

- One XYCOM 244 - DIO board 

- Four OMS58 - 8 Axis servo/stepper motor control boards 

- One XYCOM 531 - high-speed 16 channel 12 bit DAC board 

These boards will be mounted in a standard 21 slot VME chassis as shown in the following 
illustration: 
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Figure 55: AOM IOC 

 

The back plane will be split to allow the VME crate to host the SALSA system as well in the 
case the SALSA system is an EPICS system. 

Section 5.1.2.2 of this document describes the electronic interface for this system in detail.  

 

5.4.7.3 Software Preliminary Design 

Software flow diagrams that describe the component controller software architecture are 
contained in appendix X. Software interfaces with other systems are described in detail in the 
MCAO Internal Interface document (see appendix Z). The remainder of this section addresses 
specific software implementation details for this sub-system. 

All communications between the AOM component controller and other systems will be via the 
control LAN and the synchro bus. 

The AOM component controller will be an all-EPICS system. Standard EPICS drivers will be 
used for the XYCOM 244 and the bancom 635. The custom EPICS Device Control and 
Assembly records (developed for GMOS) will be used to control the servo motors. Driver for the 
OMS58 board has already been written for Altair. An EPICS driver for the XYCOM 531 DAC 
board will have to be written. 

The SALSA system will write directly to an input bit on the XYCOM244 board to indicate the 
state of the SALSA shutter. A change in shutter state will generate an interrupt which will trigger 
a process on the CPU. This process will set a flag to enable or disable all of the closed loop 
processes depending on the current state of the shutter. 
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All of the closed loops will maintain circular buffers to hold debugging and display history data 
as follows: 

CB content Frequency Length Data type Size 

NGS WFS probe positions 0.1Hz 10h double 172.8KB 

Pupil alignment mirror commands 0.1Hz 10h double 288KB 

LGS zoom corrector and active relay elements 1Hz 1h double 5.47MB 

Science ADC commands 1Hz 1h double 1.15MB 

NGS ADC commands 1Hz 1h double 1.15.KB 

Total ~8.23MB 

Table 40 AOM Circular buffer contents 

Control of the LGS zoom corrector (2 lenses) and the active relay elements at a slow rate (1Hz) 
from the oiwfs data:  

The A&G System will write OIWFS focus error information into the VALJ field of an A&G 
gensub record at a rate of 1s (see ICD MCAO to A&G in appendix Z). An AOM CC gensub will 
read this record at a frequency of 1Hz and execute the following routine: 

All the LGS WFS adjustments will be done through lookup tables based on the 1−
ER  

(these lookup tables will be determined using LGS WFS source simulators): 

fδ : focus error measured by the OIWFS, 

ER : current range correction applied by the LGS focus lens and NRNENE fkRR δ+= −
−

− 1
1,

1
,  

Control of the 3 NGS probes (rate of 0.1Hz): 

The RTC offsets for the NGS probe arms NGSO will be written by the RTC software into the J 
field of a gensub record at a rate of 0.1Hz (see MCAO Internal ICD in the appendix Z). Each 
write will process the following routine of the gensub: 

NNGSNGSNNGSNNGS OkPP ,1,, += −  where NGSk  is the parameter of the temporal filter. 

Control of the 5 pupil alignment mirrors (rate of 0.1Hz): 

The RTC commands AOMC for the AOM CC pupil alignment mirror will be written by the RTC 
software into the J field of a gensub record at a rate of 0.1Hz (see MCAO Internal ICD in the 
appendix Z). Each write will process the following routine of the gensub: 

NAOMPAMNPAMNPAM CkCC ,,, +=  where PAMk  is the parameter of the temporal filter. 

Control of the ADCs (1Hz): 

For each rotating prism, the angle position will be determined from a lookup table based on the 
current telescope pointing and the observing band information read from the TCS status records. 

 



MCAO PDR 

GEMINI SOUTH MULTI-CONJUGATE ADAPTIVE OPTICS  PAGE 167  
PRELIMINARY DESIGN REVIEW DOCUMENTATION 

5.4.8 The SALSA Component Controller 

The SALSA system is composed of three sub-systems: 

- A narrow field bore-sited camera used to detect aircraft and close/open the SALSA 
shutter very quickly (less than 100µs). 

- Two all sky cameras used to generate warning messages when it appears that aircraft will 
cross our beam. 

- A safety shutter located on the BTO. 

The SALSA system software must perform the following functions: 

- Start the bore-sited camera loop (executed at a high rate): 

1. Read the camera. 

2. Do the signal analysis to determine if there is any aircraft in the field of view. 

3. If an aircraft is present and the shutter is open, send first a digital signal to the 
AOM, BTO/LLT and RTC controllers (to pause all control loops) and then close 
the safety shutter. Send a status back that the safety shutter is closed and stop the 
loop [The shutter has to be reopened and the bore-sited camera loop has to be 
restarted following a user intervention]. If no aircraft are present, send a status 
back that the safety shutter is open. Go back to step 1. 

- Open the shutter: 

1. Open the safety shutter, send a digital signal to the sub-systems AOM CC, 
BTO/LLT CC and RTC to indicate that the safety shutter is now open and send a 
status back that the safety shutter is open, 

- Stop the bore-sited camera loop: 

• Stop reading the camera 

• Send first a digital signal to the AOM, BTO/LLT and RTC controllers and then 
close the safety shutter. Send a status back that the safety shutter is closed. 

- Close the shutter: 

1. Send first a digital signal to the AOM, BTO/LLT and RTC controllers and then 
close the safety shutter. Send a status back that the safety shutter is closed. 

- Start the two all sky camera loop: 

1. Read the camera. 

2. Do the signal analysis to determine if there is any aircraft in the field of view. 

3. If an aircraft is present compute the estimated time when the aircraft will cross 
our beam and display periodically a warning message with this time information 
updated. If no aircraft are present go back to step 1. 

- Stop the two all sky camera loop 
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The cameras and hardware of the SALSA system are not defined yet, and as a consequence there 
is no software design presented in this document. The interface with the instrument sequencer 
has been defined and is described in the MCAO internal ICD (see appendix Z). The interface 
with the other sub-systems (digital signal sent to all sub-systems to describe the status of the 
safety shutter 0 CLOSE, 1 OPEN) has been defined and is described in the electronic section. 
The SALSA system will also interface with the GIS. An interlock signal (such safety/emergency 
interlocks) will be sent to the SALSA system by the GIS though a TTL signal. At reception of 
this signal, the SALSA system will drive the safety shutter. The interface with GIS is described 
in the standard GIS interface ICD 1.1.13. 

5.4.9 The Laser Component Controller 

The preliminary software requirements for the Laser Component Controller are described in the 
document [Mauna Kea Laser Guide Star Laser System RFP]. 

The Laser Component Controller will be either: 

- A single EPICS system (the preferred solution) which controls the laser hardware directly  

- A “SCS/M2 type” system with a separate controller to run the EPICS interface and 
another controller which drives the laser hardware. The laser system vendor will define in 
agreement with Gemini all hardware and software needed to interface the two controllers. 

The Laser System is not yet defined, and as a consequence there is no software design presented 
in this document. The interface with the instrument sequencer (commands and status) has been 
defined and is described in the MCAO internal ICD. The minimum commands required are 
given in the following list: 

- Prior to start internal check 

- Automated start-up 

- Automated shutdown 

- Emergency shutdown 

- Control on the output power level 

- Wavelength tunability (if required) 

- Control of the laser shutter 

The minimum status required are given in the following list: 

- Output power 

- Spectral characteristics: 

- Central frequency 

- FWHM 

- Temporal profile (if pulsed laser) 

- Spatial profiles 

- Near-field 

- Far-field 
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- Beam quality 

- Laser system internal status 

- Temperature in the laser enclosure 

- Coolant 

- Temperature 

- Flow rate 

- Accumulated hours 

The Laser System will also interface with the GIS. An interlock signal (such emergency 
interlocks) will be sent to the laser system by the GIS though a TTL signal. At reception of this 
signal, the Laser system will run an emergency sequence (which consists of shutting down all 
laser functions that need to be stopped). The interface with GIS is described in the standard GIS 
ICD 1.1.13. 

5.4.10 The Diagnostic Wave Front Sensor Controller 

The Diagnostic Wave Front Sensor is 32x32 sub-aperture Shack Hartmann wave front sensor, 
each sub aperture being composed of at least 16x16 pixels. A 1024x1024 standard video CCD 
will be used. A frame grabber installed on a PC system or on a Unix host will be implemented to 
read the pixel data. 

The diagnostic WFS will only be used during the day to calibrate the DM commands to insure 
science path wave front quality. Basic signal processing will be required at a slow rate: 

- Read the pixel image, save to a file, 

- Subtract a dark to a pixel image, 

- Compute the centroids and save the centroids to a file. 

One obvious alternative will be to use our WaveLab license (WaveLab is Adaptive Optics 
Associated product) to perform these basic signal processing requirements. 

Another solution will be to use in house developed IDL routines to perform the basic signal 
processing requirements. 

In the two cases, it will be very easy for the instrument sequencer to interface these tools. 

The interface with the Instrument Sequencer will be reduced to these 3 commands described 
above (read the pixel image, subtract dark and compute the centroids).  

5.4.11 The Real Time Controller 

This sub-system is dedicated to the Adaptive Optics control loop itself. It is the heart of the 
system and the most critical part in terms of real time performance. The Real Time Controller 
will handle 3 basic real time functions: 

• The Natural Guide Star (NGS) real time control process, 

• The Laser Guide Star (LGS) real time control process, 

• The optimization and backgrounds processes. 
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The following figure gives a block diagram description these processes. NGS and LGS processes 
are indicated with solid lines. 
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Figure 57:  Real Time Controller Processes 

5.4.11.1 LGS Requirements and Algorithm Description 

The LGS is the most critical and computationally intensive process in terms of real time 
performance. It corresponds to the blocks (7) to (11) in Figure 6. 

The LGS is composed of: 

• Five 16x16 sub-aperture Shack-Hartmann Wavefront Sensors with each sub-aperture 
composed of 2x2 pixels.  Two guard rows and columns of pixels will exist between each 
sub-aperture. Each WFS will have 204 illuminated sub-apertures. EEV CCD39’s with 4 
outputs and 80x80 pixels each (2 guard rows) will be used as the WFS detectors. 

• 3 DMs with different geometry as described in Table 41. 

The LGS control loop is required to operate at 800Hz.  The WFS readout time takes 1ms and the 
computation and I/O (to the DM) requires an additional 250 µsec (with a strong goal of an 
additional 100 to 150 µsec). The LGS WFS readout will drive the loop timing for both the NGS 
and LGS systems. 
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Deformable mirror Number of actuators Number of active 
actuators 

Number of actuators to 
extrapolate 

DM0 21x21 17x17 – 49 = 240 349 – 240 = 109 

DM45 24x24 20x20 – 124 = 276 468 – 276 = 192 

DM9 17x17 13x13 – 49 = 120 241 – 120 = 121 

Table 41 DM geometry 

The LGS real time process or control loop can be synthesized into these main sub tasks. These 
tasks will be performed in parallel as much as possible: 

 

- Read the 5 WFS (7). The LGS WFS electronics clocks the LGS control loop and 
the process starts to read the WFS pixels. The pixels p  are flat-fielded and bias 
subtracted before the slope computation.  A flat field corresponds to a simple 
vector multiplication and a bias subtraction corresponds to simple vector 
subtraction (4080 integer multiply and 4080 integer add). The result vector P  is 
then obtained as follows: 

dfpP −= *  , where f  is the flat field vector and d  is the dark vector. 

- Compute the slope information (2040 inputs) for each WFS from the pixel data 
following a standard centroid algorithm.  Subtract references and store these slope 
measurements as well as the totals into a circular buffer (8). The slope 
measurements are used as input signals to compute the actuator controls of the 
DM (636 outputs) via a simple matrix multiplication using a preloaded matrix 

DMM  in memory (matrix size 636,2040). 

The algorithm used to compute the centroids for the sub-aperture i is given below: 

P1,i P2,i 

P3,i P4,i 

 

∑ =
=

4

1 ,, j ijiLGS PTo  

iXLGS
iLGS

iiii
iXLGSiXLGS R

To
PPPP

GS ,,
,

,3,1,4,2
,,,,

)()(
−











 +−+
∗=  

iYLGS
iLGS

iiii
iYLGSiYLGS R

To
PPPP

GS ,,
,

,4,3,2,1
,,,,

)()(
−











 +−+
∗=  



MCAO PDR 

GEMINI SOUTH MULTI-CONJUGATE ADAPTIVE OPTICS  PAGE 172  
PRELIMINARY DESIGN REVIEW DOCUMENTATION 

The centroids and totals are stored into the vectors LGSS  and LGSTo  

The non-filtered DM control vector DME  is obtained as follows: 

LGSDMDM SME =  

- Co-add the 636 error signals with the control vector NullC  given at a slow rate by 
the background process “Null DM piston, waffle, tilt and uncontrolled modes” 
(19). A temporal filter is applied to the DM actuator command vector; it will be a 
simple integrator (or as an option, a leaky integrator or a more general second 
order filter). Finally, the control vector ANIC  that implements the tilt 
anisoplanatism correction is coadded to the integrated vector. These DM actuator 
controls are also stored into a circular buffer and sent to the DMs (10). 

The result vector DMC will be obtained as follows (with a simple integrator): 

( ) NDMNNullNDMDMNDM FCEkF ,1,1,1, * ++= +++  where 

1,1, ++ = NLGSDMNDM SME  

ANIDMDM CFC +=  

and DMk  is the gain of the simple integrator. 

Note that at all levels of the commands DMC  computation, clipping tests will be 
performed. 

- Extrapolate the 422 commands of the un-illuminated actuators from the 636 
integrated outputs (11). The extrapolation will consist of 3 matrix multiplications 
for each deformable mirror (matrix 0,DMEXTRAM  size 109,240, matrix 45,DMEXTRAM  

size 192,276, matrix 9,DMEXTRAM  size 121,120). This extrapolation matrix will be 
pre-computed using the Kolmogorov model. 

00,0, DMDMEXTRADMEXTRA CMC =  

4545,45, DMDMEXTRADMEXTRA CMC =  

99,9, DMDMEXTRADMEXTRA CMC =  

where 0DMC , 45DMC  and 9DMC  are obtained by splitting the vector DMC  in 
3 parts corresponding to the 3 DMs. 

The control matrix DMM  is computed by the calibration processes before closing the loop.  It is 
updated by a background/optimization process (18) when the loop is closed according to the 
telescope position and the seeing conditions at a rate of 0.1Hz (or slower). Gains for all the LGS 
actuators are included into the LGS control matrix. 
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The gain coefficients iXLGSG ,,  and iYLGSG ,,  used during the centroid computation, will be updated 
at a 0.1Hz rate by the optimization process “LGS WFS Gain optimization (17)”. 

The commands which null the effect of the uncontrolled modes are computed by a background 
process (19) at a rate of 800Hz.   

The LGS process is the most critical in terms of real time performance. The number of 
operations (an addition plus a multiplication) required is around 1.13Giga multiply/add/subtract 
operations and corresponds to 2.26 GFlops. The most demanding task is the matrix 
multiplication (9). However such a requirement is not impossible, and today several solutions are 
available based on parallel and multi processor architecture such PPC multi processor boards 
(see the dedicated section 5.4.11.6). 

5.4.11.2 NGS Requirements and Algorithm Description 

The NGS process corresponds to the blocks (0) to (6) in Figure 6. The NGS control system is 
composed of: 

• Three tip/tilt WFS (quad APD type to have a zero electron read noise and a minimal read 
time limited by the access to the APD counters) 

• One Tip Tilt Mirror (TTM) 

The NGS real time process or control loop can be synthesized into these main sub tasks executed 
sequentially at a rate of up to 800Hz: 

- Read the 3 WFS (0). The NGS process is triggered by the LGS process and starts 
to read the APD signals. The APD signals are stored into the column vector 
APD . 

- Compute the tip/tilt information from the APD signals following a standard 
centroid algorithm. Subtract the reference and store these tip/tilt measurements as 
well as the totals into a circular buffer (1).  The tip/tilt measurements are then 
used as input signals to compute the actuators control of the TTM (2 outputs).  
This corresponds to a simple matrix multiplication (2) using a preloaded control 
matrix ( TTMM ) in memory (matrix size 2,6). The WFS centroids can be blended 
with the OIWFS TT measurements. In this case, we just replace one of the NGS 
WFS measurements by the OIWFS measurements read at a rate of 800Hz from 
the synchro bus.  

The standard algorithm used to compute the centroids for the NGS WFS i is given below: 

APD1,i APD2,i 

APD3,i APD4,i 
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The centroids and totals are stored into the vectors NGSS  and NGSTo  

The non-filtered TTM control vector TTME  is obtained as follows: 

NGSTTMTTM SME =  and stored into a dedicated circular buffer. 

- Apply a temporal filter to the TTM command vector (3).  This can be a simple 
integrator or something more elaborate such as a leaky integrator, a PID or a 
second order temporal filter. The resultant vector is sent to the TTM and is stored 
in a dedicated circular buffer. 

A simple integrator will result in the following equation: 

NTTMNTTMNTTM CEC ,1,1, += ++  where 1,1, ++ = NNGSTTMNTTM SME  

- Compute the 3 tip/tilt anisoplanatism modes of the DM’s from the tip/tilt 
measurements through a single matrix multiplication (4). These anisoplanatism 
modes are then temporally filtered (5), and a second matrix multiplication (6) 
converts these DM anisoplanatism corrections into DM’s actuator commands (the 
two matrices ANIM  and ANIT  are preloaded in memory, and have size of 3,6 and 
636,3 respectively). The resultant output commands are summed into the LGS 
control loop. These matrix multiplications consume a lot of time in comparison to 
tasks (2) and (3) and are done after sending the actuator controls to the TTM. 

 
The filtered tip/tilt anisoplanatism modes of the DM’s are obtained as follows 
(with a simple integrator): 

NANINANINANI mEm ,1,1, += ++  where 1,1, ++ = NNGSANINANI SME  

and then converts into DMs actuator commands: 

ANIANIANI mTC =  

The anisoplanatism modes before and after filtering are stored into a dedicated 
circular buffer. 

 
The matrices used in (2) and (4) are computed by the calibration processes before closing the 
loop.  They are optimized at a 0.1Hz rate by the modal optimization process (14) when the loop 
is closed. Gains for all the NGS modes or anisoplanatism modes are included into the control 
matrices, although temporal filtering algorithms that are more sophisticated than a simple 
integrator will require minor modifications to the above. 
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The gains for the centroid computations iXNGSG ,,  and iYNGSG ,,  are updated from a lookup table 
according to the seeing (12) at a slow rate (0.1Hz). 

The reference slopes NGSR  are updated by a background process, according to the OIWFS TT 
measurements (13) at a slow rate (0.1Hz). 

This process is not a critical process in terms of real time performance, at least in comparison 
with the LGS process. The total number of operations for all these tasks is around 3.16 Mflops or 
1.58 Mega multiply/add/subtract operations. The computations and output to the TTM will be a 
few µsec and can be achieved with a simple Power PC CPU 750 running at 366Mhz for 
example. 

5.4.11.3 Synchronization of the Processes 

The NGS and LGS processes will have to be tightly synchronized. In this design the LGS WFS 
will drive the loop timing for both the NGS and the LGS processes.  The LGS WFS will trigger 
the LGS process as soon as a packet of pixels is read. The LGS WFS will start the centroid 
computation and the matrix multiplication and then wait for the next packet.  The LGS process 
will trigger the NGS process after a fixed delay to reduce the latency between the NGS 
measurement and the DM commands as shown in the following figure: 

LGS WFS exposure time
1.25ms

LGS WFS readout time
(10) – 1ms

LGS DM 
computation

(11), (12)

NGS TTM computation
(1), (2), (3) 

NGS DM computation
(4)

NGS WFS exposure time
1.25ms

NGS WFS readout time
(0)

Final DM 
computation
(13), (14), 

(15)

TTM 
commands

DM
commands

TTM 
commands

DM
commands

DM
commands

TTM 
commands

DM0
DM45
DM9

DM0
DM45
DM9

 

Figure 58: Synchronization of the Real Time Processes 

5.4.11.4 Optimization and background processes 

The optimization and background process corresponds to the blocks (12) to (23) in Figure 57. 
The goal of such processes is to continuously optimize or update the different parameters of the 
closed loop processes and also provide data to some outside components such as the MCAO 
BTO/LLT CC and the MCAO AOM CC. Therefore they are closed loop process, but run at a 
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slow rate in comparison to the LGS and NGS processes. They will be grouped and implemented 
on different CPUs (see the next section 5.4.11.7). 

NGS WFS gain optimization process (12): 

The goal of this process is to optimize the NGS centroid gains iXNGSG ,,  and iYNGSG ,,  for each sub-
aperture from a lookup table according the seeing at a rate of 0.1Hz. It will consist of: 

- The seeing is read from an A&G EPICS SIR record, 

- Find the centroid gains associated with the current value of the seeing from an 
internal look-up table: EstimatedNGSG ,  

- The new vector of centroid gains will be obtained as follows: 

EstimatedNGSNGSNGSNGS GGfGG ,* −+=  where f  is an adjustable parameter. 

The gain buffer of the NGS process (shared memory) will be doubled and the new gain vector 
will be downloaded in the non-used part of the double buffer in order not to delay the NGS real 
time process. A semaphore will be set to warn that at the next iteration of the NGS closed loop a 
new gain vector is available. 

Adjust NGS WFS position process (13): 

The goal of this process is to adjust the position of the 3 NGS WFS probes or the reference 
measurements to correct for flexure, and to null any residual field rotation at a rate of 0.1Hz. It 
consists of: 

- The process reads the NGS tip-tilt measurements from the dedicated circular 
buffer and averages them, 

- The process reads the current position from the NGS probe arms. These positions 
are available through 6 SIR records of the AOM CC database. It computes then 
the rotation component, and provides adjustment for the Cass Rotator control 
through a gensub record. This record can be read by the TCS and used to adjust 
the Cass Rotator control. 

For each NGS WFS i (i =1,…3), the rotation component θ  will be determined as 
follows: 
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,,θ  where N
iXNGSS ,, and N

iYNGSS ,,  represent the 

average over the time of the NGS centroids measurements for the NGS WFS i, 
and where iX  and iY  represent the current positions of the probe arm i. 

i
i

iwθθ ∑−=  where θ  is the cass rotator angle offset to be read by the TCS and 

iw  are adjustable parameters that sum to 1. 

- The time-averaged tip/tilt measurements from the on-instrument WFS (OIWFS) 
(available through a gensub EPICS record and written by the OIWFS) will be 
used as reference measurements for the NGS WFS tip/tilt measurements. If this 
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offset or reference exceeds the linear dynamic range of the NGS WFS, the MCAO 
AOM CC will adjust the position of the NGS WFS probe arms accordingly: 

For each NGS WFS i (i =1,…3), the reference measurements iXNGSR ,,  and iYNGSR ,,  or the 

offsets NGSO  for the NGS WFS probe arms will be determined as follows: 
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where N
XOIWFSS , and N

YOIWFSS , represent the time-averaged tip/tilt measurements from the 
OIWFS. 

The reference slope buffer of the NGS process (shared memory) will be doubled and the 
new reference slope vector will be downloaded in the non-used part of the double buffer 
in order not to delay the NGS real time process. A semaphore will be set to warn that at 
the next iteration of the NGS closed loop a new reference vector is available. 

Offsets for the NGS WFS probe arms will be written into an EPICS gensub record of the 
MCAO AOM CC. 

- During initial NGS acquisition, the time averaged filtered tip/tilt anisoplanatism 
modes of the DMs are used to compute the field distortion and adjust the position 
of the NGS WFS probe arm position: 

The offsets NGSO  for the NGS WFS probe arms are computed as follows: 

N
ANIANINGS mMO 1−−=  

Offsets for the NGS WFS probe arms will be written into an EPICS gensub record of the 
MCAO AOM CC. 

NGS modal optimization process (14): 

The goal of this process is to optimize the modal closed loop gains according to the atmospheric 
turbulence. 

To perform such an optimization, it is necessary to have the real time values for the TTM modes 
and for the DM anisoplanatism modes TTME  and ANIE . The choice of the modal basis may 
change from field to field but will be fixed for each science observation. Real time modal values 
are computed in real time by the NGS process (blocks 2 and 4) and are stored into a dedicated 
circular buffer. 
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This mode circular buffer will be big enough to allow the optimization process to read at least 
512 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 512 mode records, 
and then divided by the square modulus of the transfer function of each corresponding mode. 
This is reproduced a few times and the resulting functions for each mode are averaged and the 
optimized modal gains are determined. The control matrices used during the steps (2) and (4) and 
possibly the filter coefficients used in (3) and (5) 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 non-used 
part of the buffer. A semaphore will be set to warn that at the next iteration of the NGS closed 
loop new control matrices will be available. 

This process is time consuming and a goal is to update the gains at a rate of 10s. 

To describe this process for the representative case of a simple integrator, we will use the 
following notations: 

• E  refers to the 5 element vector ( TTME  and ANIE ) 

• NGSg  refers to the five modal gains related to the five modes 

The optimization cycle is divided into a number of segments Nseg. Each segment corresponds to 
Nsamp sampling times of the loop. For example, with a loop running at 1 kHz, we typically use 
Nseg=16 segments of Nsamp=512 elements. An optimization cycle is therefore based on 
512*16*1ms ~ 8 second worth of data. 

The initialization part requires the computation of a complex vector )(νolH  that contains the 

open-loop transfer function of the NGS loop. This vector has Nsamp/2+1 elements. )(νolH  is 
either computed analytically or extracted from calibration measurements. 

An optimization cycle consists of the following steps: 

- For each mode, compute the open loop transfer function of the NGS loop and its 
square modulus: 

)(1
1

),(
ν

ν
ol

cor gH
gH

+
=  where g is the current gain of the mode 

2
),( νgH cor , a vector of size Nsamp/2+1. 

- Compute the open loop PSD of each mode: 

When a segment (Nsamp elements) of E is available in the circular buffer, do the 
following for each mode: 

Compute SM , the square modulus of the Nsamp elements of the segment. 

SM  has Nsamp elements as well. Collapse SM  into a PSD and call the result 

clPSD . clPSD  has Nsamp/2+1 elements and is called closed loop PSD. 
Finally, compute  
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>= 2),(
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ol , a vector of size Nsamp/2+1 and called open loop PSD 

- Compute the optimized modal gains: 

Once Nseg open loop PSDs have been acquired for each mode, do the following for each 
mode: 

§ Average the Nseg PSDs. 

§ Solve numerically the following equation for mg : 
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§ Use a root finding method, that do not require a derivative (i.e. not the 
Newton method). Use of simple bisection is possible although faster, more 
sophisticated method can be use (see Altair CDR). 

- Update the control matrices TTMM  and ANIM . The matrixes are recomputed with 

the new gains NGSg : 

1−= TTMTTMTTM ZIMGM  where TTMG  is a diagonal matrix where each diagonal terms 
corresponds to the new gains NGSg  and where 1−

TTMZIM  is the inverse of the 
zonal TTM interaction matrix. 

1−= ANIANIANI MIMGM  where ANIG  is a diagonal matrix where each diagonal terms 

corresponds to the new gains NGSg  and where 1−
ANIMIM  is the inverse of the 

modal anisoplanatism DM interaction matrix. 

 

PSF, r0 computation (15): 

The purpose of this process is to compute the PSF and r0 related to the science exposure. During 
the exposure, statistics of loop data are computed. These statistics are saved in a PSF statistics 
file and from this file an off-line process is able to compute the PSF associated to the exposure. 
Side products of the PSF estimation process include an estimate of the average r0, the residual 
phase variance in the direction of the LGSs and possibly the average height and wind-speed of 
the turbulence layers at the DMs during the exposure. It is important that the PSF statistic file be 
linked to the science image file. This information is available through the OCS. 

PSF reconstruction from AO loop data is still a subject under research for a conventional Shack-
Hartmann AO system, let alone a MCAO system. Below is an estimated list of the statistics that 
we need to collect during the exposure: 

- Mean and covariance of the photon counts, for the four pixels of each sub-
aperture ( P  for LGS and APD  for NGS): Nsubap x 4 floats for the mean and 
Nsubap x 16 floats for the covariance (from block 1 and 8). 
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- Mean and variance of the NGS modal gains NGSg  (5+5 floats, from block 12) 

- Mean and variance of the LGS loop gain (from block 17). 

- Average open loop and closed loop PSD of the NGS modes (typically 2*257*5 
floats, from block 14). 

- Variance of the actuator commands to the TTM and DM. 

- Variance of a selected number (~ 12) of modal commands to the DMs. Modal 
commands must be computed from the Nact actuator commands by multiplying 
by a Nact x 12 matrix. This is used to compute r0. 

- Variance of the slopes measured by the NGS and LGS WFS ( NGSS  and LGSS ). 

- Number of samples accumulated to compute the above statistics (1 float). 

Notes: 

• The sampling time for computing statistics could be relaxed to 100 Hz. 

• r0 and the residual phase variance will be computed several times during the exposure, every 
10 seconds for example, and be used as a real-time diagnostic. Computing r0 is done by 
fitting a Kolmogorov profile to the DM modal commands and is not particularly demanding. 

Offload M2 and M1 process (16) and (22): 

It is in fact a single process: 

- First, this process is synchronized with the NGS/LGS processes via a simple 
semaphore (rate 800Hz). 

- The process reads the TTM commands TTMC  from the shared circular buffer and 
applies a butterworth filter (cuttoff frequency 200Hz). The filtered data are 
formatted into the SCS/M2 coordinates via a (2,2) matrix multiplication 2MM : 

( )TTMTTM ChbutterwortB =  

TTMMM BMC 22 =  

and 







−

=
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M M  where θ  is the cass rotator angle provided by 

the TCS and where 1a  and 2a  are scale factors. 

The 2MC  command vector is averaged during 4 frames and sent at a 200Hz rate 
to the SCS/M2. This command vector contains only the tip/tilt terms. The focus 
term is determined at a slower rate (1mn) and then most of the time will be set to 
zero. The trio is then time stamped and sent to the SCS/M2 through the Synchro 
Bus. 

- The process reads the DM0 commands only 0DMC  from the shared circular 
buffer. The commands are averaged during one minute and are formatted into M1 
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coordinates via a matrix via a (17,240) matrix multiplication 1MM  and after 
rotated with the cass rotator angle.  

011 DMMM CMz =  where 1Mz  is the vector of Zernike modes starting from the 

focus. 

( )11 MM zrotationZ =  

- 1,1MZ  which represents the focus term is associated to the tip/tilt terms computed 
from the TTM commands, time stamped and sent to the SCS though the synchro 
bus. 

- The other modes 2,1MZ  to 17,1MZ are written into a MCAO RTC gensub EPICS 
record to be available for the TCS. 

- This process is not critical in terms of number of operations to perform (a 
maximum of 5000 operations when computing the zernikes coefficients). 

The 1a  and 2a  scale factors will be calibrated when the NGS loop is closed and by applying 
some commands to the SCS/M2 and by measuring the influence on the TTM. 

The 1MM  matrix will be calibrated when the LGS loop is closed and by applying some 
aberrations to M1 in closed loop aO and by measuring the influence on the DM. 

LGS WFS Gain Optimization process (17): 

The goal of this process is to optimize the gain vector used during the LGS WFS slope 
computations according to the atmospheric turbulence. A goal is to update these gains at a rate of 
0.1Hz. The method used will be identical to Altair. For a given sub-aperture, the X and Y 
centroid gains are given by a geometric function f(a,b,r), where r is the distance of the sub-
aperture to the center of the pupil, and a and b are two numbers that change as the seeing, laser 
beam quality, sodium layer height and thickness change. The numbers a and b are the same for 
all the sub-apertures. In a nutshell, a is related to the tangential spot size and b is related to the 
radial dependence of the spot size. The goal of block 17 is to estimate a and b. 

The DM command vector will be read from the dedicated circular buffer and averaged. The 

averaged vector ( N
DMC  of dimension 636) will be multiplied by the interaction matrix 1−

DMM  to 

obtain a vector of averaged slopes: 

N
DMDMDM CMS 1−=  

DMS  is then run through a geometric transformation matrix of size (2040,2040) to find a vector 

t  of size 2040: 

DMTRANS SMt =  

This geometric transformation could be reduced in terms of the number of operations by doing a 
lot of (2x2) matrix multiplications. The estimated numbers a and b are derived from the dot 
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product between t  and constant vectors obtained from a calibration file. This derivation is 
lengthy to write but involves only operations on scalar, which are very fast to execute. 

As in block 12, the current values of a and b are updated by only a fraction of the difference 
between the estimated value of a and b found above and the current value of a and b. 

Once the updated values of a and b are found, the X and Y centroid gains of each sub-aperture 
are computed using f(a,b,r). This involves the multiplication by a geometric transformation 
matrix of size 2040,2040. 

The gain buffer of the LGS process (shared memory) will be doubled and the new gain vector 
will be downloaded in the non-used part of the double buffer in order not to delay the LGS real 
time process. A semaphore will be set to warn that at the next iteration of the LGS closed loop a 
new gain vector is available. 

The Gain and LGS control matrix optimization process (18): 

The MCAO Sequencer reads the telescope elevation from the TCS records at a rate of once per 
10s, 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 optimization process. The purpose of the optimization process is to download 
to the LGS process a new control matrix from a lookup table according to the telescope elevation 
and to optimize the global gain of the LGS closed loop process according to the atmospheric 
turbulence. To reduce the number of computations, this optimization can be done with a sample 
of the DM actuator command vector. This process can be time consuming and the number of 
actuators used to do the gain optimization has to be chosen carefully in order to reduce the 
amount of CPU time needed. 

As explained in the previous chapter, the LGS matrix multiplication will certainly be shared 
between several 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 internal processor buffer will be doubled and the control matrix portion will be downloaded 
in the non-used part of the double buffer in order not to delay the LGS real time process. A 
semaphore will be set to warn that at the next iteration of the LGS closed loop a new control 
matrix is available. 

Null the piston, waffle, tilt and uncontrolled modes of the DM (19): 

The aim of this process is to check there is no drift for the piston, waffle, associated degenerated 
piston and waffle modes, tilt and uncontrolled modes of the DM even if they are not controlled 
(filtered from the control matrix). The total number of uncontrolled modes will be around 60 
(TBC). It consists of: 

- The process reads the last filtered DM commands from the shared circular buffer 

DMF and computes the uncontrolled mode values Nullm from these commands. 

This consists to a simple matrix multiplication ( NullM  calibration matrix of 
dimension 60,636): 

DMNullNull FMm =  
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- These values are transformed back to actuator controls in order to be subtracted 
from the DM actuator control at the next real time LGS closed loop iteration. It 
consists to a simple matrix multiplication ( NullT  calibration matrix of dimension 
636,60): 

NullNullNull mTC −=  

A goal is to run this process at a rate of 800Hz, but not less than 200Hz in any case. 

Adjust the TT of the MCAO BTO/LLT CC (20): 

The purpose of this process is to compute the TT values to send to the 5 fast TTMs of the BTO. 
It consists of: 

- First, this process is synchronized with the LGS process via a simple semaphore. 

- Then it reads the LGS slopes LGSS from the dedicated circular buffer and 
computes for each LGS WFS the TT values (5 x 2) by doing a simple matrix 
multiplication ( TiltM  matrix of dimension 10, 2040): 

LGSTiltBTO SMC =  

- The TT data BTOC  are then time stamped and written into the synchro bus and 
will be available for the MCAO BTO/LLT CC. This one will read the synchro bus 
and update the 5 TTM. 

This process is not time consuming but needs to be able to send fast TT values to the BTO at a 
rate of up to 800Hz and to be synchronized with the real time processes. This is not an issue, but 
adds another constraint to the whole system. 

Adjust the TT of the MCAO AOM CC (21): 

The purpose of this process is to compute the TT values to send to the 5 pupil alignment mirrors 
of the AOM at a rate of 0.1Hz. It consists of: 

- The process reads the LGS total measurements LGSTo  from the dedicated 
circular buffer, averages them and compute the overall centroids for each LGS 
WFS AOMS : 

For each LGS WFS i (i =1,…5): 
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where ia  and ib  are scale factors, and jx  and jy  are the coordinates for each sub-

aperture j ( jx  and jy  will be comprised in [-8, 8]) 

- These data are sent to the MCAO AOM CC through an EPICS gensub record. 
- AOMAOM SC =  
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Real time display (24): 

The LGS and NGS slope and pixels measurements, as well as the actuator controls will be read 
from the different circular buffers at a slow rate, formatted and written to the video board only 
for diagnostic purposes. 

Some optimization parameters, such as the mode values (TTM and DM anisoplanatism modes), 
will be also read from the dedicated circular buffer, formatted and written for debugging 
purposes. 

It will be also possible to do some statistics on these data: average, variance, FFT and to display 
them. 

Other background and optimization processes: 

The OIWFS focus information will be used to compute the position of the LGS focus lens. This 
process is not part of the MCAO RTC and is not described here. 

5.4.11.5 Diagnostics 

All the real time information (and associated time stamps) will be stored in circular buffers. 
These buffers will be shared between several processes: 

CB content Frequency Length Data type Size 

NGS APD signals APD  800Hz 60s integer 1.2Mb 

NGS WFS slopes measurements NGSS  and totals 

NGSTo  

800Hz 60s float 0.92Mb 

TTM actuators commands before and after filtering 

TTME  and TTMC  

800Hz 60s float 0.96Mb 

DM anisoplanatism commands before and after 

filtering ANIE , ANIm  

800HZ 60s float 0.96Mb 

NGS WFS gains for centroid computations NGSG , 

reference slopes NGSR , offsets for the probe arm 

position and rotation for the cass rotator 

0.1Hz 60s float 0.48Kb 

Offload commands to the M2  200Hz 60s float 0.096Mb 

Offload commands to the M1 1mn 10h float 0.045Mb 

LGS WFS images (pixels) P  800Hz 5s float 65Mb 

the LGS WFS slopes measurements LGSS  and totals 

LGSTo , 

800Hz 30s float 294Mb 

DM actuator commands before, after filtering and 
after coadding with the anisoplanatism (continued) 

800Hz 30s float 224Mb 
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commands DME , DMF  and DMC . 

And un-illuminated DM actuator commands 

EXTRAC  

LGS WFS gains for centroid computations LGSG , 

and reference slopes LGSR  

0.1Hz 30s float 49Kb 

BTO TT commands 800Hz 30s float 0.96Mb 

AOM pupil alignment mirrors commands 0.1Hz 10h float 0.144Mb 

r0, covariance of the LGS slopes and covariances of 
the LGS actuator commands 

0.1Hz 10h float 185Mb 

Total ~774Mb 

Table 42 RTC circular buffer contents 

The circular buffer implementation will be architecture dependant. For example in the case of the 
baseline approach described in the next paragraph, the DM actuator control circular buffer will 
be split and implemented on 3 different boards. The circular buffers for the NGS will be all 
implemented on a same board. 

5.4.11.6 Hardware Environment 

5.4.11.6.1 Computation Requirements Summary 

The following table gives a summary of the computation requirements: 

RTC Process Frequency Computation requirement 

NGS process 800Hz 3.16MFlops 

LGS process 800Hz 2.26GFlops 

NGS WFS gain optimization process 0.1Hz Negligible (1.8Flops) 

Adjust NGS WFS position and cass rotator process 0.1Hz Negligible (385Flops) 

NGS modal optimization process 0.1Hz TBD 

PSF/r0 process 100Hz TBD 

Offload M2/M1 process 800Hz 8MFlops 

LGS WFS gain optimization process 0.1Hz TBD 

Loop gain and control matrix optimization process 0.1Hz TBD 

Null piston, waffle, tilt anisoplanatism modes of 
the DM process 

800Hz 122MFlops 

Adjust BTO TT process 800Hz 32.6MFlops 

Adjust AOM TT process 0.1Hz Negligible (816Flops) 

Table 43 Computation requirements 
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5.4.11.6.2 Options (Summary of Benchmark Tests and Architecture Studies) 

As shown in the previous table, the LGS control is the major user of the CPU power, with a 
matrix multiplication being the most critical part. Performance at a level of ~3Gflops is required. 
Last year for the Conceptual Design Review, we explained that solutions were available to fit our 
requirements based on PPC, DSP or other architectures. Since the Conceptual Design Review, 
several actions have been performed to demonstrate this statement: 

- To study our baseline approach for the RTC (quad PPC boards architecture), a 
VSS4 Synergy Micro Systems board has been purchased: VME DSP-Quad PPC 
7400@433Mhz, 256 Mb, 8Mb Backside Cache (2:1 ratio), with aVME64x as well 
as a VME64 back plane. Benchmarks are now being performed by HIA to assess 
the suitability of this board. 

- Two vendor contracts to study other architectures for our requirements. Two 
vendors have been selected: 

§ The Optical Science Company (tOSC), located in Anaheim, California, 

§ SHAKTIWARE, located in Marseille. France. 

5.4.11.6.2.1 Baseline Approach 

Since the CoDR, the baseline approach architecture has been slightly modified: 

• While purchasing the VSS4 board we discovered that the VSS4 board has only one PMC 
site, and using Synergy Micro Systems PEX3 PMC expander takes that site to yield three 
more, for a total of 3 PMC sites per VSS4 motherboard. Only certain "stackable" PMC 
cards made exclusively by Synergy Micro Systems allow the PEX3 to "piggy-back" and 
thereby provide a total of 4 PMC sites per motherboard. Unfortunately, these Synergy 
stackable PMC cards can’t be used for any of the functions (such as PIO or DAC or 
ADC) required of the PMC sites. 

• To control the 5 LGS WFS CCD (5 EEV 39), we will use an upgraded version of the Bob 
Leach SDSU controller that can handle the high pixel rate, and that uses a PCI interface 
card (instead of a VME interface card) with one timing board, a clock driver board, and 
10 video boards (each video board manages two outputs) in a VME-like back plane. The 
timing board provides digital timing signals for controlling the readout of the CCD array 
and communicates with the interface board over a fiber optic link. The clock driver board 
provides up to 24 switched clock voltages of the CCD array, controlled by the timing 
signals from the timing board. The video processor board amplifies, processes, and 
digitizes the signal from two CCD outputs and provides up to 12 DC bias voltages. The 
new version of the Bob Leach controller is not yet available: It is currently under 
development and will be available in mid-2001. The interface card can be easily adapted 
to a PMC version, and this should also be available. The pixel rate to over the fiber optic 
link will be 7Mpixels/s, which is less than the maximum speed of the fiber optic 
transceiver  (12.5Mpixels/s). In consequence only a single SDSU PMC interface card will 
be necessary. 

• Each amplifier board from Xinetics contains 32 channels. A standard 9U chassis contains 
up to 9 boards (288 channels). For DM4.5 we will need two chassis. Since the CoDR, it 
appears that the VMETRO Digital parallel IO board (DPIO - D0 / 16 bits version) PMC 
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module board will be a better candidate. We will need a modest interface to connect the 
PMC board to the Xinetics chassis. The datalines from the PMC board will be daisy 
chained to the two chassis.  

In the current architecture, the 4 VSS4 boards now each have a PEX3 PMC expander and 
support 2 to 3 PMC cards. The revised architecture is described in the following figure: 
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Figure 59: RTC hardware architecture 

5.4.11.6.2.2 Benchmark Results 

To test the computational power of the board, we decided to use LINUX for PowerPC and SMP 
support (Symmetric Multiprocessing) instead of VxWorks to reduce the costs. A disk and a 
CDROM driver has been connected to the board and Linux installed successfully. Two scenarios 
have been tested: a single DM system and the full MCAO system, in both case using floating 
point processing. For the full MCAO system, the most demanding case (for the DM4.5) has 
been benchmarking from the point when the pixel data arrives in memory until the final 
DM4.5 commands (included the extrapolated actuator commands) are computed, and a 
total latency of 0.9 ms has been obtained when using 4 CPUs. Full details of the benchmarks 
are described in the appendix Y as well as the benchmark plan. 

However, further work still needs to be done, which will consist essentially of testing the I/O 
data streams. 

5.4.11.6.2.3 the Optical Science Company Study 

Study goal: 

The goal of the study is to investigate how VME/PCI architectures based on SHARC, PowerPC 
G4 and C67XX DSP processors will fully conform the MCAO requirements. VME based 
architecture and floating point data is considered the baseline approach because of interface 
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considerations, but tradeoffs against PCI architectures and fixed point processing are also 
considered. At the end of the study, the vendor will provide a report that will contain a full 
description of one or several architectures that fit our MCAO requirements. 

Company Strengths: 

tOSC has an extensive experience in Adaptive Optics. The company has recently delivered a 
military class AO system to the United States Air Force Research Lab that operates at 10KHz 
and uses a 16x16 sub-aperture Shack Hartmann wave front sensor coupled to a 128x128 pixel 
camera and a 349 actuator DM. Their experience is particularly developed in the DSP field and 
parallel architectures. 

Funding:  

Gemini 

Progress report: 

The 3,5 months study began in early January and is nearly completed. A final report will be 
delivered by the time of the MCAO PDR. A kick-off meeting was held at tOSC facilities in mid- 
January. Several progress meeting has been held since then via teleconference. They have 
studied the 3 following processors: TigerSharc, PowerPC 74XX and TMS320C67XX. Their first 
results favor the G4 processor, PCI bus, and fixed-point computation, which reduces the number 
of G4 processors required by a factor two. 

5.4.11.6.2.4 SHAKTIWARE Study 

Study goal: 

The goal of the study is to investigate the different processors and COTS boards (in the 
following families: DSP, PPC processors and FGPA) that will fully meet the MCAO 
requirements. At the end of the study, the vendor will provide a report that will contain a full 
description of one or several architectures satisfying our MCAO requirements. 

Company Strengths: 

SHAKTI has an extensive experience in adaptive optics. The company has developed a full 
range of VME boards based on DSP TMS320C40 processors dedicated to AO. A customized 
DSP SHAKTI system has been developed for the VLT Adaptive Optics System NAOS which 
operates at 500Hz, and uses a 144 sub-apertures Shack Hartmann wave front sensor with a 185 
actuator DM. Their experience is particularly developed in the DSP field and parallel 
architectures. 

Funding:  

Gemini and ESO 

Progress report: 

The 4 months study began in mi February and is now underway. We expect preliminary results 
to be available by the time of the MCAO PDR. A progress meeting was held with 
SHAKTIWARE and ESO at the SHAKTIWARE facility in beginning of April. Twelve 
processors have been selected and five of them have been carefully analyzed: G4, Pentium4, the 
SUN UltraSparc III, Alpha and TMS320C67. Their first results favor the G4 processor and the 
quad G4 board. 
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5.4.11.6.2.5 Conclusions 

Benchmarks of our baseline approach and studies are very encouraging, and today both studies 
and the benchmark results converge to a G4 solution. However, several possible options are 
envisioned: fixed point or floating point, PCI or VME bus. The final design will be determined 
by the vendor. 

5.4.11.7 Software Preliminary Design 

Since the hardware architecture of the RTC is not yet defined, a very basic preliminary design is 
proposed based on the baseline approach. 

The RTC will be an EPICS system. A dedicated CPU (master CPU) will run an EPICS interface 
to allow the MCAO Sequencer to control all these real time processes: 

- NGS real time control process, 

- LGS real time control process (shared between several processors), 

and the optimization and background processes which will be grouped as follows: 

- NGS optimization process (NGS WFS gain optimization, NGS WFS position and cass 
rotator adjustment, M2-M1 offload), 

- NGS modal optimization process, 

- PSF and r0 computation process, 

- LGS optimization process (LGS WFS gain optimization, LGS gain and control matrix 
optimization, LGS DM uncontrolled modes drift check, BTO TT adjustment, AOM TT 
adjustment). 

Due to its high level of real time operations, these real time processes will be implemented on 
other CPUs running only VxWorks and called slave CPUs. Each slave CPU will run one of the 
processes described above or part of one processor (in the case of the LGS real time process, 
which is split between several CPUs). 

The EPICS interface will consists of a collection of records (CAD’s or a custom record to send 
commands to these processes, and CAR and SIR records to monitor their status); the EPICS 
interface will run on a dedicated CPU. For each CPU pair (master and slaves), shared-memory 
and shared-objects (semaphores, messages queues) available with vxmp will be created to 
communicate between the EPICS interface and the task running on the CPU.  

A complete listing of the commands and status information as well as engineering sequences 
(calibration of all the processes) and the operational sequences (closed loops) that passes 
between this system and the Instrument Sequencer can be found in the MCAO Internal ICD. 

The RTC Controller will interface directly with other sub-system as the TCS, A&G, and SCS as 
described in the corresponding ICDs (see appendix Z). It will interface directly with the Gemini 
GIS system as described in ICD 1.1.13. 
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5.4.11.8 Calibration Sequences 

Calibration sequences are required all the processes (LGS, NGS and background and 
optimization processes). Some of these calibrations will be done every day. Daily calibration 
sequences are described in the MCAO Internal Interface Document: 

• Calibration of LGS WFS CCD dark frames 

• Calibration of the LGS WFS reference vector for the slopes computation 

• Calibration of the DM interaction matrix for different LGS ranges, and computation of 
the corresponding control matrixes and the extrapolation matrix for the unilluminated 
actuators 

• Calibration of the TTM interaction matrix and computation of the control matrix 

The following calibration sequences will be done once during the initial commissioning of the 
whole MCAO system: 

• Calibration of the interaction matrix for the DM anisoplanatism modes and computation 
of the corresponding control matrix 

• Calibration of the NGS WFS gain lookup table versus seeing 

• Calibration of the TTM versus SCS/M2 

• Calibration of the DM versus M1 

• Calibration of the FSA of the BTO versus the LGS WFS 
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5.5 Laser Coordination and Detection Safety Systems 

The laser beams used with the MCAO system are a potential nuisance to neighbor telescopes and 
a potential hazard to aircraft. An agreed policy between the telescopes is needed to define and to 
regulate when and where the laser can be fired in order to avoid any interference during night 
observations. Example could be taken from the Laser Traffic Control System developed for the 
observatories located on Mauna Kea (see Appendix W). The system for Cerro Pachon could be 
less sophisticated (at least at the beginning) because of the simpler telescope configuration. 
Regarding hazards to aircraft, a detection system is necessary to shutdown the laser on time and 
to avoid aircraft illumination. Even if air traffic is usually limited around observatories, no risk 
can be taken on this matter. A design exists for the Mauna Kea telescopes but it is not yet 
developed. Both systems could be implemented together to keep them as similar as possible. 

5.5.1 Laser Coordination 

5.5.1.1 Review of current systems 

Not many sites have yet used lasers with adaptive optics. After contacting most of them, we 
present a summary of their current situations regarding laser coordination. To our knowledge, 
here are the sites involved with laser programs: 

- SOR, New Mexico 

- Apache Point, New Mexico 

- Mt Wilson, California  

- ESO VLT, Chile 

- Lick Observatory, California 

- Mt Hopkins, Arizona 

- La Palma, Spain 

- Calar Alto, Spain 

- Mauna Kea, Hawaii 

SOR is a centralized facility with no nearby neighbors and so has no need for laser coordination. 
The same was true at Apache Point until the SLOAN survey telescope was built. However, no 
coordination has happened yet because the laser has not been fired since. On Mt Wilson, the 
laser guide star system is built with a UV laser located on the 2.5m telescope. At this 
wavelength, there is no risk of interference and there is also no other nearby telescope in 
operation. All four VLT telescopes are controlled from the same building, so coordination 
becomes more an internal problem in this case. For the Lick observatory, there are other 
telescopes around but nothing formal has been set up for coordination. Until now, they have had 
no interference problems, and Don Gavel has noted that the sodium D2 line is filtered out by 
most visual observers to remove sky background from city lights. On Mt Hopkins, site of the 
MMT, and on Calar Alto there are other optical telescopes, but so far the issue of coordination 
has not been addressed. For La Palma, there is a LGS project for the WHT. But they have not yet 
reached a stage of being concerned by this aspect. 

From this list, Mauna Kea seems to be the one location where laser coordination is most fully 
addressed. A Laser Guide Star Technical working group, composed of a representative from 
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each major telescope, was created some years ago to prepare a coordination plan to be approved 
by each observatory. In addition, the group also developed a laser traffic control system and 
started tests on sharing telescope-pointing data. Their publication is located in Appendix W.  

5.5.1.2 Gemini South Laser Coordination 

A coordination/working group similar Mauna Kea’s will be established for Gemini South. Two 
major observatories are located close to Gemini South, SOAR on Cerro Pachon and CTIO on 
Cerro Tololo. First contacts have been made with each. The group will have representatives from 
each observatory to prepare a coordination plan. To a certain degree, less laser traffic control 
should be necessary because of the geographical location of the telescopes (see maps) and of the 
fewer number of laser beacons. Only SOAR may also develop a laser guide star system for their 
AO.  
 

 
Figure 60: Contour Map of CTIO 
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Figure 61: Contour map of Gemini South and SOAR 

The coordinates of each telescope are given in Table 44. The distance between Gemini and the 
other telescopes is 430 m for SOAR and 10325 m for CTIO 4m telescope. By comparison, 
Gemini North is located 110 m from UH, 160 m from CFHT and 215 m from UKIRT. The 
height of the laser beam above the 2 other telescopes is calculated in Table 45 for the laser at a 
60-degree elevation and the telescopes pointing directly into it at either zenith or at a 60-degree 
elevation. At these altitudes, Rayleigh scattered light may have an impact on night observation, 
because it is generated in the first 20 to 30 km of the atmosphere. Quantitative measurements 
will be necessary to assess this impact.  
 

Telescope Coordinates Height 

Tololo (4M Blanco) W 70° 48’57.27   S 30° 09’57.27 2210m 

SOAR W 70° 43’53.41   S 30° 14’02.67 2701m 

Gemini South W 70° 44’04.33   S 30° 14’12.88 2715m 

Table 44:Telescopes coordinates 

Laser beam height above Telescope pointing at Zenith At 60 degrees 

SOAR 262m 138m 

CTIO 6466m 3485m 

Table 45: Laser beam height with laser beam at a 60° elevation 
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5.5.2 Detection Systems 

In this subsection we describe the characteristics of the detection system. Its acronym is SALSA 
for Safe Aircraft Localization and Satellite Avoidance. The Maximum Permissible Exposure 
(MPE) is first estimated depending on the laser configuration. Then, the characteristics of air 
traffic above Cerro Pachon are presented along with details on the aircraft detectability. After 
describing the zone of detection and the detection method, we investigate the system 
specifications. At the end, we explain the need for cloud monitoring and conclude with the 
system layout. 

5.5.2.1 Maximum Permissible Exposure 

According to the American National Standard Z136.1, the type of laser planned for MCAO 
would be a Class 4 laser that could cause biological damage. Safety measures have to be 
followed inside and outside the observatory to operate such a laser. The detection system is 
necessary to comply with outside safety and to avoid illumination of airplanes with the laser 
beam. 

With the current geometry of the 5x10W laser guide stars with a 1-arcminute separation, a plane 
could pass through 1 to 5 beams depending on its altitude. The pilot could cross a 50W power 
beam up to 1.2km, or up to 3x10W beams above 3.6km. Between 1.2 and 3.6km, the 4 outside 
beams overlap with the center beam so that it would be crossing a 10W or 20W beam. This 
calculation obviously depends upon the beams’ alignment. As a reasonable approximation, our 
calculations are made with a 50W power beam under 1.2km and a combination of one 10W with 
2x20W beams above. To be conservative, let’s assume a slow speed of 200 km/h for the airplane 
to compute the time of exposure to the laser. The results are oriented toward a worst-case 
scenario. 

In the ANSI Z136.1, the Maximum Permissible Exposure (MPE) is defined as the level of 
radiation to which a person may be exposed without hazardous effect. The document 
distinguishes 2 types of laser source, small source and extended source depending if its angular 
size is bigger than 1.5mrad. For airplanes above 300m, we are in the small source category.  

The MPE also depends on the type of laser, either a continuous wave (CW) or a pulse laser. At 
this stage of the project, we may use both type of laser, with a pulsed laser of either 800Hz or 
100MHz frequency. For a CW laser, the MPE is equal to 1.8 t0.75 x10-3 Jcm-2. It is the same 
formula for a pulsed laser with a frequency higher than 55KHz. For the 800Hz laser, 3 different 
MPE have to be compared taking into account the pulse length of 150µs, the number n of pulses 
during the time of exposure and a correction factor C=n-0.25. The results are in Table 46 and 
Table 47, and are compared with the average power density P in the beam. 

Altitude (km) Number of beams x 
power 

Diameter 
(cm) 

Time of exposure 
t (msec) 

Number of pulses 
n @800Hz 

Below 1.2km 1x50W beam 45 8 6.4 

Above 1.2km 1x10W +2x20Wbeams 135 24 19.2 

Table 46: Data for MPE calculation 
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Table 47: MPE compared to average power density 

50W over 45 cm diameter beam gives P=31.4 10-3 W/cm2, and 20W over the same diameter 
gives P=12.57 10-3 W/cm2. It translates into J/cm2 by multiplying by the time of exposure for 
the CW laser, and by the pulse length and number of pulses for the 800Hz laser. As we see in 
Table 47, the average power density exceeds the MPE in all cases.  

Although this is a worst-case scenario and the probability that the beam reaches the pilot eyes is 
low, precautions have to be taken to avoid this situation. The purpose of the detection system is 
to indicate the aircraft path and proximity in order to shutdown the laser before it is illuminated. 

5.5.2.2 System Description 

The basic detection concept is based on the studies done for Mauna Kea. It would be composed 
of 3 levels of detection for aircraft: 

- Two all-sky cameras (ASC) working in the visible to provide complete sky coverage. Their 
purpose is to detect a moving airplane and to send a warning if it is coming toward the laser 
beam. The cameras will be located outside the telescope in weatherproof units and their 
signals will be sent to the telescope for analysis. It is independent of the laser system and 
could be used even when the laser is not operating. Its information is delivered in the control 
room to the user and could be shared with the other telescopes. 

- One infrared camera mounted on the telescope with a small field of view. This camera is 
boresited with the laser launch telescope, and it only detects airplanes very close to the laser 
beam. Upon detection, it automatically stops the laser by closing a fast shutter located in the 
beam. An IR camera is not sensitive to the laser Rayleigh scattering that could be strong 
above the telescope. 

- Radar feed from local air traffic agency. In the following, this system is not mentioned again 
because a fast data link is needed between the airport and the summit and that possibility has 
not yet been investigated. 

For satellites, the plan is to use the US Space Command Laser Clearinghouse Program. Claire 
Max from Laurence Livermore National Laboratory has been working with them to establish a 
better process of communication with telescopes that use lasers, and Gemini supports this 
initiative. 

Two cameras are used for the ASC to determine the absolute position of the aircraft without 
using a visual observer. As an alternative, it could be possible to use only one camera and install 
it on top of the dome. This is the method that is envisaged for the Lick observatory. In that case, 
the camera turns with the dome so that its measurement of the aircraft path is relative to the 
dome position. The images must be derotated to be shared with other telescopes. The signal 

Altitude Type of laser MPE (10-5 J/cm2) Average power density 
(10-5 J/cm2) 

Below 1.2km CW or 100MHZ 4.8 25 

 800 Hz 0.98 3 

Above 1.2km CW or 100MHz 12 30 

 800 Hz 2.2 3.6 
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would also be dependent on the dome tracking precision, and that could possibly trigger false 
alarms. 

For the time being, we will keep working with the assumption of two cameras. The system 
specifications are identical for both cases, except for the data analysis, so it would be feasible in 
the future to switch solutions with minor changes. 

5.5.2.3 Aircraft Traffic above Cerro Pachon 

Because of Chile’s geography, most of the air traffic at night at high altitude above Cerro Pachon 
is oriented along the North-South direction. From the information provided by the “Direccion 
General de Aeronautica,” small airplanes could also fly above the mountains. They must be 
equipped for night flights and should fly at a minimum of 300m above the peaks. The pilot is 
also required to be in permanent radio contact with the traffic control station in La Serena (freq. 
128.1 MHZ). However, the night flight frequency is very low, no more than 5% of the yearly 
traffic and mainly composed of strategic flights by the National Air Force. Because of 
confidentiality, we could not find out if these flights are at low or high altitude. The airport of La 
Serena is located at 50 km from the telescope. The last landing occurs at 10:00 pm so that there 
is no local commercial traffic at night after that hour. 

5.5.2.4 Aircraft Detectability 

Aircrafts are detectable in the IR at night because of the heat coming from their engines, and also 
because of their body temperature. The engine heat makes the aircraft mostly visible in the 
wavelength domain of 3 to 5 microns. The temperature of the atmosphere at a 10 km altitude is 
around -56°C, but because of friction the aircraft temperature is around -20°C. That signature 
makes the aircraft detectable in the 10-12 microns range. Using an IR camera, it would appear as 
a bright spot.  

In the visible, according to the rules of the Federal Aircraft Authority, airplanes use different 
light systems when flying a night: 

- Position lights 

- Anti-collision lights 

- Landing lights 

Position lights are located on the wings to be as far apart as possible from each other, and consist 
of a red light on the left side and a green light on the right side. There is also a white light at the 
rear. Table 48 lists the position light minimum intensities as recommended by the Federal 
Regulations.  

The anti-collision light is a flashing red or white light with a frequency of 1 to 2 Hz. There is no 
clear specification on its location (usually on the fuselage). Table 49 presents the recommended 
minimum intensities from the Federal Regulations. 

The landing lights are used before landing. They are located under the wing and are very bright 
compared to the previous lights. However, because no airplane will ever try to land close to 
Cerro Pachon or Tololo these are not considered in this document.  
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Light Angle of longitudinal axis, measured from 
dead ahead (degrees) 

Intensity (candelas) 

Red and green 0 to 10 40 

Red and green 10 to 20 30 

Red and green 20 to 110 5 

Rear white 110 to 180 20 

Table 48: Position lights 

Angle above or below the 
horizontal plane 

(degrees) 

 Intensity 
(candelas) 

Magnitude M     
at zenith 

Magnitude at 
60 elevation 

Magnitude at 
80 elevation 

0 to 5 400 -1.2 0.2 2.5 

5 to 10 240 -0.7 0.8 3.1 

10 to 20 80 0.5 2 4.3 

20 to 30 40 1.22 2.7 5 

30 to 75 20 2 3.5 5.8 

Table 49: Anti-collision lights 

From these regulations, it appears that the anti-collision lights are the brightest sources detectable 
on the aircraft at night. The equivalent magnitude of the aircraft is bright in the sky. 400 candela 
is equal to 0.6W/sr @ 550nm, or 12.2 10-9 W/m2 at zenith at a height of 7 km. A V=0 magnitude 
star corresponds to 3.75 10-9 W/m2 @ 550nm for a 1000 Angstrom bandwidth. So the aircraft 
magnitude is equivalent to Mmax = –2.5 log(12.2/3.75) = -1.2. For 20 candela, the magnitude is 
Mmin = 2. At 60° elevation, we obtain Mmax=-0.2 and Mmin=3.5. 

5.5.2.5 Zone of Detection 

Above Cerro Pachon, most of the air traffic is oriented along the north-south direction, which is 
almost aligned with the Cerro Tololo/Cerro Pachon direction. When using the laser at a 60-
degree elevation angle along that axis, the ASC need to detect the airplane before it reaches the 
beam. If the airplane comes from the opposite direction of the beam or in a different plane, the 
zone of detection is large and the aircraft path would be identified before it approaches close to 
the beam. However, if it comes from the same direction and in the same plane as the laser, then 
the angle of detection is limited to a maximum of 30-degrees, as illustrated in Figure 62.  
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Figure 62: 30-degree detection zone 

Depending on the height h of the airplane and the minimum angle of detection m, the distance d 
between the airplane and the beam is equal to d = h (1/tg(m) -√3 ). In Table 50, we compute the 
time taken by the airplane to travel over the distance d, assuming a speed v of 800 km/h and a 
height h of 7 km. When entering the detection zone, the apparent angular speed S of the aircraft 
is equal to S = v sin2(m) / h. Aircraft at the maximum distance from the telescope set the slowest 
apparent angular speed. For example, for m=15°, it will take only 1 min for the airplanes to reach 
the beam. So, the ASC need to see low on the horizon to provide enough time for detection. 

Minimum angle of 
detection m (deg) 

Distance 
d (km) 

Time (sec) Apparent angular 
speed S (deg/min) 

Apparent angular 
speed S (deg/sec) 

5 67.9 5min 06s 0.83 0.014 

7.5 41 3min 05s 1.86 0.031 

10 27.6 2min 04s 3.3 0.05 

15 14 1min 03s 7.3 0.12 

Table 50:Allowable detection times for all-sky cameras 

Now let’s consider the boresited camera (BOC). Its purpose is to activate the shutter upon 
detection of an airplane in its field of view. The worst case is close to Zenith, when the apparent 
angular speed of the plane is the fastest. The shutdown procedure has to be shorter than the time 
T it takes the plane to cross from the edge of the camera field of view to the center. At zenith, T 
is equal to T=hα / v =31.5α sec with h a height of 7 km, v a speed of 800 km/h and α the half 
angle subtended by the camera. For a small airplane, it would be T=5.4α with h=300 m and 
v=200 km/h (see Table 51). 

A Minimum Acceptable Distance (MAD) could be defined to activate the shutter. If the aircraft 
path approaches to a distance from the laser beam smaller than MAD the shutter is closed. In the 
table above, we calculated the MAD equivalent to the half angle α. If we use that value, it will 
mean that the shutter is immediately activated on detection. From the ASC information, the 
speed of the aircraft could be determined and whether it is at low or high altitude. If two sets of 

Detection Zone 

30

Laser beam 

m
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MAD can be loaded for different altitudes, the shutter can be activated more precisely. Thus, by 
limiting the shutdown periods, we increase the observing time with the laser guide star and 
improve its efficiency. 

 

 

 

 

 

5.5.2.6 Detection Method 

Two main detection algorithms have been used previously in comparable systems: 

- The detection is based on a threshold limit. If the level on the image or sub image is higher 
than the threshold then there is detection. This method could be used with the IR camera. 

- The detection is based on the variations between consecutive frames. A previous image is 
subtracted from the current data frame. Thus, fixed objects in the field of view disappear and 
moving objects appear as a bright area followed by a dark area. In the visible domain, an 
aircraft would appear like a bright and dark streak with spots from the anti-collision lights. 
For the MMT, a Hough transform was used to detect collinear points in the image, which 
they found well suited for finding aircraft streaks. A similar method could be used for the all-
sky cameras.  

Special care has to be taken with the detection method to avoid sending false alarms to the user. 
Multiple effects could create trails on the all-sky cameras, such as a meteor shower. The image 
processing routines must be able to identify them. One aircraft characteristic is that the anti-
collision lights are flashing with a frequency around 1-2Hz intervals. This feature could help 
distinguish airplane trails from other sources. The laser beam crossing the field of view could 
also cause saturation, depending on the Rayleigh scattering and the type of laser. The aircraft 
must be detectable even in presence of the moon. Testing on the sky will be very important to 
optimize the detection and avoid triggering false alarms. 

5.5.2.7 System Specifications 

In that paragraph, we consider that an IR sensor that is used as boresited camera and a visible 
system used for all-sky coverage.  

In order to have about 1 second for the automatic shutdown procedure in the worst-case scenario, 
it is necessary to use a FoV of 20 degrees for the IR camera. Then, the whole process of 
detection and closing the shutter has to last less than 1 second. At a 7 km altitude, the airplane 
angular size varies from 0.4° at zenith to 0.07° at 80-degree elevation (see Table 52). Assuming a 
pixel scale of pscale °/pix and a pixel size of psize microns, the number of pixels Np on the array 
and the objective focal length F of the camera can be computed: Np = FOV/pscale and F = 
psize/pscale (see Table 53). If a camera has more pixel, binning could be used to improve the 
signal to noise ratio.  

 

Half angle α (deg) 2.5 5 7.5 10 

T=31.5α (sec) 1.37 2.74 4.11 5.49 

T=5.4α (sec) 0.23 0.47 0.7 0.94 

MAD for h=7km 305m 612m 920m 1.2km 
Table 51: Boresight camera detection times and distances 
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Elevation (deg) 10 20 30 45 60 80 
Angular size (deg) 0.40 0.38 0.35 0.29 0.20 0.07 

Table 52: Aircraft angular size 

 
FOV (deg) Pscale (°/pix) Psize (µm) Np (pix) F (mm) 

20 0.02 30 1000 85.9 

20 0.05 30 400 34.4 

20 0.07 30 286 24.5 

20 0.1 50 200 28.8 

Table 53: BOC characteristics 

For display purpose, a video rate of 30 Hz would be appropriate. Frames would be able to be 
stored offline for analysis, particularly when an alarm is triggered.  

The all-sky cameras, in the worst-case scenario, could give us a 2 min warning before the 
shutdown starts if they cover the sky down to an 82.5-degree zenith angle, allowing around 1 
minute for aircraft detection. Using the same equations as above for this wider field of view, we 
can compute basic characteristics for the cameras (see Table 54). 

FOV (deg) Pscale (°/pix) Psize (µm) Np (pix) F (mm) 

165 0.05 30 3300 34.4 

165 0.1 50 1650 28.8 

165 0.3 50 550 9.5 

165 0.5 50 330 5.7 

Table 54: ASC characteristics 

Now, to identify the aircraft and to calculate its direction, we need a trail on the image of tp 
pixels. Its length will depend on the detection algorithm. But from previous experiments, we will 
consider tp=5 pixels as an average value. The exposure time expt to cross tp pixels can be 
computed as expt = pscale x tp / S with S, the apparent angular speed of the airplane (from Table 
50). This time is not constant because S changes with elevation (see Table 55). 

Tp (pixels) Pscale (°/pix) Elevation (°) S (°/sec) Expt (sec) 
5 0.1 82.5 0.031 16.1 
5 0.2 82.5 0.031 32.3 
5 0.2 80 0.05 18.2 
5 0.2 75 0.12 8.2 
5 0.2 70 0.21 4.7 

Table 55: Exposure time 

The read-out time must be added to the exposure time to get the total duration of the process. If 
this is less than 30sec, it would give enough time for a 1minute detection process. 
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5.5.2.8 Cloud Monitoring 

The power of the laser guide star system takes into account a possible 10% extinction of the 
beam for one-way propagation through the atmosphere. This means that MCAO could still work 
well with the presence of a certain amount of clouds, mainly cirrus with up to 10% extinction. 
The MCAO module could detect the presence of clouds by measuring the background level 
variations in the wave front sensor. This information can be confirmed by using a cloud 
monitoring system located outside the telescope. Such systems are becoming more and more 
available at most important astronomical sites. For Mauna Kea, the Institute for Astronomy has a 
plan to buy an Infrared Cloud Monitor (IRCM) whose data would be available to all the 
telescopes. It would use an infrared sensor with a 150-degree cone angle. In Chile, CTIO has 
started the development of two identical systems (one for Cerro Tololo and one for SOAR) based 
on a visible detector and a fish-eye lens. This solution is driven mainly by the reduced cost 
compared with the IR system. Prototypes have been tested for both the IR and visible systems, 
but neither is fully operational yet. Even if the cloud monitoring system is not required for 
MCAO, it could still be worth studying these existing systems as possibly approaches for aircraft 
detection. The cloud monitoring system developed at CTIO uses a 1K CCD with a 24 microns 
pixel size and a 8mm fisheye lens. That corresponds to 0.17°/pix with a FOV of 176°. After the 
PDR, more tests will be done to measure the applicability of this existing system. 

5.5.2.9 System Layout 

The boresighted camera (BOC) will be mounted on the top ring on the -Y side of the telescope to 
avoid possible vignetting from the top shutter. The telescope shutter width is around 9.6 m and 
the BOC will be at a distance of 3.6 m. This configuration defines a cone angle equal to 106°, 
much larger than the FOV necessary for the BOC. On the top end ring, all the cables will be 
directed toward the + X side of the telescope to the junction box. The images are then transmitted 
to the acquisition and analysis electronics. These electronics are located in the computer room. 
They include a fast CPU to keep the full duration of the detection process less than 1 second. The 
images will also be displayed in real time on a monitor in the control room. The user interface 
allows access to the parameters of the detection algorithm and has a simulation mode to test it on 
real images. These images are saved at a frequency defined by the user. The system could 
receive a Start/Stop command from the Instrument Sequencer through a network connection. In 
return, it would send its status (close or open and ready). For testing purpose, the user would be 
able to open the shutter even when the laser is not running or the camera not activated. This 
could be done using the “Start” command with a specific set of parameters. 

Upon detection, a digital output signal is first sent to the other subsystems to alert them that the 
shutter is about to close, and the observer receives a warning message that the shutter has been 
activated. Then, after a short delay of around 0.05 seconds, a signal is sent to the shutter control 
to trigger the shutter located in the beam transfer optics, in front of the laser. This delay allows 
the other subsystems to prepare for the shutdown. The shutter cannot be reopened as long as 
there is a detection. For the instrument sequencer the status is changed to “Stop.” These 
commands will be tested at the beginning of the night to verify that they are operational.  

The user is able to reset the detection signal in case of a false alarm by sending a new “Start” 
command. This will activate the BOC, check that there is no airplane, and open the shutter. The 
BOC camera will not run during alignment procedures with the telescope shutter closed to avoid 
generating false alarms. It will start only when the telescope shutter is opened.  



MCAO PDR 

GEMINI SOUTH MULTI-CONJUGATE ADAPTIVE OPTICS  PAGE 202  
PRELIMINARY DESIGN REVIEW DOCUMENTATION 

The GIS can send also an interrupt signal to the electronics.  The system will react as if an 
airplane had been detected upon receipt and follow the same procedure to close the shutter. 
Finally, the shutter control box will have a local switch to open or close the shutter directly. It 
will need a special override to be used. 

Different IR cameras exist that satisfy the specifications. Uncooled microbolometer arrays are 
available in the 10-12 microns range and make light and small cameras. In Appendix W we list 
examples from the INDIGO System Company, including a possible candidate with 320x240 
pixels, a51 microns pixel size, and a FOV of 18°x14°. 

 

Figure 63: BOC system schematic 

The ASC are located outside the telescope in a protective weatherproof unit. The telescope will 
provide power and connections to the ASC. The data is transmitted to the telescope and the 
acquisition and control system. It is saved on a server workstation to be shared through the 
network with the other telescopes. A computer simultaneously combines the images from both 
cameras and analyses the images. An image is sent to a monitor in the control room after the 
analysis. If there is detection, it will show the airplane position relative to the beam and indicate 
its direction, speed and altitude. If the aircraft path will approach the beam to a distance smaller 
than the MAD, the system will issue a warning and indicate the time before shutdown. The 
information will be updated with each new image A user interface allows access to the 
parameters of the detection algorithm and has a simulation mode to test it on real images. 

In Appendix W we list possible CCD’s that could be used for the ASC system. There are even 
more choices in the visible than in the IR, because many companies manufacture cameras. More 
testing will also be done in collaboration with CTIO to evaluate their cloud monitoring system 
for this application. 
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Figure 64: ASC system schematic 
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