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1.

EXECUTIVE SUMMARY

1.1 PREAMBLE
IRMOS is an adaptive optics-fed multi-object integral field spectrograph optimized for spatially resolved 2-D
spectroscopy of faint astronomical sources. The instrument will be unique in exploiting the combined gains of
TMT’s increased aperture and high angular resolution for extended sources distributed across a moderate patrolfield. Our implementation, known as TiPi, encapsulates this functionality in a flexible, extendable architecture
whose performance is guaranteed to be scientifically interesting at first-light yet ultimately compliant with the
Science Requirements Document. Our novel tiled-focal-plane object selection mechanism provides a multiplicity
advantage of 16 over a single integral field unit (IFU) in a versatile and configurable format enabling the study of
both distributed objects and contiguous fields. Our adaptive optics strategy provides all-sky operation growing
from an initial 2’ field of view to a final 5’ field of view, with only down-stream component upgrades designed to
have little or no propagating impact on instrument functionality or telescope operations. Finally, TiPi offers a
compelling development path to a multiplexed IRIS-like diffraction-limited IFU capability.

1.2 SCIENTIFIC CONTEXT
This feasibility study provides a compelling and rigorous scientific justification for the TiPi concept. Resolved
multi-object spectroscopy across a moderate AO-corrected field will be a dramatic new capability made practical
only via the combined aperture and angular resolution of TMT. Many areas of astronomy will be ripe for
exploitation by such a facility and our science team has examined four broad themes extending considerably the
earlier conceptual work done by the SAC. Because of the lack of experience with multi-IFU science, extensive
modeling has been necessary to ensure that high level science deliverables are assured in each case. These, in turn,
have accurately defined the optimal instrument and AO parameters.
Although the various programs considered here are equally important, each places a different emphasis on the
optimal parameters. A wide patrol-field with full-field MOAO correction is ultimately desirable for some
applications, but exciting science of high value is also possible with modest AO correction and over a smaller
field. A staged approach with an interim first-light capability is desirable not only for reasons of technical risk. As
much of the proposed science territory lies unexplored, it will also be effective to conduct multi-IFU surveys in
stages, examining the properties of populations across a smaller field prior to more selective and ambitious
programs over a fully AO-corrected wide field.
Versatility in IFU configuration will also be advantageous. Unlike long-slit spectroscopy, IFU exposure times will
often vary greatly across any target population, however well-defined, and real-time IFU re-deployment will
greatly increase survey efficiency. Several science applications likewise require a contiguous field mapping
capability.
The above considerations have shaped in detail the TiPi concept discussed below. Via this design, both the staged
approach and ultimate capabilities are fulfilled in an instrument which will extend the capabilities of TMT in an
area of great scientific promise
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1.3 TECHNICAL APPROACH
Adaptive optics and deployable integral field unit spectroscopy are relatively new technologies for astronomy.
Experience with the first generation of AO systems on 3-10m telescopes has shown that real-world AO systems
require successive iterations of enhancement to reach their promised potential, however simple and
straightforward their architectures may be. In this approach to IRMOS, we have found a convincing technical
solution whereby a phased development extends multiplexed IFU performance from moderate-field, neardiffraction-limited performance to one with a wide-field, diffraction-limited capability while maintaining a
guaranteed level of science return throughout.
We address each of the unique technical challenges for IRMOS with an approach that emphasizes early science
return while allowing component technology advancements to be incorporated with minimal system impact.
Existing MEMS-DM devices will ensure revolutionary IRMOS science at first-light, while the advance towards a
fully compliant TiPi requires only modest advancement in actuator count, with these upgrades already in the
supplier pipeline. Similarly, open-loop MOAO demonstrations are planned at LAO and elsewhere, and will
provide key input to the TiPi conceptual design process and build confidence in our MOAO control laws.
We have chosen to further mitigate risk by invoking a common-mode Offner relay feed which provides a highstroke, low actuator count, piezo-driven DM conjugate to the telescope pupil. This also reduces the MEMS-DM
technology requirements and the uncertainties surrounding open-loop control, while maintaining a large 5’ patrolfield.
Taken together, these measures establish a high confidence level for the feasibility of the TiPi concept. At the
same time, our MOAO approach allows eventual entry into the diffraction-limited realm, currently envisioned for
IRIS, but with a large multiplex advantage. The path through better MEMS-DM devices and improved open-loop
control techniques runs directly to the diffraction-limit, while providing improved sky coverage through MOAO
compensation of natural tip/tilt stars. Further upgrade paths to higher precision and shorter wavelength operation
continue to rely on incremental advances in component technologies. Importantly, techniques can be developed
and prototyped on a single MOAO spectrograph channel, without risking the science productivity of the
instrument during on-going operations.
This long-term upgrade flexibility provides a compelling adaptive optics strategy for near-infrared integral field
spectroscopy at this early point in the TMT lifecycle, gracefully responding to potential future trades between
system performance, cost, and schedule.

1.4 TIPI – SUMMARY OF ATTRIBUTES AND RISKS
The TiPi hybrid-MOAO architecture provides the following general benefits, relative to the alternative multiwoofer MOAO and the potential of resolved, multiobject spectroscopy behind the NFIRAOS facility AO system:
•

TiPi provides a low-risk, staged approach to achieving increasing AO correction performance, over an
increasing field of view, enabling many of the high priority science programs to be undertaken at firstlight;

•

TiPi minimizes the number of deformable mirror metrology systems required for MOAO operation,
needing only one for the common-mode woofer DM;

•

TiPi minimizes the magnitude of open-loop wavefront control that is necessary, by using a commonmode woofer mirror to take out all but anisoplanatic and residual fitting errors. Rather than rejecting
several microns of error in open-loop, TiPi begins with only a couple hundred nanometers;
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•

TiPi minimizes the linear range and calibration requirements for laser guide star wavefront sensing, by
using a common-mode woofer mirror that imparts significant correction to the laser guide star light,
reducing the open-loop measurement dynamic range by an order of magnitude;

•

TiPi optically delivers a large 5 ‘ FoV, benefiting long-term IRMOS and other, unforeseen, science goals,
while also providing a larger patrol-field for finding bright natural stars for tip/tilt and focus sensing;

•

TiPi provides an upgrade path to high-Strehl ratio diffraction-limited IRIS science that does not require
construction of a costly adaptive secondary mirror (AM2), saving both capital and operational costs.

The TiPi tiled-focal plane object selection mechanism provides the following specific benefits, relative to other
deployable pole or spine-based IFU mechanisms.
•

TiPi provides a hierarchical object selection scheme which allows for flexibly treatment of targets having
various or multi-scale clustering properties

•

TiPi provides a versatile IFU configuration that allows full-field asynchronous IFU re-deployment of each
spectrograph, thereby increasing significantly the observational efficiency for survey programs. This is a
key requirement for IFU science where exposure times are often variable across target populations.

•

TiPi provides a powerful contiguous field mapping mode that can function as a single, 'super-IFU',
making efficient use of all spectrograph pixels.

•

TiPi provides an 4k x 4k pixel Full-field Visible Camera that images the entire 5 ’ patrol-field at 75
mas/pixel plate scale simultaneously with spectrograph data collection. This camera provides
simultaneous astrometric reference information as well as potentially powerful, though as yet unexplored,
survey mode science applications that exploit the unique collecting area advantage of TMT.

1.5 COST, BUDGET AND SCHEDULE SUMMARY
TiPi is an ambitious instrument whose final scope, performance specification, and management structure remains
to be defined. For the functionality described in this report, however, we have investigated ROM cost estimates,
based upon our TMT Level 7 Work Breakdown Structure, and plausible development schedules.
We conclude that IRMOS TiPi can be delivered at TMT first-light with a 2 ‘ field of view science capability,
followed by a full 5 ‘ science capability.

IRMOS
capability

Optimized
Science
Field of
View

Delivery
Date

Cumulative
Cost (FY06$US)

Notes

Synthetic
SLGLAO

2'

April
2015

$35,800,000

Includes 1 woofer M6 DM, 8 LGS
WFS tomography, 3 NGS WFS, PSF
monitor camera, 135+ tile object
selection mirror, 16 spectrographs,
and all supporting equipment

Full
MOAO

5'

August
2017

$49,300,000

Adds 20 MEMS-DMs, MOAO
control hardware, and M6 metrology
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2.

INTRODUCTION

2.1 SCOPE AND STRUCTURE OF REPORT
TMT’s IRMOS instrument is ambitious. MOAO has yet to be demonstrated in any form on any telescope; single
object IFU spectrographs are in their infancy; and no d-IFU systems have yet to be built. TiPi is necessarily
complex, encompassing all the issues inherent in multi-object IFU spectroscopy, MOAO, precision object
selection, and the corresponding interfaces to external TMT subsystems in which it is embedded.
To manage this complexity, we encapsulate the spectrograph and AO system functionality along physical and
functional organizational lines, each providing a complementary view of TiPi operation. After an introductory
description of acronyms and symbols in this section, we give an overview of the TiPi concept in Section 3
followed by Section 4 which presents the scientific imperatives that have led to the requirement for an MOAO-fed
d-IFU spectrograph for TMT. This section will distill the science requirements analysis derived from the Initial
Operations Concept Definition Document (iOCDD). The instrumental and operational requirements, as derived
from the iOCDD analysis and as specified in the Initial Functional and Performance Requirements Document
(iFPRD) are brought together in the Instrument Requirements Section 5. The Instrument Overview (Section 6)
identifies the instrument sub-systems which lead to is then followed by detailed descriptions of the physical
subsystems as presented in Sections 7 through 10. We provide in Section 11 critical background material
describing the adaptive optics drivers for AO on TMT, and comment on similarities between the drivers for
IRMOS and NFIRAOS/IRIS, before presenting the functional view of the instrument and its MOAO capability
Section 12. Herein are found detailed error budgets, point spread functions, and MOAO ensquared energy
predictions. Data analysis and handling is then covered in Section 13. The report concludes with a notional work
breakdown structure (WBS), schedule, and cost estimate for the completed instrument (Section 14) . We include
as Appendices the feasibility study RfP, our Statement of Work, and our team's IRMOS IOCDD and IFPRD, for
future reference.

2.2 ACRONYMS AND ABBREVIATIONS
ADC
AM2
AO
CALTECH
COO
d-IFU
DL
DM
EE
FFVC
FoV
iFPRD
GLAO
HIA
IFU
IRIS
IRMOS
LAM

Atmospheric Dispersion Corrector
Adaptive Secondary Mirror
Adaptive Optics
California Institute of Technology
Caltech Optical Observatories
Deployable Integral Field Unit
Diffraction-limited
Deformable Mirror
Encircled (or Ensquared) Energy
Full-field Visual Camera
Field Of View
Initial Functional and Performance Requirements Document
Ground Layer Adaptive Optics
Herzberg Institute of Astrophysics
Integral Field Unit
InfraRed Imaging Spectrograph
InfraRed Multi-Object Spectrograph
Laboratoire d'Astrophysique de Marseille
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LAO
LGS
LGS-WFS
M1
M2
M3
M6
M11
mas
MCAO
MEMS
MEMS-DM
MOAO
NFIRAOS
NGS
NGS-WFS
NIR
NIRES
iOCDD
OIR
OSM
PS
PSF
PSFM
R
RfP
ROM
SCF
S-H
SLGLAO
Spaxial
SNR
SRD
TMT
UCSC
WBS
WFE
WFS
WIRC
WMS

UCSC’s Laboratory for Adaptive Optics
Laser Guide Star
LGS Wavefront Sensor
TMT Primary Mirror
TMT Secondary Mirror
TMT Tertiary Mirror
The TiPi relay DM common to all IFUs
The MEMS-DM within each TiPi spectrograph arm
Milliarcseconds
Multi-Conjugate Adaptive Optics
Micro-Electro-Mechanical System
MEMS Deformable Mirror
Multi-Object Adaptive Optics
Narrow Field InfraRed Adaptive Optics System
Natural Guide Star
NGS Wavefront Sensor
Near InfraRed
Near InfraRed Echelle Spectrograph
Initial Operational Concept Definition Document
Optical and InfraRed
Object Selection Mechanism
Project Scientist
Point Spread Function
Point Spread Function Monitor
Spectral Resolving Power
Request for Proposals
Rough Order of Magnitude
Stimulus & Calibration Facility
Shack-Hartmann
Single Laser GLAO
Spatial sample as defined by image slicer/detector
Signal-to-Noise Ratio
Science Requirements Document
Thirty Meter Telescope
University of California, Santa Cruz
Work Breakdown Structure
Wavefront Error
Wavefront Sensor
Wide field InfraRed Camera
Woofer Metrology System

2.3 LIST OF SYMBOLS AND UNITS
This section should provide all the symbols and units that are used in the document with conversions
to SI, if applicable.
μm
nm
λ

microns
nanometers
wavelength
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”
’
º

arcseconds
arcminutes
degrees

2.4 RELATED DOCUMENTS
RF1

Science-Based Requirements Document v15 (TMT.PSC.DRD.05.001.REL15)
Thirty Meter Telescope Project, December 20, 2004
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3.

INSTRUMENT OVERVIEW

TiPi is a near infra-red (NIR) multi-object spectrograph with deployable integral field units (d-IFUs) fed by a
high-order adaptive optics (AO) system for the TMT. TiPi operates at wavelengths in the range 0.8μm < λ <
2.5μm, performing R (spectral resolving power) = 2,000 - 10,000 spectroscopy on 16 science targets
simultaneously. Each IFU has a field of view of 1.5”, with a spatial sampling between 12.5 and 50mas. These
IFUs are deployable over a 5’ patrol-field.

3.1 THE TIPI INSTRUMENT AND THE TMT
An overview of the instrument and its relation to the telescope is shown in Figure 3:1. TiPi is located on the
Nasmyth platform of the TMT. All optics of the TiPi instrument are located on or inside the main structure,
colored dark blue in the central figure. The structure is designed to keep the optical elements stable as the
telescope moves. At the very highest level, there are 2 components that comprise TiPi: the Offner relay (top left)
and the science unit (bottom left). Before describing these components in further detail we discuss the adaptive
optics solution for TiPi.

3.2 ADAPTIVE OPTICS FOR TIPI AND THE TMT
The image delivered directly by the TMT is distorted by the atmosphere. To regain the image clarity that should
be delivered by such a powerful telescope one requires an adaptive optics system.
The adaptive optics system for TiPi is divided into two parts. The Offner relay is the first half of the adaptive
optics system. The second half is contained within the science unit. To understand why the adaptive optics system
for TiPi is divided into two parts one must understand the nature of the atmospheric induced wavefront distortions.
In general, the atmosphere causes two types of distortion: a large but relatively slowly varying wavefront
distortion and a fast changing distortion of smaller magnitude. The large but slowly varying component of the
wavefront is constant over the entire 5 ‘ field. The fast but smaller magnitude “corrugated” wavefront distortion is,
in general, much more a function of the target location within the 5 ‘ field of the telescope.
By separating TiPi’s adaptive optics system into two parts, one correcting the slowly varying wavefront distortion
and the other correcting the fast changing distortion, we can aim to restore perfectly the image clarity that should
be delivered by the mighty 30m TMT.
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THE OFFNER RELAY
THE TIPI INSTRUMENT

LIGHT PATH
THE SCIENCE UNIT

TMT telescope

The Offner relay
• removes slowly varying
wavefront distortion

The Science unit
• removes fast varying
wavefront distortion
• provides 2D spectra of
16 targets

Figure 3:1:An overview to the TiPi instrument and relation to the Thirty meter telescope. The light path from the telescope through the instrument is summarized.
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3.2.1

From TMT to science data

By following the light path through TMT and TiPi we present a more detailed description of the TMT-TiPi
system.
3.2.1.1

The Offner relay

The Offner relay takes the focal plane delivered by the TMT and delivers it to the science unit with global
wavefront distortion corrected. The relay is shown schematically in Figure 3:2. To remove the distortion
across the entire focal plane the Offner relay incorporates a large deformable mirror (M6) that is able to take
the shape of the negative of the distorted wavefront. The M6 deformable mirror must be placed at a specific
location called the telescope pupil to successfully correct for the wavefront distortions across the entire field
and this is formed by the large M5/M7 mirror. The dichroic element is needed to direct the laser guide star
light to the appropriate wavefront sensors. Laser guide stars are used as artificial stars on the sky- there simply
are not enough natural stars to perform the task.
The images contained within the focal plane are now completely removed of wavefront distortion of the large
and slowly varying type and delivered to the science unit.
3.2.1.2

The science unit

The science unit has the job of selecting the 16 science targets distributed anyway across the focal plane and ,
for each, producing 2-dimensional spectra at infrared wavelengths at a resolution of up to R=5000.
3.2.1.2.1

Target selection

Shown in Figure 3:3 is the versatile method TiPi uses to perform the target selection. The focal plane is
covered with an array of 136 moving mirrors, as shown schematically in the figure (bottom right). For a target
landing within the area of one square mirror, the mirror is maneuvered so that the light is directed along the
correct path. towards the spectrograph. Further optical elements are required in the channel to perform this task
including a mirror that compensates for the pathlength difference between 2 tiles on opposite sides of the array.
This is critical because the distance between the focal plane and spectrograph entrance window for every
possible target selection must be equal.
High order adaptive optics correction is conveniently performed at this point. A special deformable mirror,
called a Micro electro-mechanical system or MEMS, forms part of the target selection optical channel.
The tile array is designed to facilitate a wide variety of multi-object science from evenly distributed to tightly
clustered objects all the way to contiguous field observations. This is achieved by incorporating a range of tile
size within the array producing a “hierarchical” selection system. This is shown in Figure*.
3.2.1.2.2

Producing a spectrum

After the MEMS mirror the light passes through a window into one of the 4 spectrograph cryostats, shown in
Figure 3:3. Each cryostat holds 4 spectrographs making 16 low risk spectrographs in total.
The fully compensated light from the science targets is magnified onto an image slicer, is dispersed by a
grating, and is directed into an infrared camera. Relay optics between the entrance window and the slicer
allow selection of spaxial scales between 12.5 and 50mas.
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M5/7 single spherical mirror

M6 DM (“woofer”)
Low order correction

1.2m dichroic for
LGS pick-off
Entrance window and TMT
f/15 focal plane
(~660mm diameter)

Focal plane
(central and edge fields
shown only)

From TMT
tertiary

M4 fold

Figure 3:2: The Offner relay. The image delivered directly by the TMT is distorted by the atmosphere. To
regain the clarity of image that should be delivered by such a powerful telescope the Offner relay senses the
distortions using wavefront sensors and corrects for them. To do this across the entire field of 5 ‘ (shown
marked focal plane above) the Offner relay incorporates a large deformable mirror (M6) that is able to take the
shape of the negative of the distorted wavefront. The dichroic element is needed to direct the laser guide star
light to the appropriate wavefront sensors. To successfully correct for the wavefront distortions the M6
deformable mirror must be placed at a specific location called the telescope pupil and this is formed by the
large M5/M7 mirror.
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TARGET SELECTION
(OR CHOOSING GALAXIES IN THE FOCAL PLANE!)

SCIENCE
LIGHT

Steering
mirror

From TMT and
Offner relay

CaF2 field
lens
MEMS
DM
Parabola
110mm

~2m

TiPi target selection

Figure 3:3: How TiPi selects the scientific targets across the telescope focal plane

Tile mirror in
focal plane

TMT.SEN.SPE.05.001.REL01

Page : 23/173
February 15, 2006

THE TILED FOCAL PLANE
(VERSATILITY THROUGH HEIRARCHY!)

Figure 3:4: The TiPi tiled focal lane concept offers 3 levels of sampling in the focal plane. Above: there are 3
tile sizes: macro (24 ‘), mini (6 “) and micro (1.5 “).

3.2.2

Summary

Our IRMOS TiPi concept, based on a tiled focal plane steering mirror array, allows for a wide variety of
science applications from sparsely distributed galaxies, through clustered sources and diffuse compact objects,
to blind searches requiring contiguous coverage. Such versatility is very powerful when considering the range
of science that may exploit such a technique. Unlike most traditional instruments, this versatility does not
carry any additional price, because it allows modular use of identical components, realizing economies of scale
in manufacturing, assembly, integration and test.
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4.

SCIENTIFIC CASE

4.1 MOTIVATION
The most important advance that TMT offers over present telescopes arises from the combination of its large
30 meter aperture and the exquisite angular resolution afforded by adaptive optics (AO). The TMT Science
Advisory Committee (SAC) recognized this advantage and conceived the Infrared Multi-Object Spectrograph
(IRMOS), an instrument which offers a natural synthesis of these gains. The SAC envisaged an instrument
with deployable integral field units (d-IFUs) patrolling an AO-compensated field motivated by the need to
secure resolved 2-D spectroscopic data for large numbers of high redshift galaxies. IRMOS represents the
logical extension of the success story of optical multi-object spectrographs on 8-10 meter class telescopes
while building on the growing experience with AO-fed spectrographs in the TMT community.
The present study was motivated by a number of important questions which were largely unaddressed in the
earlier SAC discussions:
•

How compelling is the science case for IRMOS? Unlike some of the other TMT instruments, the
Science Requirements Document (SRD) and detailed science case discusses only one application –
resolved spectroscopy of large numbers of high redshift (z > 2) galaxies as a probe of the maturity of
their dynamical state and stellar populations. Although we confirm via this study that this is indeed a
crucially important application, what is the scientific potential of IRMOS for other areas of
astronomy? Do these applications require different instrument capabilities?

•

What are the optimum design parameters for such an instrument? What is the range in surface density
of likely sources for the various programs? What field of view, angular sampling and degree of AO
correction is required for each program?

•

Experience has shown that the development of frontier AO capabilities can be risky and expensive.
How can these risks be mitigated? Are there fall-back options or staged approaches that can deliver
exciting science in a planned manner?

•

How do the capabilities of IRMOS complement and extend those of the on-axis, diffraction-limited
instrument IRIS? As originally conceived by the SAC, these two instruments were combined behind a
MOAO feed. With the development of NFIRAOS, these capabilities have been separated with IRIS
(behind NFIRAOS) coming online at first-light and the wider field requirements of IRMOS making it
a second-generation instrument. In view of the scientific conclusions emerging from this study, is this
separation of IRIS and IRMOS optimal for the early science return from TMT? If not, what technical
solutions might provide both capabilities at first-light?

Noting the above, it should be emphasized that this IRMOS study has, of necessity, placed much emphasis on
improving the scientific justification for the instrument. Perhaps unlike the other TMT instruments proposed
by the SAC, the scientific role and priority of IRMOS has needed much clarification. Integral field unit
spectrographs are not yet familiar devices within our community; in fact there is no multi-IFU facility in
operation on any telescope. Unlike long-slit or multi-slit spectrographs, the scientific deliverables from a
multi-IFU instrument such as IRMOS have needed careful consideration. The present study addresses these
issues in considerable detail and confirms the early science potential of IRMOS, particularly via the resulting
TiPi design.

4.2

METHODOLOGY AND SCIENCE TEAM

A strong and experienced science team was constructed, drawing on individuals who have played a key role in
earlier TMT/GSMT studies with experts in both emission line and absorption line galaxy work at z~1-2,
pioneers in the exploration of the earliest z>6 systems and experts in the study of interaction between star
forming regions and the interstellar medium.
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The science team purposely chose to focus on four selected themes (introduced below) as representative
examples of the capabilities of IRMOS. As emphasized above, 2-D spectroscopy with integral field units is a
novel capability. As each IFU is targeting the resolved properties of a source, the science deliverable is
generally a higher level physical property of the population, rather than merely a redshift distribution,
luminosity function or the distribution of some other variable integrated over the sources.
How can we ensure this global property of the source is accurately returned? For example, if the deliverable is
a rotational velocity, what is the optimal sampling and spatial extent of the observation? Recognizing this, our
team invested significantly in the provision of detailed simulations of the performance of the instrument (both
of the ab initio kind based on hierarchical assembly models with known input physics, and empirically
utilizing deep Hubble Space Telescope images of known sources).
Despite specifications for IRMOS from the SRD, this investment of effort has enabled our team to confidently
examine afresh the justification for the instrument parameters. Some surprising and important conclusions
regarding the patrol-field, optimum sampling and deployment characteristics for the d-IFUs were determined.
These were not foreseen by the SAC and have an important impact on the design of IRMOS. These
conclusions have played a vital role in shaping the TiPi design and the overall proposed technical program.
In the following sub-sections, we summarize briefly the salient points of each scientific program and the
impact our simulations have on the role and design of IRMOS. We then summarize the key requirements
arising from these studies prior to introducing a functional description of TiPi. We wish to emphasize that the
following sections are not intended to substitute a proper reading of the full science case and its associated
technical conclusions which are contained in the iOCDD.

4.3 A DYNAMICAL SURVEY OF STAR-FORMING GALAXIES AT THE PEAK EPOCH OF STELLAR
MASS ASSEMBLY
In its SRD and detailed science cases, the SAC placed great priority on securing resolved dynamical and
related excitation and chemical abundance data for representative samples of galaxies in the redshift range
2<z<3. Studies with existing telescopes suggest that galactic mass assembly reaches a peak of activity during
this period, and that more detailed areal spectroscopy will characterize the velocity fields in various source
categories and elucidate the physical processes that led to the presently-observed Hubble sequence of
morphological types. Key goals include comparing the maturity of stellar populations with the dynamical state
of young galaxies and understanding how different modes of star formation relate to the various velocity
fields. Although some progress towards these goals is being made via AO-fed spectrographs on present
telescopes, surface brightness limitations preclude rigorous 2-D spectroscopy essential for an accurate picture.
The application is made possible by the unique combination of the TMT aperture and a AO-corrected wide
field.
Simulations incorporating various velocity fields and stellar populations for z~2-3 galaxies were constructed to
verify the recovery of high-level physical parameters for various instrument configurations. These simulations
are based on an N-body + hydrodynamic model of a set of kinematically evolving galaxies where the input
physics is a priori known. These model galaxies were compared and verified with actual Hubble Space
Telescope images of known z~2 sources.
The team’s detailed studies revealed that a two-tier approach will be most successful in realizing the science
goals. To characterize the velocity field of ~500 galaxies using emission line measures: for example to
distinguish between ordered rotation, a collapsing or chaotic system, and to establish the projected angular
momentum for reliable dynamical masses, requires only modest AO correction over a 2 ‘ field and could be
accomplished in ~30 nights of TMT time in the early years of operation. Full MOAO correction is not
necessary and the surface density of sources is such that a 2 ‘ field will be sufficient for this first phase.
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More detailed studies involving chemical abundances and ionization studies of massive HII regions resolved
across z~2 galaxies will benefit greatly from the improved fidelity of MOAO and a wider 5 ‘ field from which
more appropriate galaxy sub-samples can be chosen. The two-tier sequence of program is not only convenient
technologically, it will in any case be prudent to undertake an initial survey to characterize the population in
deep selected areas. As with all resolved studies of emission line targets, neither the extent nor the intensity of
the emission line regions can be accurately gauged in advance from imaging surveys.

4.4 STELLAR POPULATIONS AND STELLAR KINEMATICS IN HIGH REDSHIFT GALAXIES
Although the previous program focused on the dynamics and physical characteristics of star-forming galaxies
with emission line spectra, much attention is now being focused in our community on the complementary role
that distant passive or quiescent sources play in cosmic evolution. Only recently has the extent and
significance of this distant population become apparent. Infrared space-based facilities such as Spitzer and
panoramic ground-based imagers will catalog huge samples of these galaxies in the next 5 years. Their study
will provide the logical end point by which young active systems fade, merge and transform. At the highest
level, we seek a `flow diagram’ for the entire evolving population. It is already clear that focusing on the starforming component provides an incomplete picture.
More detailed questions include whether merging occurs primarily between star-forming galaxies or also from
pre-existing quiescent systems. Massive galaxies are being found at surprisingly high redshift but this need not
necessarily imply the entire system collapsed at even earlier epochs. Diagnostic absorption lines can be very
effective as indicators of recent activity in distinguishing the past history of passive systems and spatiallyresolved data can be a powerful tool of the dynamical state in conjunction with morphology. There is also
evidence that some process, possibly AGN-induced, suppresses further growth in massive galaxies above a
certain mass threshold. Understanding physically the mechanism and its evolution will also require spatiallyresolved spectroscopic data. It is also likely that environmental factors play a key role so comparing results in
between field and clustered samples will be important.
Present telescopes are hugely challenged to even measure the redshifts of these early passive galaxies. While it
is tempting to focus on the observationally-convenient star-forming sources, we are confident that, by the time
TMT is operational, large samples of quiescent sources will be available and there will be a considerable
demand for time to undertake detailed analyses of this population. However, the IRMOS requirements are
somewhat different as compared to those for the emission line surveys described above. The bulk of the gain
in performance will arise from the TMT aperture; the AO requirement is not so demanding given the generally
smooth light distribution of stellar systems.
To estimate the requirements, our team took infrared surface photometry from deep NICMOS data of the
Hubble Deep Field and superimposed various simulated velocity fields upon these data. Recovery of the
velocity fields and the spatial distribution of diagnostic lines of recent star formation and stellar abundances is
satisfactorily demonstrated within palatable exposure times. A particularly compelling result from the
simulations is the demonstrated advantage that IFUs offer over multi-slit spectrographs via well-sampled 2-D
maps of the velocity field.
The study therefore introduces an entirely new tool for investigating a likely `end product’ of galaxy evolution.
The abundance of accessible passive systems would require the full 5 ‘ field in random fields, but in clusters
where additional physical processes are likely, a 2 ‘ field is sufficient. MOAO correction is not essential to the
early characterization of these systems.

4.5 PRIMEVAL GALAXIES AND FIRST-LIGHT
Determining the redshift distribution and characterizing the physical nature of the first galactic-scale objects is
a major motivation for constructing TMT. The suggested redshift range for exploration is 6<z<20. As the
earliest, chemically pristine sources should emit a significant fraction of their flux in Lyman α emission, near-
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infrared searches with IRMOS and JWST appears to be a promising route. Unfortunately, very little is known
about the sizes, star formation rates or luminosity functions of the likely sources.
By 2015, we believe astronomers will also seek to use JWST and IRMOS in a partnership to go beyond the
simple question of when first-light occurred in order to address more physically-relevant questions such as
how the process of reionization occurs. Key issues include the contribution of the fainter emitters, accessible
only to TMT, the size and topology of the ionized bubbles around the most intense star forming sources
pinpointed by JWST and spectroscopy to search for He II emission – a potential diagnostic of metal-free star
formation. In this partnership, JWST will be more effective at surveying large areas for luminous emitters,
leaving IRMOS to exploit the combined aperture and AO-resolution to search for fainter sources in areas
pinpointed by JWST, both to evaluate their contribution to reionization and to define the shape and extent of
ionized regions.
Our team has estimated the requirements for the various components of this program using both observational
constraints on the abundance of Lyman α emitters at lower redshift and theoretically-derived luminosity
functions derived from hydrodynamical simulations for various cases of attenuation by the intergalactic
medium. The surface density of both Lyman α and He II emitters has been estimated for what is considered
likely, pessimistic and optimistic scenarios.
The proposed program does define one important new capability: deep `blind’ spectroscopic mapping over a
contiguous field in the vicinity of luminous sources known a priori from JWST. If, as some lensed examples
suggest, faint Lyman α emitters are intrinsically small (~30 mas), the gain of TMT over JWST in this area will
be considerable. As target positions will not be available in advance for the faint emitters accessible to TMT,
blind spectroscopic searching will be an important capability for IRMOS and it is strategically sensible to do
this in contiguous fields.
This high redshift application is likely the most demanding program for IRMOS yet it is the one where
planning is currently the hardest given the absence of any information about the likely source distribution.
Flexibility in IFU deployment and real-time analysis will be highly advantageous as the spectroscopic signal
will generally be unexpected at the time of observation.

4.6 The Physical Conditions in Galactic Star Forming Regions and their Interaction with the
ISM
Understanding the physics of star formation is, to many, the new frontier in astrophysics. The topic has farreaching repercussions in fields as far apart as how young stellar objects form and the various regulating
mechanisms termed ‘feedback’, which govern the rate of galaxy evolution. Collimated jets from proto-stars
appear to play a crucial role because, via these energetic phenomena, angular momentum can be shed at an
early stage (~104-5 years) allowing gravitational collapse to proceed. Jets likewise contain a fossil record of the
earlier emission history of the protostar and supply valuable physical data via their interaction with the local
interstellar medium. Detailed studies of bipolar outflows associated with Herbig-Haro (HH) objects therefore
provide a natural laboratory for investigating a range of relevant processes. The high angular resolution and
multiplex advantage of IRMOS is particularly well-suited for extending studies of HH objects both in Galactic
distance (and thereby sample size) and physical detail. Strong synergy with multi-wavelength probes such as
ALMA, JWST and Herschel is envisaged.
Knots of emission occur where jets plow into the ambient unshocked medium and these could arise from timevariability or instabilities in the flow. To distinguish between these possibilities and to understand the shock
physics in detail, it is necessary to resolve the knots spatially and spectroscopically, thereby locating cooling
zones whose sizes are only ~500pc or so (70mas at Orion). The spatial variation of dust, electron temperature
and density, mass flux and velocities across these zones contains valuable diagnostics of the interaction and
physical processes. To ensure reliable conclusions, a range of HH objects sampling a wide variety of
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environments is essential. This demands moving well beyond the confines of the closest systems, many of
which are challenging even for AO-fed instruments on 8m class telescopes.
Our team simulated the requirements using diagnostic lines of H2 and [Fe II] taking the intensity distribution
from a specific well-studied nearby system. The knots in a given complex are typically 1 “ across and widely
distributed thus well-suited to a system of deployable IFUs spanning a 5 ‘ field. However, there is also a
requirement for contiguous mapping in the H2 lines on fine scales to determine how momentum is input into
the medium. Velocity fields on these fine scales will determine the influence of turbulence on star formation
and assess the relative contribution of these jets to the energy balance in molecular clouds. As with other
programs considered, real-time flexibility in the deployment of the IFUs will be highly advantageous because
of differential attenuation along the jets.
Although the exposure times are short, this program can exploit a large patrol-field and MOAO is essential for
the most distant HH systems. Good progress would, however, be possible on nearer systems with a smaller
field and an interim AO correction.

4.7 SUMMARY OF SCIENCE REQUIREMENTS
Table 4:1, reproduced from the iOCDD, summarizes the observing and technical requirements for IRMOS
arising from the detailed science cases given in full in the iOCDD.
The following key conclusions have emerged from the science team’s study. Each is important to recognize in
defining the scope and timeliness of IRMOS.
•

Whereas the SAC originally justified IRMOS on the basis of resolved emission line studies of z~2-3
galaxies, it is clear that the instrument is justified by a much broader range of science – both Galactic
and extragalactic. The team has focused in depth on 4 key areas.

•

Different programs place different emphases on the various requirements, particularly the patrol-field
and the level of AO correction. High order AO correction is less important for the study of resolved
stellar populations in z~2 passive galaxies; the principal agent for progress here is the 30m aperture.
On the other hand, high order AO is important for studying the most distant Herbig Haro systems and
probably the faintest Lyman α emitters. Likewise, a 2 ‘ patrol-field will be well-suited for TMT’s first
foray into the study of z~2 galaxies but as more is learned, a wider field will allow more strategicallytuned programs. The key point to remember is that regardless of the technical requirements, all the
programs are important thus a staged development program would be particularly advantageous in
ensuring TMT is a success.

•

A contiguous field mapping mode is required for several projects (e.g. tracking energy transport from
jets and tracing the topology of cosmic reionization around luminous Lyman α emitters). Given the
significant investment in detector acreage, enabling the IFUs to be reconstituted into a single large
AO-fed spectroscopic array will significantly increase the utility of the instrument.

•

Real-time flexibility in the deployment of IFUs will be highly advantageous given, even with careful
planning, exposure times will vary significantly from source to source in almost all of the programs
discussed. Ideally such reconfiguration should permit an IFU to be reassigned anywhere in the patrolfield.
Emission line
dynamics of z~23 galaxies

Integration
(hr)

4

4

Resolved Stellar
Properties for
Passively-Evolving
Galaxies
6

6

Primeval
Galaxies
& Firstlight and

Galactic Star
Forming
Regions

4

0.5-1
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Survey
time
(nights)
Preferred
AO mode
Patrol-field

Target
density per
patrol-field
Preimaging
Flux
calibration
Queuemode
Synergistic
with JWST

32

32

36

12

>100?

40-80

SLGLAO

MOAO

SLGLAO

MOAO

MOAO

MOAO

2’

5’

2’

5’

Contiguous
& 5’ patrol
field

Contiguous & 5’
patrol field

Highly
uncertain

~20-40

20

125

10-20

10-100
depending
on level of
detail
required

Yes

Yes

Yes

Yes

Yes for
most

Yes

Yes

Yes

Yes

Yes

Yes

Yes

No, flexible
exposure times
advantageous

Yes

Yes

Yes for
most

No, flexible
exposure times
advantageous

No

No

Yes

Yes (also ALMA)

No

No

Table 4:1. Summary Flow-Down of Science Case Requirements

5.

INSTRUMENT REQUIREMENTS

5.1 HIGH LEVEL SCIENCE REQUIREMENTS
The TMT science requirements document (SRD: v15) and the IRMOS feasibility study RfP define the MultiObject Intermediate Resolution, Near-IR Spectrometer (IRMOS) capability with the following broad
instrumental attributes:
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5.1.1

Top Level Requirements Table:
Requirement type

5.1.2

Requirement

Wavelength range:

0.8 – 2.5µm

Field of view:

IFU heads deployable over 5’ diameter patrol-field

MOAO image/wavefront quality:

At least 50% of the flux from a point source at 1μm
wavelength should go into a 50mas square aperture

Spatial sampling:

Sampling:
IFU head size:
Number of IFUs:
Smallest head separation:

Spectral resolution:

R = 2,000 – 10,000, complete atmospheric band
coverage in a single exposure at R=4,000

High throughput:

High priority

Instrument background:

The instrument should not increase the (inter-OH)
background by more than 15% over natural sky +
telescope background (assume 5% emissivity at
273K)

Sky coverage:

At least 90% at the galactic poles

50 x 50mas
2.0”
> 10
20”

Top Level Compliance Table:

TiPi, as described herein, meets or exceeds most of these requirements, as follows:

Requirement
Δλ range:

Specs

Comment

0.8 – 2.5µm

Compliant
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Field of view:

Patrol-field ~5’

Compliant
Patrol-field determined by MOAO configuration rather
than the instrument. TiPi’s Offner is designed for a 5’
patrol-field while its tiled focal plane concept could, in
principle, accommodate almost any reasonable patrolfield.

Image
quality:

D50 ~ 50mas

Near-compliant
Limited by MOAO correction rather than optics of Offner.

Spatial
sampling:

d-IFU FoV:

50mas
(with options for
finer scales)

~2”

Compliant
Default 50mas sampling, with finer sampling options that
can be selected through switching in pre-IFU scale
changers.
Near-compliant
~1.5” d-IFU FoV, constrained by detector pixel format.
Larger d-IFU fields can be accommodated if rectangular
slicer formats, or customized detectors, were allowed.

# of d-IFUs:

>10

Compliant
TiPi’s 4-fold symmetry naturally leads to 16 d-IFUs. No
design reason for this to be a constraint.

d-IFU closest
approach:

~20”

Compliant
The instrument concept relies on tiling the focal plan with
adjustable mirrors that direct the light into the 16
individual d-IFU spectrographs. This design permits up to
4 objects, as close as ~2”, to be observed simultaneously
while allowing a central 6” contiguous field to be
observed. The tiling of the outer field is specified to
accommodate one object in each 24” region over the
patrol-field although this constraint is arbitrarily set by the
number of tiles (eg: 136) in the system.

Spectral
resolution:

High
throughput:

R <10,000
(R~4,000

Compliant

default)

Readily accommodated within the context of a simple
50 mm beam spectrograph. Complete atmospheric band
coverage in a single exposure at R=4,000.

High priority

Compliant
Offner relay has ~2 more reflective surfaces than classical
feed-forward MOAO. Mitigated through ultra simple
spectrograph optical train.
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Instrument
background:

< 1.15 *
(sky + telescope)

Compliant
Temp(Offner+OSM+DM) < -35C
TempSpectrograph
< 140K

Sky coverage:

<90% at galactic
poles

Near-compliant
Compliance depends on mode of operation

5.2

SUB-SYSTEM REQUIREMENTS

The goals of the present study are to define the scientific applications more clearly and, via simulations and
modeling, to develop to a much higher degree of rigor in the technical parameters of TiPi and their design
characteristics. Observational applications are described in detail in the iOCDD in order to understand the
practical aspects of its integration with the telescope and its AO systems.

5.2.1

Adaptive Optics Requirements and Compliance

Requirement

iFPRD
Ref.

Specs

Comments
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General

Availability

Down-time

SRDMOAO001

SRDMOAO002
SRDMOAO003

LGS-based
Compliant
tomographic sensing
over a ~5’ IFU
The TiPi design contains all sub-systems required
patrol-field to give for performing tomographic atmospheric sensing
and control.
near-DL AO
correction over
small selected subfields within the
patrol-field.
The AO systems
Compliant by analysis and design
should be available
on 10-minute notice.
Compliant by analysis and design
Down time should
be under 1%.

Calibration

SRDMOAO004

Night-time
calibration should
need no more than
1% of the observing
time.

Duty Cycle

SRDMOAO005

Overhead or duty
cycle goal is TBD.

Wavelength
Range

SRDMOAO006

Throughput should
exceed 85%
(0.6 to 2.5μm)

SRDMOAO007

Each d-IFU “patch”
needs to be 1-5”,
with as many as 1020 such patches at
adjustable positions
over a 20 ‘2 region.

Compliant by analysis and design
TiPi will have dedicated Stimulus & Calibration
Facility (SCF) to effect AO calibration during the
day
Compliant TBD

Compliant

Field of View

TiPi’s 3-mirror Offner relay is expected to have a
throughput >85%.
Compliant
TiPi’s has 16 d-IFUs each with a FoV ~1.5”.
The Offner relay’s patrol-field is 5’ dia.

Alternative architecture

Minimum
separation

SRDMOAO008

Goal: Minimum
separation between
AO patches should
be as small as 20”.

Tiles in the re-imaged focal plane are 24”
square. Each tile may direct a target to an
individual spectrograph. This closely matches
the 20” minimum separation requirement.
A 4x4 array of smaller, 6”, tiles are located at the
center of the patrol-field in order to
accommodate tightly clustered sources.
Additionally, a single tile is provided that enables
a contiguous imaging mode over a 6” field.
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Image/wavefro
nt quality

SRDMOAO009

At least 50% of the
flux from a point
source at 1μm
wavelength should
go into a 0.05”
square.

Near-compliant
With fully specified 4k actuator MEMS-DM
operating in TiPi’s hybrid architecture, D50
<50mas is nearly achieved at 1μm.
Compliant

Sky Coverage

SRDMOAO010

Thermal
background

SRDMOAO011

SLGLAO

TiPiOCDD001

Sky coverage
should be at least
90% at the galactic
poles.

The AO system
should not increase
the (inter-OH)
background by
>15% over natural
sky + telescope
background.
Requirement for
narrow-field
SLGLAO correction
as a first-light
capability.

3 NGSs, selectable from throughout the 5’ patrolfield, supply tip/tilt information to compensate for
tilt anisoplanatism.
The NGS optical channels will contain lowstroke, high actuator count DMs to enhance
atmospheric compensation, thereby providing a
fainter limiting guide star magnitude and a
correspondingly larger sky coverage.
Compliant by design
The optical relay is enclosed in a environmentally
controlled cold-box maintained at a temperature
(~-35C) low enough to meet the background
specification.
Compliant
Satisfied as first phase implementation of hybrid
MOAO architecture.
Compliant

Patrol-field

Image quality

TiPiOCDD003

TiPiOCDD004

Requirement for the
full 5’ patrol-field.

Requirement for
D50 <50mas across
the full 5’ patrolfield.

Satisfied through AO system based on a 5’ patrolfield Offner relay system. Incompatible with
NFIROAS feed.

Near-compliant
With fully specified 4k actuator MEMS-DM
operating in TiPi’s hybrid architecture, D50
<50mas is nearly achieved at 1μm.
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5.2.2

Instrument Requirements

Requirement

General:

iFPRD
Ref.

SRDIRMOS001a&b

Specs

Comments

Correction of <20
small, discrete
regions (1”-5”)
distributed
throughout a 5’
patrol-field in the
NIR, to provide
near-DL d-IFUs
spectroscopy of
faint objects.
Spaxial in the region
of 50mas are

Compliant
TiPi is a d-IFU spectrograph utilizing near-DL
images from a hybrid MOAO system. 16 discrete
1.5” angular regions sampled at 12.5-50mas,
distributed over a 5’ patrol-field, can be observed
simultaneously. The TiPi design consists of an
optical relay that re-images the telescope focal
plane onto a tiled array of mirrors which can
select objects from throughout the 5’ patrol-field.
Each science target is steered into an optical
channel containing an individual IFU
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required.

spectrograph. Atmospheric sensing and control
are provided by wavefront sensors and adaptive
mirrors within the TiPi instrument.
Compliant

Wavelength
Range

SRDIRMOS002

0.8-2.5μm

TiPi employs 2.5μm cut-off HgCdTe (1K2
HgCdTe) detectors.
Compliant

Field of View

SRDIRMOS003

IFU heads
deployable over 5’
diameter field.

SRDIRMOS004

Not to significantly
degrade the image
quality delivered by
AO system.

Offner relay provides a 5’ patrol-field which is
populated with ~130 tiled mirrors, each of which
may be steered to send a specific target into an
individual d-IFU spectrograph.
Compliant

Image quality

Spectrograph optics (including OSM and
magnification relay) are designed to deliver
aberration performance well within the D50
<50mas requirement.
Near-compliant

Spatial
sampling

SRDIRMOS005

Spaxials <50mas;
d-IFU FoV <1.5”;
No. IFUs >10;
d-IFU sepn: <20”

Spectral
Resolution

SRDIRMOS006

R=2,000-10,000
R ~4,000: Complete
atmospheric band in
single shot

Throughput

SRDIRMOS007

High throughput is
important for this
instrument.

Background

SRDIRMOS008

The instrument
should not increase
the (inter-OH)
background by

TiPi has 16 d-IFU channels with d-IFU FoV
~1.5”, defined by the max. number of spaxials
accommodated by a single 1K2 HgCdTe) device.
TiPi tiles arbitrarily sized at 24”. While this is
just outside the <20” spec., tiling architecture
offers many advantages in studying closely
clustered targets. It also possess a central 6”
zone for contiguous field work.
Compliant
R <10,000 is accommodated with 1st-order
reflection gratings in all bands. At the R ~4,000,
the 1K2 HgCdTe format gives full atmospheric
band wavelength coverage by projecting 1 IFU
spaxial onto a single pixel. Full spectral
resolution is achieved through sub-pixel dithering
in the λ-direction.
Compliant
Good A/R coatings and a simple optical train,
give throughputs of >30% in all wave-bands.
Compliant
Optical train, from Offner to MEMS-DM, is held
in a controlled cold-box environment at –35C.

TMT.SEN.SPE.05.001.REL01

Page : 37/173
February 15, 2006

>15%

The AO-compensated light then passes through a
window into cryogenic chambers that hold the
spectrograph optics and science detectors.
Compliant (TBC)

Detector

SRDIRMOS009

Detector noise shall
not increase
background by >5%
for <2000s
integration times

TiPiOCDD006

Requirement for dIFU spatial stability
over exposure times
of <4 hours

At R=4000, IRMOS spectroscopy of faint objects
lies well within the detector noise dominated
regime. The above numbers imply an unrealistic
background level.
The current state of the art in IR detector
performance is about 0.01e/s dark current and
3.5e read noise, which is provided by the 1K2
HgCdTe detectors. Subject to cost, the best
available detectors will be procured for the TiPi
spectrographs.
Compliant

Scale Stability

TiPi has a metrology system for establishing and
maintaining accurate alignment of the IFUs on
the sky.
Compliant

TiPiOCDD007

Requirement for reallocating IFUs to
targets while
continuously
observing a field.

TiPi provides an on-the-fly re-assignment of
IFUs to new targets, once the required SNR has
been achieved.

Compliant

Clustering

TiPiOCDD008

Requirement for
efficient
observations of
highly clustered
fields.

Contiguous
field

TiPiOCDD009

Requirement for a
central contiguous
field of at least 6”.

Allocation

TiPi provides a hierarchical tiling architecture to
accommodate a significant range of clustering
parameters.
Compliant
TiPi provides a central contiguous field of at least
6”.
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5.2.3

External Interface Requirements

Requirement

iFPRD
Ref.

Laser Asterism

SRDMOAO012

Astrometry

TiPiOCDD005

Specs

Comments

Lasers deployable in
Compliance TBC
flexible way over
patrol-field field to LGSs are required to be arranged in a fixed
asterism that spans the 5’ field.
maximize the
effectiveness of the
AO correction
depending on the
geometry of the
field being observed
and the distribution
of targets within it.
Requirement for
astrometric stability
and repeatability at
the level of ~10%

Compliance TBC
TMT is required to provide a plate scale at the
Nasmyth focal plane that does not fluctuate by
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(rms) of the chosen
spaxial.

more than 1 part in 105 (P-V) within a 4 hour
integration, nor more than 1 part in 104 (P-V)
from night to night.
Compliant

A&G:

RFPI/F001

No facility A&G or
calibration systems
are supplied.

AM2

RFPI/F002

No adaptive
secondary mirror
will be available at
first-light.

TiPi’s FFVC is specified for use in A&G and
astrometric monitoring over the entire 5’ patrolfield.
TiPi also has a deployable Stimulus and
Calibration Facility at the Offner’s input for
simulating the LGSs, NGSs and science targets
for spectrograph calibration.
TiPi should be able to carry out all normal
operational procedures using these simulated
sources.
Compliant
TiPi does not utilize the adaptive secondary
mirror.
Compliant

LGSF

RFPI/F003

IRMOS will
interface to the
TMT’s LGSF.

TiPi has 8 LGS-WFS interfaced to the TMT
LGSF.

Compliant

Location

Optics

RFPI/F004

RFPI/F005

Two configurations are allowed depending on
available Nasmyth platform space. Offner can be
folded vertically prior to first mirror to give a tall
IRMOS shall be
(~10m) instrument with relatively small footprint.
located on the TMT
Alternatively, Offner can be oriented horizontally
Nasmyth platform in
with fold prior to its last relay mirror, in which
a fixed location and
case height is significantly reduced at the expense
orientation.
of increasing footprint onto the Nasmyth
platform. In either case, the OSM and IFU
spectrograph optics are mounted so that field
rotation is about a vertical axis.
The input f/ratio at
IRMOS is f/15. The
focus is located 5m
from the edge of the
primary mirror, and
the beam line is 2m
above the Nasmyth
platform.

Compliant
In either vertical or horizontal orientation, TiPi
can accommodate the TMT’s Namyth focus
location and optical axis orientation.
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Compliant

Field Rotation:

LGS-WFS

RFPI/F006

RFPI/F007

Image rotation is
assumed to be
compensated by
rotation of IRMOS.

TiPi’s Offner relay is fixed to the Nasmyth
platform implying pupil rotation on the surface of
the common woofer. The tiled focal plane and all
other downstream optics are mounted on a
rotation stage to compensate field rotation.

MOAO shall
include its own
higher order
wavefront sensors
for the TMT’s
LGSs.

Compliant
TiPi will have 8 LGS-WFSs for this purpose.

Compliant

NGS-WFS

RFPI/F008

MOAO shall
include NGS-WFSs
for tip/tilt sensing,
low-bandwidth
focus sensing and
calibrating and
characterizing
performance.

RFPI/F009

MOAO shall
include all DMs
required for AO
compensation, with
the exception (once
it is available) of the
AM2.

TiPi will provide three NGS-WFSs, fed by unused
tiles in the re-imaged focal plane, for this
purpose. The NGS-WFSs will contain low-stroke,
high actuator count MEMS-DMs and a NIR
detector, to improve sky coverage.
TiPi provides a NIR camera, with its own MEMSDM, for use in monitoring the quality of the AO
PSF at DL resolutions.

Compliant

DMs

TiPi provides a low actuator count, high-stroke
mirror woofer in its optical relay.
TiPi provides high actuator count, low-stroke
MEMS-DMs in the d-IFU channels fed by tiles in
the re-imaged focal plane.
No use for an AM2 is envisaged at any stage.
Non-compliant

RTC

RFPI/F010

As a goal, IRMOS
will use the same
real-time control
electronics as
NFIRAOS.

OCS

RFPI/F011

IRMOS shall
interface with the
TMT OCS for
overall sequencing
of observational

It is unlikely that this requirement can be met.
The real time control requirements for TiPi
necessitate control of a single low actuator count
high-stroke mirror and 20 high actuator count
low-stroke adaptive mirrors. These problems are
sufficiently dissimilar that re-use of the NFIRAOS
RTC is impractical.
Compliant
TiPi will interface with the TMT OCS.
TiPi provides A&G capabilities through its
FFVC facility operating at ~0.1Hz and contains a
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steps, including
those involving
A&G and
calibration.

calibration unit (the Stimulus & Calibration
Facility) that can be deployed in front of the
entrance window.

Compliant

DHS

LGSF+AM2

Volume &
Mass

RFPI/F012

RFPI/F013

RFPI/F014

Requirement
for an LGSF
with variable
asterism
configurations.

TiPiTMT001

Requirement
for the

TiPiTMT-

IRMOS shall
interface with the
TMT DHS to store
instrument and
science data.
The MOAO subsystem shall
interface with the
TMT LGSF and
(once implemented)
the TMT AM2. As
a goal, the MOAO
sub-system shall
also interface with
the NFIRAOS RTC
electronics.

Tipi will interface with the TMT DHS for this
purpose. Instrument and science data are likely
to include science signals from detectors,
metrology signals, AO telemetry data, FFVC,
A&G and PSFM data.
Partially compliant
TiPi’s AO sub-system will interface with the TMT
LGSF in order to configure the LGS system
asterism and provides synchronization with the
AO observations. TiPi needs no interface with
the AM2.
See RFP-I/F-010 for commentary on RTC.

Initial size and mass
Compliant
estimate for IRMOS
(w’out MOAO)
TiPi’s mass and volume (w’out the Offner relay
were given as ~3m are consistent with the base-line requirements
dia. x 3m long with
a mass of <8 metric
tons. The project
should be notified of
any significant
excursions from
these values.
TiPi requires an
LGSF that
delivers LGSs
spread over 5’
field while
allowing for the
NFIRAOS
asterism as an
option.

The Nasmyth

Compliance TBD

Compliance TBD
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Nasmyth
platform to
support TiPi.

Requirement
for suitable
power and
cryogenic
services for
TiPi.

Requirement
for wavelength
and flux
calibration
facilities.

Requirement
for a Laser
Guide Star
Facility

002

TiPiTMT003

TiPiTMT004

TiPiTMT005

Requirement
for astrometric
stability and
repeatability at
the level of
~10% (rms) of
the chosen
spaxial.

TiPiTMT006

Nasmyth
platform
location.

TiPiTMT007

platform shall
support TiPi’s
volume and
mass
TMT shall
deliver TiPi’s
power
requirements
and cryogenic
requirements
TMT shall
supply
wavelength and
flux calibration
facilities
upstream of the
Nasmyth focus.

Volume = 10m x 4m x 4m
Mass = 4 metric tons (tbc)

Compliance TBD
Cooling Power for Cryostat = 10 Watts

Compliance TBD

TiPi utilizes a LGSF
system delivering
150W of CW laser
power to the
mesosphere, with a
flexible LGS
asterism, projected
from behind the
TMT secondary
mirror.

Compliant

TMT shall provide a
plate scale at the
Nasmyth focal plan
that does not
fluctuate by more
than 1 part in 105 (PV) within a 4 hour
integration, nor
more than 1 part in
104 (P-V) from
night to night.

Compliance TBD

The beam
leaving M3 and

Compliant
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heading to the
Nasmyth focus
shall be 2m
above the
surface of the
Nasmyth
platform.

Requirement
for an allocated
space on the
Nasmyth
platform.

6.

TiPiTMT008

TiPi is expected
to reside on the
Nasmyth
platform and fit
within the
constraints
imposed by
telescope back
focal distance
without need for
removable
Nasmyth floor
panels or
engineering of a
Nasmyth
'basement' level.

Compliance TBD

INSTRUMENT OVERVIEW

TiPi is a near infra-red (NIR) multi-object spectrograph with deployable integral field units (d-IFUs) fed by a
high-order adaptive optics (AO) system for the TMT. TiPi operates at wavelengths in the range 0.8μm < λ <
2.5μm, performing R (spectral resolving power) = 2,000 - 10,000 spectroscopy on 16 science targets
simultaneously. Each IFU has a field of view of 1.5”, with a spatial sampling between 12.5 and 50mas. These
IFUs are deployable over a 5’ patrol-field.
The TiPi instrument represents a synthesis of traditional multi-object spectroscopic instrumentation and AO
functionality. Within the TiPi design the spectrographs and object selection mechanisms (OSMs) are coupled
with the AO sub-systems to create an extremely powerful and versatile instrument. TiPi is capable of
selecting science targets and tip/tilt NGSs throughout the full 5’ patrol-field, and applying atmospheric
compensation to each of these channels independently to optimize image quality. TiPi relays the unused part
of the field into an imaging camera for target acquisition. The 5’ patrol-field from which tip/tilt NGSs may be
selected, coupled with the relaxation in the image quality specification relative to the diffraction limit, yields
excellent sky coverage for this instrument.
Given the rapidly evolving state of AO technology, there is considerable uncertainty in the properties and
availability of the AO components that TiPi requires. This design incorporates a range of options that will
permit the adoption of new technology as it becomes viable. At the heart of the TiPi design is an AO system
that, in its initial phases, can take advantage of a single laser and a single deformable mirror to feed the d-IFU
spectrographs. This simplest of AO configurations is referred to here as SLGLAO (Single Laser – Ground
Layer Adaptive Optics). Such AO systems exist today and a system of this type represents the lowest risk
option for TiPi. While the patrol-field and image quality delivered by this system fall significantly short of the
requirements in the SRD (Science Requirements Document), the system does deliver a scientifically
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compelling level of performance. Significantly higher levels of performance are enabled through two further
developments:
1. Multiple LGSs with tomographic reconstruction;
2. Low-stroke MEMS-DM devices.
Each of these technologies works in different ways to enlarge the patrol-field, enhance image quality, and
increase sky coverage. TiPi has been designed to take advantage of developments in each of these areas as
they reach technological maturity. Implementation of both these technologies permit TiPi to deliver the full
SRD specifications for patrol-field and image quality.

6.1

BASIC FUNCTIONAL DESCRIPTION OF TIPI

A functional description of the TiPi instrument is shown in Figure 6:1 and accompanies the following
description.

Figure 6:1 Functional diagram of Tipi which shows natural and laser paths through Offner to TiPi spectrographs via
MEMS-DMs.

6.1.1

The Offner Relay

Science and laser light from the telescope tertiary passes through a three-mirror Offner relay to form a reimaged focal plane. Our concept utilizes a single piezo-stack DM as the second (M6) mirror of this relay to
provide partial correction for all science targets and NGSs. This type of common mode woofer correction is
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analogous to that provided by an adaptive secondary (AM2). By adopting a design that does not rely on AM2,
TiPi can be implemented as a first-light capability.

6.1.2

Laser guide star (LGS) detection for adaptive optics

Between the Offner and the re-imaged focal plane, a dichroic is used to pick off light from up to eight sodium
LGSs and redirect this light into a set of LGS-WFSs. The signals from these LGS-WFSs are used to
reconstruct the atmospheric turbulence. Turbulence also introduces tip/tilt jitter that is un-sensed by the laser
beacons and hence stabilizing the science targets on the d-IFUs requires an independent measurement of tip/tilt
from three NGSs, which are sensed downstream.

6.1.3

The Object Selection Mechanism (OSM)

The Offner relay re-images the telescope focal plane onto an array of ~130 tiled steering mirrors. These
mirrors act as an object selection mechanism (OSM), redirecting targets into a variety of different optical
channels, as follows:
•

16 science targets are directed towards the 16 d-IFU spectrographs;

•

3 tip/tilt NGSs are directed towards 3 low-order NIR NGS-WFSs;

•

1 PSF (point spread function) monitor star is directed towards a PSF monitor camera (PSFM).

•

The remaining tiles are free to feed the rest of the field into a 5’ Full-field Visual Camera (FFVC)
which may be used for astrometric calibration, target selection and validation of OSM pointing
performance.

6.1.4

High-order wavefront correction using MEMS-DM devices

Significant residual aberrations from atmospheric turbulence remain uncorrected by the DM within the Offner
relay. To compensate for these residuals, an adaptive correction must be tuned to the direction of the target.
To this end, a MEMS-DM device is placed at a re-imaged pupil within each of the spectrographs and NGS tilt
sensors. For the spectrographs, these devices provide the final level of wavefront correction required to
achieve near diffraction-limited image quality. The improved image quality within the tilt sensors allows
higher precision tilt measurements. This allows TiPi to guide off fainter tip/tilt reference stars, thereby
increasing its sky coverage.

6.1.5

Natural guide star (NGS) detection for wavefront tilt removal

The AO control for TiPi occurs separately for the tip/tilt and high-order correction. Tilt control is
accomplished through tip/tilt measurements of the three NGSs. A global tilt correction is effected using the
common woofer within the Offner. As in the NFIRAOS design, this DM is mounted on a tip/tilt stage which
supplies this correction. In a similar fashion, local tilt corrections are supplied by tip/tilt stages on which the
MEMS-DM devices are mounted. The high-order wavefront correction is similarly partitioned between the
common woofer and the MEMS-DMs. For this partitioning to work, knowledge of the common woofer
surface must be incorporated into the tomographic reconstruction algorithm. The surface of this mirror is
sensed interferometrically using a light path rotated 90º with respect to the Offner. This interferometric
measurement employs another Offner relay with the common woofer as the second element.

6.1.6

Spectrograph

The fully compensated light from the science targets is magnified onto an image slicer, is dispersed by a
grating, and is directed into an infrared camera. Relay optics between the MEMS-DMs and the slicer allow
selection of spaxial scales between 12.5 and 50mas.
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6.1.7

Summary

Our IRMOS TiPi concept, based on a tiled focal plane steering mirror array, allows for a wide variety of
science applications from sparsely distributed galaxies, through clustered sources and diffuse compact objects,
to blind searches requiring contiguous coverage. Such versatility is very powerful when considering the range
of science that may exploit such a technique. Unlike most traditional instruments, this versatility does not
carry any additional price, because it allows modular use of identical components, realizing considerable
economies of scale in manufacturing, assembly, integration and test.

6.2

SUB-SYSTEM IDENTIFICATION

The top-level sub-systems of TiPi are shown in Figure 6:2 for the final configuration of the instrument.

Figure 6:2: The 4 top level sub-systems of the TiPi instrument: the Offner relay that in a final configuration produces a
patrol-field of 5’ with low-order AO correction; the OSM that selects any 16 objects from the patrol-field for
spectroscopy while simultaneously feeding the auxiliary systems; the 16 identical spectrographs containing the object
magnification optics and image slicer units and; the auxiliary systems of the NGS-WFS, the PSFM and the extremely
useful FFVC used for acquisition and science at visible wavelengths.

The TiPi sub-systems are:

6.2.1

(A) Offner Relay

The Offner relay provides low-order AO correction over a 5’ patrol-field and delivers unit magnification to a
relayed focal surface which forms the input to the d-IFU’s object selection mechanism (OSM);

6.2.2

(B) Object Selection Mechanism
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The OSM selects 16 science targets within the 5’ patrol-field. It is designed to facilitate a wide variety of
multi-object science from evenly distributed to tightly clustered objects all the way to contiguous field
observations. The OSM also feeds the auxiliary systems;

6.2.3

(C) Spectrographs

The 16 identical spectrograph units each having a single MEMS-DM mirror for high-order MOAO correction;
object magnification optics; an image slicer; collimator-grating and camera optics and a 1K2 HgCdTe detector
(eg: Hawaii-1RG);

6.2.4

(D) Auxiliary systems

The auxiliary systems comprise 3 NGS-WFSs; an FFVC that images all unallocated tiles across the entire
patrol-field; and a PSFM.
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7.

SUB-SYSTEM (A): THE OFFNER RELAY

7.1

SUB-SYSTEM IDENTIFICATION

A functional diagram of the Offner relay sub-system is shown in Figure 7:1. The relay is fed directly by the
TMT tertiary mirror. It comprises 3 fixed optics and 1 low-order piezo-DM for common mode correction.
This sub-system includes the LGS-WFS and flat dichroic plate for separation of the laser light for closed-loop
control of the low-order DM.

Figure 7:1 Functional description of the Offner relay sub-system. The relay comprises 3 fixed optics, 1 loworder DM, a dichroic and the LGS-WFS. For clarity the optical layout of the Offner relay is included.

7.2 FUNCTION
The functions of TiPi’s Offner relay system are to:
•

relay science light from the Nasmyth focus onto TiPi’s tiled focal surface, where the light from
individual objects can be selected for subsequent integral field spectroscopy;
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•

relay laser light from the asterism of LGSs, supplied by the TMT LGS system, into their respective
LGS-WFSs;

•

form a telescope pupil image onto its second (M6) woofer DM which is used for low-order, highstroke AO correction common to all locations in TiPi’s patrol-field.

•

Monitor the instantaneous shape of the woofer (M6) in order to calculate the high-order AOcorrections that are to be sent to the MEMS-DMs.
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Figure 7:2 The optical components of the Offner relay, shown in rendered form. There are 2 science beams
shown propagated through the system. On-axis (colored purple) and 2.3’, close to the edge of the 5’ FoV
(colored yellow).

7.2.1

DM activation and sensing

The M6 mirror in the Offner relay, as shown in Figure 7:2, operates as piezo-activated DM driven by the LGSWFS signals. This removes much of the lower-order WFE arising from atmospheric turbulence and thus
reduces the down-stream, high-order stroke requirements of the individual MEMS-DMs in the d-IFU
spectrograph arms. In order to calculate the high-order corrections to be sent to the MEMS-DMs, the
instantaneous shape of the woofer (M6) is sensed with a woofer metrology sensor (the WMS).

7.2.2

Field rotation

The Offner relay is fixed with respect to the Nasmyth platform. To keep the LGS-WFSs fixed with respect to
the Offner relay, the LGS asterism is counter-rotated on the sky by the TMT LGSF. The OSM itself rotates
with respect to the Offner, in order to follow the field rotation. This implies that the LGS asterism is rotating
with respect to the science targets and hence the tomographically reconstructed correction applied to each
down-stream MEMS-DM must accommodate this rotation.

7.2.3

Stimulus and Calibration Facility

The Stimulus & Calibration Facility (SCF) is designed to aid in:
•

Alignment of the Offner relay;

•

Testing of the OSM, specifically the alignment calibration of the mechanisms for the tile and steering
mirrors;

•

Testing of the object pupil re-imager (steering mirror and parabola combination);

•

Testing of the FFVC and rotator mechanism;

• Alignment of the 3 NGS sensors.
The SCF is located alongside the TiPi enclosure, as shown in Figure 7:3. When in use (such as for day time
calibration or commissioning) the SCF is moved onto the optical axis of TiPi. It is important that the SCF unit
has direct access to the TMT focal plane. The SCF also include a LGS simulator that contains an arrangement
of 8 objects with a 1:1 match to the location of the LGS-WFSs located behind the M6 woofer DM, requiring
the use of re-imaging optics to redefine the location of the focal surface downstream of the fold mirror.
Control of the XY movements and Z rotation of the LGS simulator is required to guide the light through the 8
holes of M6 onto the LGS-WFSs.
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Figure 7:3 Location of the Stimulus Calibration Facility (SCF) relative to the TiPi instrument and TMT
instrument platform. The SCF will be used extensively during commissioning for tweaking the AO system and
for calibration of the OSM/spectrograph system.

7.3 SUB-SYSTEM OPTICAL SPECIFICATION
The following summarizes the sub-system specification for the design of the Offner relay.
•

Patrol-field: 5’ (diameter of circular field);

•

Science Image Quality (0.8μm<λ<2.5μm): 50% EE in 50mas;

•

Laser Image Quality (590nm): 50% EE in 0.3”;

•

Pupil Image quality (590nm): Pupil distortion <10% of sub-aperture;

•

Non-radial distortion (360º rotation): <25mas (to allow field rotation after the Offner)

•

Zenith Distance range: 0º - 65º (compensated by dichroic z-motion)

•

Scale stability: 1 in 105 (for <4 hour integration)

•

Emissivity: <2%

7.4 INTERFACES
Optical interface requirements include:
•

TMT’s F/15 input beam

•

Offner places entrance pupil on surface of M6 mirror
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•

Height of sodium layer at zenith is ~90km. LGS-WFS has to accommodate a ZD range of 0º - 65º

•

Output focal surface matches tiled focal surface of OSM.

Mechanical interface requirements include:
•

The instrument connects solidly to the Nasmyth platform and is required to conform to the TMT’s
Nasmyth space, weight and power dissipation requirements;

•

The Nasmyth footprint depends on the chosen orientation of the Offner relay; vertical or horizontal;

•

Liquid Nitrogen supply lines for cooling of the detectors (if an Observatory service);

•

Compressor lines for cooling of the thermal enclosure (if an Observatory service).

7.5 DESCRIPTION
The Offner relay, as shown in Figure 7:2, has three spherical mirrors (M5, M6 & M7) that re-image the input
f/15 Nasmyth focus of TMT at the same scale onto TiPi’s tiled focal surface. Field rotation is supplied
through rotation of TiPi’s tiled focal surface (and the down-stream IFU spectrographs) with respect to the
Offner relay which is itself held stationary. In order to facilitate a vertical rotation axis, a 45º flat fold mirror
(M4 in Figure 7:2) is placed ahead of M5 thus orienting the long axis of the Offner vertically. (Alternatively, a
horizontal orientation of the Offner can be achieved by placing an equivalent 45º folding flat just ahead of
TiPi’s tiled focal surface.)
A field lens, located near the input Nasmyth focus, controls the position of the telescope pupil such that it is
coincident with the second mirror (M6), used as a woofer DM for supplying low-order, closed-loop, AO
correction over the full Offner field of view. In order to reduce the stroke requirement and facilitate fast
guiding, M6 is mounted on a tip/tilt stage.
A dichroic is placed between M7 and TiPi’s focal surface to reflect laser light from TMT’s LGS system onto a
set of LGS-WFSs. The dichroic is placed on-axis so that the reflected LGS images are formed on the surface
of M7. This is demonstrated as an adaption of Figure 7:4 as given in Figure 7:5. Small holes in M7 allow
passage of the LGS light onto LGS-WFSs mounted behind M7. Compensation for axial translation of the
LGS foci, induced by altitudinal tracking of targets, is supplied by pistoning the dichroic along the optical (z)axis.
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Figure 7:4 Zemax layout of Offner relay (natural light)
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Figure 7:5 Zemax layout of Offner relay (laser light)

7.5.1

Main Structure

The main structure incorporates all of the primary sub-systems; the Offner relay, OSM, spectrographs and the
auxiliary systems. In order to reduce thermal back-ground while reducing complexity and risk on the most
critical moving elements (including the OSM and the MEMS-DMs) TiPi’s structure is divided into an
environmentally controlled cold-box (held at a temperature of ~-35C) with the spectrographs alone mounted in
cryostatic chambers and maintaining optics at below ~140K and detector below 80K.
The main structure is split into two sub-units; the cold-box and the cryostats.
The mechanical sub-system supported by the cold-box sub-unit structure is the cold box thermal enclosure and
its entrance window within which are held:
•

Offner relay and its associated piezo-DM (M6) and moving dichroic

•

Focal plate supporting the OSM

•

OSM assemblies

•

NGS-WFSs (3 x NGS + 8 x LGS)

•

FFVC (with detector)
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•

PSFM (with detector)

Mounted to the side and below the OSM are 4 separate cryostat chambers with entrance windows to:
•

4 sets of magnification fore-optics feeding the 4 slicer mirrors which themselves feed:

•

4 IFU spectrographs and associated detector systems.

In this manner all of the delicate and complex mechanisms (dichroic, OSM mirrors and MEMS-DMs) are in a
cold, but benign, non-evacuated and controlled environment while holding the necessary cryogenic
mechanisms (magnification selection optics, filters and gratings) to a minimum.
7.5.1.1

Orientation of Offner Relay

In the interest of providing a small footprint on the Nasmyth platform the Offner relay design presented is
orientated vertically with respect to the Nasmyth platform, as shown in Figure 7:2. The alternative is to
remove the M4 fold and have a horizontally orientated Offner relay. It is extremely sensible to keep the TiPi
OSM and spectrographs vertical as they must rotate in a vertical gravity field therefore the M4 would be
required to produce the fold after the Offner relay. Both orientations are permitted.
7.5.1.2

Requirements

The main structure must:
1. connect solidly to the Nasmyth platform;
2. support adequately the optical components of the Offner relay, except for those that can be directly
connected to the Nasmyth platform via the base of the TiPi instrument;
3. be stiff enough that forces imparted on the base of the structure, due to acceleration of the Nasmyth
platform as the telescope tracks, do not deteriorate the performance of the system;
4. be stiff enough that large forces due to earthquake tremors do not cause failure, even of a minor level,
in the system.
In addition we would prefer a structure that:
5. has as low a thermal mass as possible. This will not only reduce the energy consumption required to
cool the internal environment but decrease the time taken to cool to observing temperature;
6. have as low an internal volume as possible for the same reasons;
7. be easy to assemble, allows for easy removal of the OSM-spectrograph unit.
For these reasons, a structure based on a lightweight space-frame tower is the primary choice of design for the
main structure.
7.5.1.3

Tolerances of critical elements

We review the necessary stiffness of such a structure by a simple analysis of the required alignment of the
optical components, in case certain design flexibility can be permitted with no detrimental effect on system
performance.
Using Figure 7:6 for reference, we can state that:
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•

M5/M7 is spherical with a center of curvature close to the Nasmyth platform. Rotation of the mirror
with respect to the base has no effect on system performance.
o

•

The dichroic element reflects laser light to the LGS wavefront sensors that are connected to the
M5/M7 mirror at the top of the tower. The dichroic should not rotate with respect to the LGS sensors.
The two can, however, rotate together.
o

•

•

Result: the top of the tower can pivot about the base (at least form an optical point of view).

Result: the dichroic cell is connected to the same tower.

The M6 deformable mirror should be placed at the pupil image formed by M5. It can translate with
respect to the M5/M7 mirror by ~1% (minimum) to 10% (maximum) of a sub-aperture, or 0.1 to
1.0mm of movement.
o

Result 1: the M6 DM must be fixed to the tower.

o

Result 2: the tower must not move the M6 DM by more than 1mm from nominal position,
preferably by no more than 0.1mm.

As the NGS wavefront sensors that measure tip/tilt are located after the tile array, they can be used to
detect and correct tower (or telescope) induced tip/tilt. This requires that the M6 tip/tilt stage have
enough stroke, however, assuming this to be the case, one can remove any tower induced tip/tilt of the
beam delivered to the focal plane.
o

Result: the system is relatively insensitive to tip/tilt effects induced by rotation of the main
structure about the Nasmyth platform.
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Figure 7:6 A schematic of the optical components of the Offner relay from an optical tolerancing point of
view. This diagram has implications for the design of the tower used to support the optics. The M5/M7 mirror
is spherical with center of curvature close to the mount point on the Nasmyth platform and is therefore
insensitive to rotation about the pivot point. See text for further details.
7.5.1.4

Physical dimensions

The physical location of the optical components requiring support is shown in Figure 7:7. In summary, the
structure should be approximately 10m tall, with a minimum platform footprint of ~4m by ~2.5m assuming a
structure that does not splay. This equates to a minimum volume of ~100m3, roughly half that of the current
NFIRAOS enclosure. The location of the dichroic cell and M6 DM housing is approximately halfway up the
structure.
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Figure 7:7 Minimum dimensions for input into the design of the main structure of the Offner relay.
Equivalent volume is ~100m3. The space requirement for the OSM-spectrograph unit is shown in blue at the
base of the Offner relay.
7.5.1.5

Simple deflection theory

A general rule that we follow here is to assume that one can only design a space frame that has a deflection at
best that of a single continuous thin-walled section of the same overall dimensions. More clearly we estimate
here the required footprint dimension that equates to a self-deflection of ~0.1mm at the midpoint, set by the
lateral translation tolerance of the M6 DM location discussed above. It is a simple starting point to the
feasibility of this approach, as a required footprint of more than ~5m would favor a horizontally mounted
Offner relay.
Note again that the vertical main structure does not move with respect to gravity during operation, so never
undergoes self-deflection as such. However, the movement of the main structure after the application of an
external force, such as the acceleration of the Nasmyth platform, is important, however small this acceleration
might be.
Cantilever beam theory gives the following equation for self-deflection under gravitational load of a beam of
length L:
y=W*l3/(8EI)
where y=deflection (m), W=load (N), l=length (m), E=Young’s modulus (Pa) and I=moment of inertia (m^4).
For a square section of material density ρ, one can express this in terms of the width, D, and thickness, t, of the
beam as follows (after a few steps):
y= ((D2-(D-2t)2)/(D4-(D-2t)4)) * ρ *g*L4*12/8.E
or more simply:
y=A(D,t)*B
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where the constant B=6.10-3 m3
For interest shown in Figure 7:8 is a plot of A(D,t) versus t for a fixed beam section size (D=3m, though
arbitrary). One can see that the value of A(3, t) varies from a maximum of 0.11 (for a solid beam section) to
approximately 0.055 this value (for a ultra-thin walled section). This suggests that when designing a space
frame one can obtain a factor of -0.5 the deflection of a uniform solid section of the same dimensions, but no
more.
We use this to calculate the required footprint size of the Offner relay: For a required deflection of 200μm at
the top of the space frame tower, one requires a square footprint size of:
D=(6E-3/400μm)-2 ~4m
This simple analysis suggests that it is feasible to construct a space frame tower for the Offner relay that
conforms to the optical tolerance requirements of the critical element, the M6 DM. It is also a little close for
comfort as one is assuming a solid link to the platform and no mass on the tower. There are alternative
approaches, such as having a separate structure for the M6 DM with only half the beam span required,
however at this point we have sufficient confidence to pursue a single space frame design that supports all the
Offner optics. Finite element analysis of any proposed design is therefore a mandatory requirement in addition
to working closely with companies specializing in the design of lightweight towers.

Figure 7:8 Plot of A(D, t) versus t for fixed D (3m) where A(D,t) is the variant in the cantilever beam
deflection equation. The plot shows that a thin-walled beam has a deflection half that of a solid beam of the
same outer dimension. A space frame structure of the same footprint will likely do no better than this (see text
for further details).
7.5.1.6

Inspiration from another field

Shown in Figure 7:9 is a design for a space frame tower for the support of a wind turbine generator. Such
generators are typically several tons of mass, some rotating, supported 30m to 100m above the ground. The
structure is lightweight, easy to assemble and extremely stiff. Incorporated into the tower are struts surrounded
by dampening material to reduce the Q factor of the entire structure, an extremely important requirements for
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wind turbine generators. This design was the starting point to the design of the main structure for the Offner
relay.

Figure 7:9 A space frame wind turbine design (a.) by Wind Tower Composites Such structures, shown in b.
(wet version) optimize the rigidity per unit mass, and permit many tons of moving mass to be supported 30m100m from the ground. (http://www.windtowercomposites.com).
The struts of the space frame come in several forms with the simplest, a square thin-walled steel section,
shown in Figure 7:10b. In this case the 24 inch sections, shown in Figure 7:10a, are connected at the location
using pins. To increase structural stiffness for our application we assume a solid welded structure that can
disassemble into a few sections, likely 2-3, of length ~3-5 m, to ease laboratory testing and shipment to the
summit.

Figure 7:10 Easy transport of the tower struts, in this case 24inch long, is possible (a.). The struts are
connected in the wind tower application using pin joints.
Figure 7:11 depicts an early design based on the wind tower structure. The current preferred design has
evolved through the considerations of Figure 7:12 and is shown in Figure 7:13.
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Figure 7:11 An early design for the Offner main structure, commonly called the “oil-rig”.

Figure 7:12 Further inspiration for a highly stable space frame design of the Offner relay tower. The total
mass atop of our tower (M5/7 plus LGS WFS's), by comparison, is likely to be less than ~300 kg, or about
0.02 Jumbos.
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Figure 7:13: The current preferred design for the Offner relay space frame tower.

7.5.2

Thermal Enclosure

Given emissivity requirements and the length of the optical path from input to output focal plane, a thermally
controlled, environmentally stable, cold-box, is essential to house the Offner and associated OSM and
auxiliary systems. Not only will that remove any turbulence inside the instrument, static WFEs between the
LGS-WFS and the entrance window of the cold-box will be stable. The sealed and controlled environment
will also ensure that all delicate optical components within the cold-box (piezo-DM and dichroic translation
stage, the OSM and MEMS-DMs) are always used at the same temperature, which will make it easier to
calibrate, maintain and troubleshoot.
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Figure 7:14 The TiPi enclosure will stabilize the instrument temperature at <-35C, while minimizing thermal
gradients and preventing particle accumulation on the optics.
The enclosure will be a lightweight structure, which is stationary with respect to the Nasmyth platform,
serving as a clean room as well as a thermal control system. It is particularly important to protect smaller
upward looking mirrors from dust accumulation, both for calibration stability and to minimize the need for
cleaning. A ~700mm diameter window is required to admit the telescope beam, while providing a thermal
barrier and supporting slight pressurization. A double window is likely to be required to prevent condensation
forming on the first surface.
The enclosure will utilize standard components supplied by the refrigeration industry. It will be assembled
from (or clad with) prefabricated foam sandwich panels providing high thermal resistance. The enclosure will
be mechanically decoupled from the optical support structures to prevent vibration coupling from recirculation
fans, supporting electronics, or personnel.
Recirculation fans placed near the top of the structure will minimize thermal gradients. Figure 7:14 shows
how the internal space will be divided into a region of uniform downward flow (through the instrument) of
highly filtered and temperature stabilized air, and a return airflow through a surrounding plenum, which will
contain the cooling coils. The filters will also ensure that air will be well mixed (thermally equilibrated) prior
to entering the optical path. The dividing panels will also serve to shield the optical path from stray thermal
radiation.
Coolant flow will be actively controlled to stabilize temperature at less than –35C. With a similar arrangement,
the University of Durham’s CIRPASS has achieved this operating temperature with ±0.1C stability.
The plenum will be made large enough to support personnel access for instrument setup and maintenance with
minimal impact on the thermal stability or cleanliness. An entry with interlocked doors and additional
filtration will minimize thermal transients and contamination so that the main filter media will rarely need to
be changed. The airflow pattern shown maintains positive pressure differentials between the instrument,
plenum, entry, and exterior, to prevent thermal or particulate contamination, which is particularly important
during access.
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Figure 7:14 shows the spectrograph dewars protruding into the plenum area for ease of access to co-mounted
electronics. Thus waste heat from electronics or cryocooler heads will be dumped into the return air stream
rather than convecting into the optical path. The gradients allow a gap to exist between the rotating part of the
instrument and the stationary panels, which control airflow.
The refrigeration system must remove humidity produced by maintenance personnel or entering with the
make-up air required to maintain positive pressurization. At the same time the desiccation system must shut
down when the humidity falls too low.
Most of the detector control electronics will be ASICs such as Rockwell’s SIDECAR, which reside inside the
cryostat: there will be minimal thermal loading from external spectrograph electronics. Detector, wavefront
sensor, DM and motor drive electronics will need to be operated nearer zero Celsius, and will thus require a
separately regulated thermal enclosure, or if power dissipation is fairly constant, thermal insulation may be
used so that electronics self heat to an acceptable operating temperature. While the option exists of placing
electronics cabinets just outside the TiPi thermal enclosure, it seems more prudent to house them in the plenum
area where small heat leaks are acceptable, since this will minimize cable lengths and the number of feedthroughs into the pressurized enclosure.

7.5.3

M4 fold mirror

The M4 fold mirror is flat with a diameter of ~1.6m. The mirror is stationary and likely connected directly to
the Nasmyth platform via the support structure. Given the location, size and function the mirror is not
considered a critical item. It will likely be made of lightweight honeycomb, such as that shown in Figure 7:15,
and for economy Schott borosilicate as the mass is not critical.

Figure 7:15 A honeycomb mirror made from Schott borosilicate glass, the basis of the M4 fold mirror.
Courtesy of Hextek (http://www.hextek.com/).
The support for such a mirror is based on that designed for the elegant LBT tertiary mirror support system.
Shown in Figure 7:16, the 540mm by 600mm hexagonal fold mirror is supported by a 9-point Hindle mount.
As the LBT tertiary must rotate and focus, the mirror support system incorporates a rotator and 3 linear
actuator system. Such complexity is not required for the TiPi M4 fold mirror, though the 9-point Hindle
mount will be increased to an 18- or 27-point version for suitable support.
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Figure 7:16 Mount support and actuation design for the LBT tertiary mirror. The mirror is made from a
~600mm Schott borosilicate honeycomb blank and is supported on a 9-point Hindle mount. The linear
actuator, used for focus, and rotator would not be needed for the M4 fold mirror of TiPi. (Gallieni et al 2004)

7.5.4

M5/M7 spherical mirror

The M5 and M7 surfaces we propose to be combined in one single spherical mirror as shown in Figure 7:17.
This mirror has dimensions 2.6m by 1.3m and is located at the top of the Offner tower. The mirror will
certainly be made of a honeycomb blank, and depending upon finite element analysis of the Offner tower,
possibly SiC to reduce the mass. This may increase the mirror cost, but is not necessarily risky, and provides
mechanical margin.
As the mirror is always orientated vertically one can have a relatively simple mirror cell based on a 2-by-4
array of 9-point Hindle mounts. The only complexity is the access to LGS light by the LGS-WFSs, through
the pre-bored holes of the mirror corresponding to M7.
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Figure 7:17 Schematic of the M5/M7 single mirror cell situated at the top of the Offner tower (LGS unit not
shown).

7.5.5

Dichroic actuation

The dichroic picks off the laser by reflecting it back along its path while allowing the NIR science and NGS
light to be transmitted forwards onto the OSM. The dichroic is axially positioned so that the laser focus is
coincident with the 3rd Offner mirror (M7). M7 is almost certainly made from a honey-comb structure which
allows small (~5mm) holes to be drilled into its surface. These holes allow the focused laser light to pass
through the mirror on their way to an array of LGS-WFSs. In order to achieve laser focus on M7 (and
consequently stationary LGS-WFSs), the dichroic needs to be axially tromboned to compensate for altitude
tracking of the telescope. The configuration of a laser pick-off which can compensate for a varying sodium
layer conjugate with a simple 1D motion is considered optimal.
Figure 7:18 shows the dichroic positioned at the 2 extreme focus positions that are ~0.5m apart (that is
equivalent to the focus change required to view an object at 90km distance and 180km distance from the
telescope).
The dichroic element is required to be 1.2m in diameter and roughly 50 mm thick such surface sag does not
become an issue. This equates to an optical element of mass ~120 kg. Together with a suitable lens housing
this combines to a mass of ~200kg that is moved against gravity.
The positioning tolerance required for the dichroic is not particularly critical. However, as the dichroic is
moved to track the apparent focus change of the guide star one would like to know with certainty that the
surface tilt of the dichroic is not changing during an observation.
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Figure 7:18 The location of the dichroic optic for 180km laser guide star (a.) and 90km (b.) guide stars. The
dichroic cell is shown in yellow. The on-axis beam is shown for convenience. For the full MOAO system there
are 8 laser guide stars.
Given the large mass required to be moved a natural solution is to counterweight the dichroic unit (unit= optic
and cell). This simple solution effectively converts a 200kg vertical moving mass to a ~2kg moving mass. As
the positioning accuracy is not critical, one can remove completely the drive mechanism from the area of the
dichroic cell, where there is little very little space as shown in Figure 7:18 to a location away from the optical
beam. We envisage a simple 3-guided cable support for the cell, with the thin cables returning to the base of
the structure via pulleys located away from the optical beam. Counterweight mass can be accessed very easily,
and a cable drive mechanism can be located close by. To prevent the dichroic from tilting during focus
adjustments the cell is located inside a cylindrical housing, as shown in Figure 7:19, using 3 linear rails. With
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one of the rails spring loaded for example, one can keep the surface of the dichroic flat at all times, as the
dichroic cell and optic are essentially massless.
A glass optical encoder can be positioned inside the housing to measure directly the motion of the dichroic
relative to the stationary housing.

Figure 7:19 The 1.2m diameter dichroic element in lens cell and housing. The cell (black) is counterweighted
using cables (not shown) and moves vertically in the stationary housing (grey). The cell is located axially and
rotationally with respect to the housing using 3 linear guides (purple and yellow).

7.5.6

DM Tip/Tilt stage (M6)

The M6 DM is depicted in Figure 7:20. Without doubt this is the most critical element of the Offner relayThe
M6 DM is ~300mm in diameter and located at the pupil formed by mirror M5. The piezo-DM located at the
2nd mirror (M6) of the Offner relay is mounted on a tip/tilt stage to aid image stabilization of ~0.1 spaxials onto
the image slicer. This correction will be insufficient to maintain the pointing precision over the entire 5' field
due to tilt anisoplanatism from atmospheric turbulence and hence supplemental tip/tilt correction at closedloop bandwidths of order tens of Hz will be supplied by tip/tilt actuation of the MEMS-DM.

Figure 7:20 The M6 deformable mirror “woofer” and electronics enclosure
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7.5.7

Stimulus and Calibration Facility (SCF)

The SCF contains within it an ~f/15 object stellar simulator that can be used for a variety of testing purposes
for the TiPi instrument when fully assembled. Ideally the stellar simulator would be placed very close to the
window of the TiPi instrument that coincides with the TMT Nasmyth focal surface. In its simplest form this
could be a grid of ~2mm diameter holes bored into a plate and illuminated from behind by a sheet of electroluminescent film. The stellar simulator would greatly aid in laboratory testing and daytime commissioning
rather than wasting valuable telescope time. It need not be a complex device and would form part of TiPi’s
SCF.
The SCF is also required to support the alignment of the Offner relay; the alignment and calibration of tile
and steering mirror systems; the testing of pupil re-imaging onto the MEMS-DM (M11); the testing of the
FFVC; and the alignment of the 3 NGS sensors.

7.5.8

The Woofer Metrology System (WMS)

The WMS is a simple laser-fed interferometer or S-H wavefront sensor system that continuously monitors the
woofer shape and feeds this back into control of the MEMS-DMs in each spectrograph arm. Knowledge of
the woofer shape is essential in all forms of MOAO that use a woofer/tweeter architecture. One of the main
advantages of our hybrid MOAO concept is that we only need one such system for the closed-loop woofer
DM (M6) rather than being forced into have independent WMSs in each of the d-IFU arms. The basic WMS
concept is only sketched here (see Figure 7:21), however, as shown, a system oriented orthogonal to the
fundamental symmetry axis of the Offner gives ample room for a simple on-axis, laser-fed Offner system,
sharing the same M6 but mirrored at 90º.
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Figure 7:21 Cartoon of the Woofer Metrology System (WMS)

7.6 PERFORMANCE AND COMPLIANCE
To reduce cost, all reflective and refractive (field lens) surfaces are spherical. Mirrors M5 and M7 have
identical powers and can be constructed as a single piece. Mirror M6, the woofer DM, is convex to the light
and has a sag of ~2 mm which, although non-standard for DM fabrication, is nevertheless manufacturable.
The dichroic, is necessarily very large (~1.2m dia.) in order to comply with a simple actuation concept. While
it is not within range of current manufacturing capabilities, such components are being developed in Europe
for its ELT projects 1. In order to minimize thermal radiation, the Offner optics, including DM and dichroic,
will be held at a constant temperature of ~-35C in an environmentally controlled enclosure.
As indicated in Figure 7:22 and
Figure 7:23 and Figure 7:24 the optical design is compliant with all sub-system requirements listed in
introduction to Section 7.3.
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Figure 7:22 Spot plots demonstrating imaging performance of the Offner Relay
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Figure 7:23 Aberration performance of Offner relay demonstrating orthogonal asymmetry.

Figure 7:24 Laser pupil imaging onto DM.
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8.

SUB-SYSTEM (B): THE OBJECT SELECTION MECHANISM

The Object Selection Mechanism (OSM) is an elegant solution to a difficult problem posed by the requirement
to be able to freely select any object within the patrol-field and direct to any of the d-IFU spectrographs.

8.1

SUB-SYSTEM IDENTIFICATION

A functional diagram of the OSM sub-system is shown in Figure 8:1.
The OSM comprises a mirror tile array that directs 16 target objects to 16 identical spectrographs. To
successfully perform this selection process across the entire patrol-field, each channel includes an adjustable
steering mirror and a fixed paraboloid mirror. The pupil image corresponding to each target object is formed
on the corresponding spectrograph MEMS-DM.
In addition, the OSM directs light to the auxiliary systems; the PSFM, the FFVC and the 3 NGS-WFSs.

Figure 8:1 Functional diagram of the OSM sub-system (shown in red). For clarity a rendered drawing of the
OSM (showing 4 channels) is included.
The OSM is shown in rendered form in Figure 8:2. The OSM and 4 spectrograph cryostats, each containing 4
spectrograph units, are necessarily mounted to the same rotating structure. We refer to this structure the OSMspectrograph structure. For clarity, in Figure 8:3 the spectrograph main structure and cryostats are colored
separately to the OSM. The spectrograph main structure is of particular importance as it has been designed to
keep the spectrographs and OSM aligned regardless of ambient temperature, a very useful feature for testing
purposes. The spectrograph main structure and spectrographs are discussed in Section 9.
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Figure 8:2 The Object Selection Mechanism (OSM) together with the 4 spectrograph cryostats (each
containing 4 spectrograph units) and the structure that supports both. The entire unit rotates underneath the
Offner relay. The location is shown above relative to the Offner relay (left) and the TMT (right).
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Figure 8:3 The relationship between the OSM (shown rendered), the spectrograph cryostats (transparent
brown) and the rotator (transparent purple).

8.2
8.2.1

FUNCTION
Target selection

It is the role of the OSM to direct light from the science targets to each of the 16 spectrographs, the NGSs to
the NGS-WFSs and a bright star to the PSFM.
Object selection is performed through tiling the low-order AO-corrected output focal surface of the Offner
relay with square mirrors having a nominal FoV of 24” (side-to-side), as shown in Figure 8:4. These flat tiled
mirrors can be articulated in 3 axes (tip/tilt/piston) to direct the light onto one of (nominally) 16 steering
mirrors which feed TiPi’s 16 individual d-IFU spectrographs. The steering mirrors, again flat, are articulated
in 2 axes (tip/tilt), in consort with their respective tiles, to select a 1.5” region anywhere within the tiles’ FoV.
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When displayed in the full 16 spectrograph unit version, the optics can look very complicated, however, this is
an illusion as the optics are in reality only 16 copies of something very simple. To illustrate this, an optical
layout of one of the OSM light paths is shown in Figure 8:4 with the optical components labeled.

Figure 8:4 A single spectrograph channel of the OSM. There are 16 identical channels forming the OSM.
Each channel selects one target in the focal plane and directs it to a spectrograph (not shown). The optical
elements shown in are: a flat tile mirror capable of tilt and piston; a path compensating flat steering mirror; a
CaF2 field lens and an off-axis parabola. The parabola forms an image of the pupil, in the direction of the
target, on a MEMS-DM for high-order wavefront correction. The scale of the optics is shown in (a). Only 2
of the optical components are required to move (b).

8.2.2

NGS and PSF monitor star selection

By similarly orienting appropriate tiles and steering mirrors, the light from any three NGSs can be selected and
their light directed into three NGS-WFS cameras. A star for monitoring PSF variations through an exposure
can also be selected and fed to the PSFM.

8.2.3

Feeding the full-field camera

The tiles are also able to be oriented (tip/tilt/piston) to feed the FFVC in order to allow the full 5’ patrol-field
to be imaged.

8.2.4

Atmospheric Dispersion Compensation

Atmospheric dispersion compensation may be required to avoid excess blurring of the image within the field
of each IFU. Clearly some latitude is permitted given that the IFU itself disperses the field (atmospheric predispersion represents a small iso-wavelength curvature to a point source). Provided a total dispersion across
the waveband is less than ~10% of the d-IFU field (150mas) then an ADC will be considered unnecessary.
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Nevertheless a place holder requirement is specified which requires the design of a small Risley Prism counterrotating doublet to be placed in the region ahead of the MEMS-DM. Given its lack of criticality and ease of
design, the ADC is not included in the preliminary specification of TiPi.

8.2.5

Pupil re-imaging onto MEMS-DM

The steering mirrors are mounted on a translation stage to allow for path equalization from anywhere in the
focal surface to a secondary pupil imaged onto a 30mm diameter MEMS-DM by an off-axis paraboloidal
mirror. The MEMS-DM gives the system its high-order AO-correction capability. From the paraboloidal
mirror onwards, the optics of the IFU spectrograph (including MEMS-DM, magnification fore-optics, slicer
and spectrograph) are stationary. It is difficult to visualize all 16 OSMs and hence a 4-unit subset, including
the paraboloidal mirror and DM, is shown in Figure 8:5.

Flat 3-axis
steering mirrors

MEMS-DMs
OAPs

Tiled
MOAO
focal-plane

4 of 16 d-IFU
spectrograph units

Figure 8:5 Layout of 4 of the 16 d-IFU feeds in the refrigerated enclosure.

8.3

SPECIFICATION

The following summarizes the preliminary sub-system requirements for the OSM.
•

Patrol-field: 5’ (diameter of circular field);

•

Tile mirror:

•

o

Tip/tilt/piston range: ±10º/±10º/±5mm

o

Accuracy & Stability: ±2μm/±2μm/±25μm

o

Surface quality / roughness: 1nm

Steering mirror:
o

Tip/tilt/piston range: ±6.61º/±6.61º/±905mm
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8.4

o

Accuracy & Stability: ±1.2μm/±1.2μm/±25μm

o

Surface quality / roughness: 1nm

•

Re-configure time: <1s

•

Operating Temperature: -35C

•

Pupil Image size: 30mm (matched to available MEMS-DM)

•

Pupil Image quality: 80% EE within 0.1m sub-aperture (as subtended on primary)

•

Surface quality: 30nm (rms)

•

Surface roughness: 3nm (rms)

INTERFACES

Optical interface specifications include:
• f/15 input beam from the TMT and Offner relay
•

Focal curvature and pupil location as delivered by Offner relay

•

Entrance pupil on flat surface of MEMS-DM

•

All optics beyond and including the MEMS DM paraboloidal mirror are stationary with respect to
tiled focal surface.

Mechanical interfaces:
•

The OSM is supported by the spectrograph structure. This structure connects to the rotation unit.

•

The OSM connects to the Full-field Visible Camera.

•

Power and LAN connections.

8.5
8.5.1

DESCRIPTION
Optical train

TiPi’s flat square mirror tiles are mounted so that their nominal centers conform to the Offner relay’s curved
image surface. Any tile can be allocated to any one of the 20 steering mirrors to feed the 16 d-IFU
spectrographs, the 3 NGS-WFSs or the PSFM. The steering mirror, which also operates as a path
compensation optic, is followed by a fixed parabaloidal mirror which forms a pupil image onto the MEMSDM. All down-stream optics, from and including the parabaloidal mirror, are fixed with respect to the rotating
body of the OSM; only the flat tiles and the steering mirror are articulated along 3-axes. The combination of
the chosen flat tile and steering mirror pair, together with the fixed parabaloidal mirror, form a pupil image
onto the MEMS-DM. The combined 3-axes motion of the tile and steering mirror pair are then adjusted to
select a small, 1.5”, patch of sky while equalizing the optical path length to the pupil formed on the MEMSDM. The optical layout showing 4, out of the possible 20, allocations is given in Figure 8:5.

8.5.2

Tiling architecture

In order to satisfy a range of science objectives, from sparsely distributed targets to tightly clustered groups
through to single large diffuse objects, a tiling architecture is proposed that uses a variety of tile sizes and
locations to optimize the versatility and utility of the concept. The following bullet points describe the
proposed architecture in detail.
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The TiPi’s patrol-field is populated by an array of flat mirrors that tile the focal plane as shown in Figure 8:6.
There are 3 gradations of tiles:
a. the 136 outer 24” tiles populate all but the central area. These are tip/tilt adjustable and can direct a
selected ~1.5” patch into any of 16 d-IFU spectrographs arrayed around the edge of the patrol-field;
b. the 15 inner 6” tiles can also steer a similarly selected ~1.5” patch into any of the 16 d-IFU
spectrographs;
c. the central 4-by-4 region of fixed ~1.5” tiles are oriented towards the 16 d-IFU spectrographs to form
a contiguous 6” “ field of view as shown in Figure 8:7.

Figure 8:6 The proposed tiling configuration showing the 24” steerable outer tiles with the inner array of ~6”
steerable tiles augmented by a central 4-by-4 array of contiguous ~1.5” fixed tiles.
The tile arrangement is designed to accommodate a mixed set of observing modes that include:
i.
ii.
iii.

objects randomly dispersed across the 5’ patrol-field;
tightly clustered objects within a central, 24” zone;
a contiguous field of ~36 arsec2

The tiling configuration is highly versatile in that all modes can be supported to the limit of observing 16, 1.5”
patches of sky simultaneously. An example target selection is shown in Figure 8:8.
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Figure 8:7 The versatility offered by the hierarchical tile array. The 3 tile sizes are 1.5” (“micro”), 6” (“mini”)
and 24” (“macro”).
With the exception of the central 4-by-4 set of contiguous tiles (as shown in Figure 8:7), each of the larger tiles
is capable of pointing to any of the 16 flat steering mirrors associated with each d-IFU spectrograph. The tile
mirrors, in consort with the steering mirrors, can be oriented so as to center a selected 1.5” patch onto the
optical axis of the d-IFU spectrograph. The steering mirrors are also translated along this optical axis to
compensate for the variable optical path to the individual tile that is servicing it. The arrangement is depicted
in Figure 8:5. The position and orientation of each of the central 4-by-4 set of contiguous tiles is fixed so as to
feed a particular steering mirror.
Each 3-axis steering mirror directs light to an off-axis paraboloidal (OAP) mirror that images the telescope
pupil onto a small MEMS-DM.

Figure 8:8: An example of target selection in a case which includes two closely packed regions (4 objects
each); 3 widely spaced objects and a central, contiguous, 3” “ (2-by-2) zone.
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8.5.3
8.5.3.1

Tiled Focal Surface
Macro tile mirror mechanism

There are 136 macro tiles in the TiPi tile array. The positioning requirements for the tile mirrors are shown in
Table 8:1. The required accuracy for positioning a single tile mirror is somewhat more relaxed than that of the
steering mirror, given that the mirror is located in the focal plane, although significant accuracy is still required
for pupil registration onto the MEMS-DM. More critical tolerances are in fact placed on the tip/tilt actions of
the steering mirror as this mirror is located in a quasi-pupil position.

Tile mirror mechanism

Requirement

Tip range

±10 o

Tilt range

±10o

Z-axis range

±5mm

Tip accuracy

± 2μm

Tilt accuracy

± 2μm

Z-axis accuracy

±250μm

Table 8:1 The positioning requirements of a single tile mirror

The starting point for the TiPi mechanism is the elegant mechanism designed for the KMOS-2 instrument 2.
Shown in prototype form in Figure 8:9, this tip/tilt mechanism is based on a very simple principle – that of
movement produced by passing electric current though a coil positioned in the vicinity of a magnet. The small
mirror (not shown in the Figure) is on a gimbal mount with each axis possessing a magnet situated in between
2 coils. The encoders also operate on the same principle, but measuring the reverse effect.
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Figure 8:9 The tile mirror mechanism for the KMOS-2 instrument. The mechanism provides very accurate tilt
of the small ~10mm mirror, even in a (truly) cryogenic environment. Designed by Pierre-Eric Blanc, LAN.
The TiPi tile mirror differs from the KMOS-2 equivalent in three critical ways:
•

The TiPi mechanism does not need to operate in a cryogenic environment, only -35C

•

The macro tiles at ~50mm square are much larger than the KMOS-2 equivalent

•

The TiPi mechanism must provide focus adjustment

In addition:
•

The smallest stepper motors currently available are less than 10mm in diameter. It is therefore
conceivable to consider such an off-the-shelf motor for the positioning of the 50mm square macro
tiles as space underneath the mirror is not such an issue.

This opens up the possibility of searching for a less complex solution for the driving mechanism for the TiPi
macro tile mirrors than that proposed for KMOS-2.
The tile mirror is supported by three lead screws that are connected to miniature stepper motors. The motors
are fixed in the tile array base-plate that supports the entire tile array and connects to the spectrograph
structure. The lead screws make sliding contact to three pads on the back of the tile mirror via a ball screw.
To keep the mirror centered and located a stiff pin is connected to the center of the tile mirror via a rolling
joint. The mirror freely rotates about the joint for tip and tilt maneuvers without moving laterally. This eases
the process of aligning the motors to the centre of the mirror during the assembly phase. During focus
adjustments the pin slides in the central shaft. The sliding pin can also be used to provide restraining force by
incorporating a spring load on the underneath of the base-plate as shown in the Figure 8:10. This leads to a
reasonably hysteresis free motor mechanism.
Encoding can be performed using several techniques. One could obtain double shafted stepper motor units and
place an optical rotary encoder on the spare shaft. An alternative encoding method that directly measures the
movement of the mirror is to use 3 spring potentiometers. The smallest spring potentiometers are 19mm by
19mm by 10mm such as that shown in Figure 8:10. These could be placed directly underneath the base-plate.
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This mechanism has no obvious issues with operation at -35C; both stepper motors and spring encoders
operate successfully at this temperature with appropriate clearances allowed for. It also has the advantage of
keeping a fixed position when powered down.

Figure 8:10: This spring potentiometer, with a size of 19mm by 19mm by 10mm, could be used to directly
measure the angular tilt and focus of the macro tile mirrors. (courtesy of Spaceage control
http://www.spaceagecontrol.com)
8.5.3.2

Mini tile mirror

There are 15 mini tile mirrors in the center of the TiPi field, as shown in Figure 8:7. The mirrors are ~13mm
square therefore it is not possible to use the conventional stepper motor mechanism of the macro tiles. The
mini tile mirrors require no focus adjustment therefore we propose to use the exact replica of the KMOS-2
mechanism designed for actuation of exactly this size mirror.
8.5.3.3

Micro tile mirror

The entire micro tile array of 4 by 4 tiles subtends only 1.5” on the sky and as such is used for 2D
spectroscopy of a continuous field, therefore, one requires only a fixed orientation of mirror tilt for each tile in
the array. At 3.3mm square, this micro tile array (also shown in Figure 8:7) will be manufactured using image
slicer technology.
The tile array is shown in Figure 8:11 with 4 of the 16 optical channels in view.
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Figure 8:11: The OSM tile macro tile array (135 tiles each 24” “ square). Four targets are directed to the
corresponding pupil image on the MEMS deformable mirror.

8.5.4

Steering and Path Compensation Optics

The mechanism for controlling the steering mirror is the item of the OSM with the highest optical tolerance.
The steering mirror, a flat mirror of diameter ~100mm, controls the position of the target object of the
spectrograph detector and must be able to provide adequate position control. The performance specifications
for this mechanism are summarized in Table 8:2.

Steering mirror
mechanism

Requirement

Tip range

±6 o

Tilt range

±6.6o

Z-axis range

±90mm

Tip accuracy

±1.2 μm

Tilt accuracy

±1.2 μm

Z-axis accuracy

±25μm

Table 8:2 Positioning specifications for the steering mirror
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As a starting point we look again to the solution of the LAM group for the MOMFIS instrument for the OWL
telescope. Shown in Figure 8:12 are two suggestions for the tip, tilt and focus mechanism for the MOMFIS
steering and path-length compensation mirror.

Figure 8:12: Two possibilities for the tip, tilt and focus mechanism for the MOMFIS steering and pathlength
compensating mirror.

One would, as always, prefer to use low risk, off-the-shelf items for any mechanism. We again compare the
requirements for the TiPi steering mirror versus the equivalent MOMFIS:
•

TiPi is vertically orientated with respect to gravity, whereas MOMFIS must cope with a varying
gravity field;

•

The z-axis motion of the mirror, used to compensate for path length differences, possesses the noncritical tolerance and is parallel to the gravity vector (as with MOMFIS the tip/tilt movements are
about the mirror center of gravity);

•

The steering mirror and housing can be easily counter-weighted to improve z-axis positioning
resolution;

•

The z-axis motion range is only ±90mm for TiPi.

A sensible approach is therefore to split the rotational tip/tilt movements from the z-axis path compensation
movement. For the z-axis movement we propose a simple stepper motor driven linear stage with optical glass
encoder directly mounted to the back of the moving stage, as shown in Figure 8:13. An absolute encoder is
mounted to the drive shaft of the motor. Such a system routinely has better than 25μm accuracy with a
suitable gear reduction in the motor. An alternative would be to counter-weight the steering mirror and
housing, a luxury of a vertical mounted instrument, and use a direct drive DC motor with a small load on the
motor.
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Figure 8:13 The linear stage of the steering mirror mechanism provides adequate movement range (±90mm)
and accuracy (±25micron) (left). The linear glass encoder is positioned on the rear-side of the stage with the
read-head mounted directly to the moving carriage (right).

The tip/tilt mechanism requires further thought. One could adopt the hexapod design of the MOMFIS mirror
that with suitable encoders could provide ±1μm accuracy. However, a cheaper solution might be to use motor
drives from Newport that do provide ±5μm accuracy without the use of encoders directly attached to the
moving component. (Such motors are quoted with ±1μm accuracy but often hysteresis in the system increases
this value). With careful thought to the design one could be convinced to at least prototype the tip/tilt
performance of a relatively “off-the-shelf” linear motor with encoders directly attached to the moving mirror.
The steering mirror units are mounted side by side on an optical bench, each bench carrying 4 units. An optical
bench with 4 units in place is shown in Figure 8:14 (the design and manufacture of the optical bench is
discussed in Section 8.5.8).
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Figure 8:14 The steering mirror mechanisms mount directly to a lightweight optical bench (discussed in
Section 8.5.8). Each bench carries 4 such units and there are 16 units in total.

8.5.5

Paraboloidal mirror

This is a stationary mirror of clear aperture 110mm that forms the pupil image onto the MEMS DM. Given the
size and function this is a zero risk item. As shown in Figure 8:15 we adopt a 3-point hard mount for the
mirror. For ease of alignment and in the interests of locating the mirror center during temperature changes, the
center of the mirror is located to the back-plate.

Figure 8:15 A simple 3-point mirror support and central locator for the OSM paraboloid mirror is more than
adequate for support of this stationary 110mm diameter mirror.
The paraboloid cells are mounted directly to a wedge shaped bench, each bench carrying 4 cells as shown in
Figure 8:16a. The arrangement of all 16 paraboloids relative to the OSM-spectrograph structural plate is
shown in Figure 8:16b.
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Figure 8:16 a. Four paraboloid mirrors are mounted to a wedge shaped bench that provides the necessary tilt
for each of the mirrors. b: Arrangement of for such benches on the OSM-spectrograph structural plate.

8.5.6

CaF2 field lens

The CaF2 field lens is approximately 100mm in diameter and is a stationary element. It is mounted in a
standard lens cell and directly connected to the optical bench, as shown in Figure 8:17, directly beneath the
steering mirror unit.

Figure 8:17 The 100mm CaF2 field lens and mount. The field lens sits directly below the steering mirror, as
shown for 4 units in b.

8.5.7

MEMS-DM

The MEMS DM is situated at the pupil image of the OSM, formed by the paraboloid. It is the last element
before the spectrograph cryostat window. There is one MEMS-DM per optical channel. For full MOAO
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capability TiPi requires a MEMS-DM of 64-by-64 actuators. The current largest MEMS-DM is shown in
Figure 8:18 and manufactured by Boston Micromachines.

Figure 8:18 A 32-by-32 MEMS deformable mirror, currently the largest available. TiPi requires a 64-by-64
version for full MOAO (picture courtesy of Boston Micromachines http://www.bostonmicromachines.com).
Boston Micromachines is under contract to deliver a 64-by-64 actuator device for the Gemini Planet Imager
AO system.

The MEMS deformable mirrors are connected directly to one of the 4 optical benches of the OSM, as shown
in Figure 8:19.

Figure 8:19: The MEMS-DM units are connected directly to the optical bench. The bench supports all the
OSM optics after the tile mirror, therefore providing a stable support for the optical train.

8.5.8

Optical bench

The basic concept of the OSM is to mount as many of the optics as possible to an accurate and stable surface.
Even during very large temperature changes the surface will keep the elements co-linear.
The manufacture of the optical benches for the OSM, of which there are 12 (4 for the paraboidal mirrors, 4 for
the science channels and 4 for the auxiliary optics) is identical. Firstly a welded steel truss is made for the
support of the bench. After a steel plate is welded to the truss, and, finally, the plate is machined flat by a large
milling machine. This is an easy method to produce lightweight benches of a known surface flatness (see the
Goodman spectrograph for example 3).
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Figure 8:20: The optical bench of the OSM with dimensions. The bench is made of a thin welded steel truss
and thin steel plate. After welding the plate is machined flat using a large milling machine. The remaining 3
OSM benches in addition to the benches for the paraboloid mounts are manufactured in an identical fashion.

8.5.9

Metrology Actuation

Internal metrology is required for the instrument integration, alignment testing, calibration, operation and
maintenance. Because of the long optical paths involved in the OSM, it is likely that metrology will be
required at least for periodic assessment and control of the various parts of the instrument (in particular the
tiles, steering mirrors and MEMS-DM). We do not anticipate the need for metrology on short time-scales
since TiPi is operating in a benign environment where the gravity vector is unchanging and the environment
(temperature, pressure, humidity) is closed and controlled. Nevertheless, the requirement on spatial resolution
(50% EE within 50mas and spaxials down to 12.5mas) leads to tough positioning requirements on the OSM
mirrors, as indicated in Section 8.3.
We are, however, fortunate in having a system like the FFVC, which can view the full patrol-field in one hit.
This allows for various open-loop metrology schemes that can be directly linked into the frame of reference
defined by astrometrically determined sky coordinates. As an example, it is possible to give each tile, or intertile position, a diode (or laser) reference fiducial that can be seen by the FFVC. While such a technique is very
useful in tying the sky-to-tile frames of reference, it does not take account of the down-stream OSM and slicer
optics. For this we require back-illumination of the slicer itself. This can be effected by placing a diode or
laser light source at (or very close to) the slicer.
Since tile positioning tolerances are so tight, the tiles themselves cannot be re-positioned to allow specula
reflection into the FFVC and would therefore have to rely on catching the Lambertian scattering tail of a bright
source. If this proves to be impractical an alternative would be to mount a small aperture, down-ward looking
telescope in the vicinity of M6. This retro-telescope would catch the full 5’ patrol-field onto a 4k2 CCD
having the same pixel scale as the FFVC. Accurate (~1/20th) pixel centroiding is then required in order to
secure positioning of the IFUs.

8.5.10

Thermal Enclosure
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The OSM-spectrograph unit is located inside the thermal enclosure as discussed previously in Section 7.5.2.
There is therefore no need to provide a separate thermal enclosure. The spectrographs are housed completely
inside cryostat housings

8.6

PERFORMANCE AND COMPLIANCE

In the development of d-IFU instrument concepts, three primary technologies have been considered; fibers,
pick-off arms and focal plane tiling. We dismiss fibers for a variety of reasons outlined in the original TiPi
feasibility study proposal. On the other hand, pick-off arm concepts (eg: KMOS-1), being pursued by the UF
team are worthy of study but may suffer from a number of problems:
•

The feed to the pick-off probe is generally required to be telecentric in order that its optical axis is
independent of probe position. This requires correction optics ahead of the input focal surface;

•

The optical train which relays the selected image from the pick-off probe onto the slicer has to
navigate the deployable arm and elbow through a large number of reflections;

•

A cold pupil has to be supplied within the arm in order to block thermal radiation.

While none of these problems are fatal they do represent severe constraints to a design which one would prefer
to avoid if there was an alternative. After some consideration, we prefer the solution adopted by the ESO
KMOS-2 consortium. Our revised scheme, as expounded here, is simple, uses the minimum of reflections and
requires straight-forward mechanisms that do not have to be located in a cryogenic environment.

9.

SUB-SYSTEM (C): THE SPECTROGRAPHS
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9.1 SUB-SYSTEM IDENTIFICATION
This sub-system comprises 16 identical spectrographs, one for each of the 16 targets as shown in Figure 9:1. A
functional diagram of the basic unit is shown in Figure 9:2.
The pupil image of the respective target is imaged onto the surface of a MEMS-DM. After high-order AO
correction using the MEMS-DM the target image is enlarged to the correct magnification using the Object
Magnification Optics, providing either 12.5, 25 and 50mas spaxial sampling. The magnified image is formed
on a 30 element image slicer.
The remaining systems are the collimator, grating, camera and 1K2 HgCdTe detector.

Figure 9:1: The layout of the 4 spectrograph cryostats relative to the tile array. The cryostats are supported
directly by the field de-rotator housing. They are located to the OSM plate with respect to lateral movement.
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Figure 9:2. Functional diagram of the spectrograph sub-system (shown in purple). The 16 spectrographs that
comprise this sub-system are identical and therefore only one description suffices. For clarity a rendered
drawing of 1 spectrograph is included.

9.2
9.2.1

FUNCTION
AO (High-Order) Tweeter Correction

The residual, high-order AO correction that remains uncorrected by the woofer DM in the Offner, is fed to a
MEMS-DM in each d-IFU spectrograph optical train. Tomographic reconstruction of the atmosphere permits
AO (tweeter) correction optimized for each position in the 5’ patrol-field. The woofer/tweeter combination of
M6 and M11 gives the MOAO capability required for TiPi’s near-DL performance over its field.

9.2.2

Magnification Selection Optics

Magnification of the selected object onto the image slicer is required to match the slice thickness to the chosen
spaxial scale. A choice of spaxial scales between 12.5mas and 50mas are required. Hence an exchangeable
set of the magnification optics, between the MEMS-DM and the slicer, are needed, not only to re-form the
selected patch of sky onto the slicer, but also to form a secondary pupil image, within the cryo-chamber, at a
Lyot stop in order to control thermal emission within the spectrographs.

9.2.3

Scale Selection at Slicer

In order to accommodate a range of science targets and atmospheric conditions, spaxial scales, as determined
by the image slicer pitch, can be selected over an arbitrarily wide range. Given the expected near-DL imaging
performance of the MOAO system, a minimum spaxial resolution of 12.5mas has been chosen while the
required 50mas spaxials represents an upper limit to the spaxial size that the spectrographs will currently
support. We are therefore advocating 3 choices between the two defined limits (ie: 12.5, 25 and 50mas
spaxials).

9.2.4

Formation of Lyot Stop

A Lyot stop is required within the spectrograph cryostat but before the slicer optics so that a clean cold-stop
can be used to eliminate thermal radiation within the instrument.
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9.2.5

Image Slicer

The 30-by-30 image slicer, and associated optics, re-formats the incident 2D sky image as selected from the
OSM, into a linear set of 30 slitlets which form the entrance slit of the IFU spectrograph. Each slice is
spherically profiled in order to re-form the pupils onto a linear array of spherical pupil mirrors which then form
a pseudo-slit for the spectrograph. A set of 30 spherical slit mirrors are then aligned to produce a common
pupil within the spectrograph itself.

9.2.6

Spectrograph Optics

The spherical collimator mirror collimates the light and forms the common pupil onto a reflection grating
which is selectable to allow for different dispersions and wavelength ranges. A camera focuses the dispersed
slit image onto the 1K2 HgCdTe detector. The camera also supports exchangeable filters as the primary
mechanism for wavelength range selection.

9.3

SPECIFICATION

The following summarizes the preliminary sub-system requirements for the d-IFU spectrographs.
•

•

•

•

9.4

Magnification fore-optics:
o

Magnification selection: 12.5mas, 25mas, 50mas (Arbitrary within range)

o

Dewar window: Flat

o

Lyot Stop within Cryostat: Exclusion of thermal radiation

o

WFE at slicer: Sufficient for finest sampling

Slicer optics:
o

Format: 30-by-30 spaxials (matched to a 1K2 HgCdTe with 18-20μm pixels)

o

Slice width: ~2mm

o

Pupil mirror pitch: ~2.4mm (slit length ~73mm)

Spectrograph optics:
o

Collimator: Spherical mirror (50mm beam)

o

Grating: Reflection 1st order (exchangeable to allow z-, J-, H- & K-band)

o

Filters: 10 and 20% band-pass (exchangeable to allow z-, J-, H- & K-band)

o

Camera: f/2.5 (slit subtends ~1 pixel)

o

WFE at detector: Sufficient for finest, 12.5mas, sampling

Operating Temperature:
o

Up-stream of dewar window: -35C

o

Down-stream of dewar window: -120K

INTERFACES

Optical interface specifications include:
•

Intermediate image (within cryostat) formed by paraboloidal mirror, prior to MEMS-DM;

•

Requirement for a flat dewar window between the MEMS-DM and the intermediate image;
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•

9.5
9.5.1

All spectrograph optics down-stream and including intermediate image at cryogenic temperatures.

DESCRIPTION
MEMS-DM

The parabolic mirror in the OSM, as shown in Figure 8:5 forms a 30mm flat pupil onto the MEMS-DM
(M11). The MEMS-DM then directs MOAO-corrected light through a flat cryostat window onto a field
mirror located at the re-formed image plane, as shown schematically in Figure 9:3. The combination of this
field mirror and the following re-imaging spherical mirror (also shown in Figure 9:3)

9.5.2

Magnification Selection Optics

The exchangeable fore-optics, installed within the cryo-chamber, relay the selected AO-corrected image onto
the slicer at a variety of scales indicated above. A flat dewar window is imposed between the MEMS-DM and
the intermediate (f/2.5 – 1mm) focus at which there is a field stop. A set of exchangeable spherical mirrors
perform the imaging onto the slicer while producing an intermediate pupil at which a cold Lyot stop can be
placed. For a given scale on the slicer, a spherical mirror and Lyot stop combination forms an exchangeable
unit.

DM
Re-imaging
spherical

Cold stop

Field Image

Figure 9:3 Magnification fore-optics schematic; dewar window between DM and field image is not shown.

9.5.3

Image Slicer

The spherically profiled image slicer, and associated optics, are shown schematically in Figure 9:3. Each slice
in the 30-by-30 image slicer has a thickness of 2mm arranged to form a linear array of pupil images having a
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pitch of ~2.4mm. Pupil mirrors are then used to re-format the 2D sliced image into a 1D pseudo-slit with slit
mirrors to produce a common pupil in the spectrograph. All slicer optics, including the linear array of pupil
and slit mirrors are spherically profiled.
An example of just such a prototyped image slicer, produced for the JWST project by LAM, with very similar
characteristics as required for TiPi, is shown in Figure 9:5.

Relay

Slicer stack:
- 30 slices
- 2mm width slices
- 60mm length
Pupil

Pupil.slit lines:
- 30 mirrors each
- ~2.4mm pitch
- 73 mm long entrance slit

Slit

Slicer

Figure 9:4 Schematic ofk
the slicer mirror and associated optics..
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Figure 9:5 From the LAM’s MOMFIS conceptual study for OWL: Example of a prototype image slicer
developed as part of the JWST/NIRSpec project, with specifications similar to that for TiPi.
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9.5.4

Spectrograph Optics

A schematic of the spectrograph optics is shown in Figure 9:6. Light from the linear pseudo-slit is collimated
by a spherical mirror onto a grating and thence into a fully refractive ~f/2.5 camera. Gratings and filters are
exchangeable to give a range of dispersion and wavelength range options. A beam size of 50mm is sufficient
for all dispersions up to R ~10,000 with the 50mas entrance slit. The optics are therefore extremely simple
with relaxed tolerances and no exotic materials or surfaces. A camera focuses the dispersed slit image onto the
1K2 HgCdTe detector such that the sliced image subtends approximately one, 18-20μm, pixel. In this case
both the width of the slit and the sampling along the slit are identical (save for a small anormphic factor caused
by the non-Littrow spectrograph configuration) and hence the recovery of Nyquist sampled spectral
information requires sub-pixel dithering of the detector in the dispersion direction. Such an approach is
considered in depth in Section 9.5.

Grating
Spherical
collimator
mirror

4 lenses
Filters

Detector

Folding
mirror
Slit line
(entrance slit: 73mm)
Figure 9:6 Schematic of the spectrograph optics from entrance pseudo-slit detector.

The full Zemax layout from TiPi’s tiles to spectrograph detector is given in Figure 9:7.

TMT.SEN.SPE.05.001.REL01

Page : 99/173
February 15, 2006

Figure 9:7 Zemax layout from tile to detector.

9.5.5
9.5.5.1

Detectors
Wavelength coverage

Raytheon and (more recently) Rockwell have both demonstrated near 100% internal QE in large format
HgCdTe detectors over the full wavelength range required for IRMOS, After reflection losses from single
layer AR coating, QE exceeds 90% across the whole wavelength range. Both manufacturers are able to apply
multilayer coatings.
The long wavelength limit specified in the Science Requirements, 2.5μm, is clearly related to the edge of the
K-band and the rapidly rising thermal background. On the other hand, it is not clear whether the short
wavelength limit is a true science requirement, since it coincides with the historical short cutoff wavelength of
HgCdTe detectors.
The detectors for TiPi will have their substrate removed for reasons to be discussed below and, as a byproduct,
will have significant QE down to 400nm (>70% at 600nm). We note that nothing in the TiPi concept prevents
operation in the optical; image quality will still be significantly better than natural seeing. The inevitable
degradation in wavefront correction could be accommodated by selecting a lower magnification prior to the
IFU. This feasibility study has responded only to the Science Requirements; no attempt has yet been made to
optimize the optical design for a broader wavelength range.

9.5.5.2

Dark Current
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The SRD specifies that “Detector dark current and read noise shall not increase the effective background by
more than 5% for an integration time of 2000s.” While dark current drops steeply with temperature it typically
reaches a floor as illustrated in Figure 9:8.
measured
Eg 0.486 (derived)
Eg 0.496 [eV] (theor.)

Dark current vs Temperature
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Figure 9:8 Dark current for 2.5:m cutoff Rockwell HAWAII-2RG-019
The better 2.5μm cutoff detectors have dark current floors in the range 0.003-0.010e-/pix/s as indicated by the
shaded region in Figure 9:9. The sky background per pixel varies greatly depending on image scale at the
slicer, spectral dispersion, and sampling (pixel scale). Figure 9:9 shows that, rather than being 1/20th of sky
background, as per the SRD, the detector dark current will often exceed the sky background even with
optimistic assumptions about detector performance. This is not a property of the TiPi design, but the simple
inability of current detectors to perform at the level demanded by the spectral and spatial resolution.
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SKY BACKGROUND BETWEEN OH LINES
at 1 pixel/spaxial (undersampled), R = 4000
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Figure 9:9 Sky background per pixel for various image scales at the slicer, for spectral resolution 4000 and
one detector pixel per spaxial. The shaded zone denotes the likely dark current range with current HgCdTe
detector technology, with the lower values representing the very best devices, which may be difficult to obtain
in large quantities. The horizontal black line is the background or dark current that would produce the same
shot noise (in a half hour exposure) as 5e- read noise.
9.5.5.3

Read Noise

For a given number of Fowler samples (averaged non-destructive reads) the read noise grows (slowly) with
exposure time for all HgCdTe detectors available today, due to low frequency noise generated in the detector
material itself. This effect tends to be compensated by the greater time which can be spent sampling in long
exposures. For exposures up to an hour at least, the read noise after Fowler sampling is expected to be
between 5 and 7e-. Least squares fitting to Sample-Up-the-Ramp data does not provide much improvement
over this, if any.
The ability of multiple sampling to suppress the growth in read noise with exposure time is predicated on the
absence of multiplexor glow since this would constitute an additional source of shot noise. Fortunately, no
multiplexor glow is detectable for a HAWAII-2RG even after several thousand samples.
The horizontal black line in Figure 9:9 denotes the dark current or sky background, which would produce the
same noise in a half hour exposure as 5e- read noise. For a half-hour exposure, as called for in the SRD, the
read-noise has even greater impact on signal-to-noise ratio than the dark current. There is evidence to suggest
that modifications to the detector fabrication process (currently under investigation) will reduce the read noise
somewhat. However, it seems overly optimistic to believe that the excess noise in the detector material will be
eliminated entirely, allowing the noise to scale as the square root of the number of fowler samples, as it does
for a bare multiplexor.
Fortunately, for 25mas spaxials there is a remedy, which does not require detector improvements. The
science case calls for total exposure times ranging from 4 to 8 hours. In setting noise specifications for 2000s
exposures, the SRD is presumably sub-dividing the total exposure time to deal with cosmic rays. Better ways
of dealing with cosmic rays will be discussed below. By simply extending exposures to several hours, the shot
noise from sky and/or dark current will exceed the read noise. Obviously the longer exposure time places
constraints on when the observation can be commenced.
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If dark current is improved, the read noise will again become dominant for 12.5mas spaxials. So it is clear
that we must press for improvements in both noise and dark current. With the appearance of a second viable
vendor of scientific HgCdTe detectors, the pace of performance improvements has quickened and prices are
dropping however, unless there are unexpectedly large gains, it is likely that TiPi will remain detector noise
limited at the finest spatial scales.
9.5.5.4

Format

In view of the significant range of circumstances in which TiPi will be detector noise limited, the baseline
design maps the approximately 800 spectral bins needed to cover an atmospheric window into only ~1,000
pixels, so that spectral sampling is sub-Nyquist. This maximizes the ratio of signal to dark current and read
noise. Note that Figure 9:9 already assumes this optimization and the situation would be four times worse for
Nyquist sampling; TiPi would be detector noise limited even for the coarsest sampling of 50mas/spaxial if
Nyquist sampling was adopted.
With a 2 pixel gap between virtual slits a 30x30 spaxial IFU can be accommodated by a 960 pixel wide array.
At 50mas per spaxial a 30x30 IFU covers only 1.5”. The 2” FoV called for in the SRD is not ruled out but it is
expensive since a 40x40 spaxial IFU would illuminate only 1680x1000 pixels of a 2048x2048 detector, while
also requiring more expensive optics in each of the 16 spectrographs. Both manufacturers are indicating that
the 1Kx1K arrays will not cost much more than one quarter of the 2Kx2K arrays, so there is a substantial price
differential between these options.
9.5.5.5

Dithering

The detector must be shifted by half a pixel and exposed again to recover the full spectral resolution. The
detector can be mounted on flex-pivots or a hexapod actuated by piezoelectric stacks or piezo-motors, which
dissipate almost no power and are very stiff.
Accurate recovery of the spectral information relies on the intra-pixel response being well known, which in
practice means that it must vary smoothly and be reproducible from pixel to pixel. This has been shown to be
the case for a recent 1.7μm cutoff device under development for the SNAP satellite, which plans to reconstruct
full spatial resolution from under-sampled images. Perhaps 10% of pixels show dips in response of few
percent in amplitude when scanned with a ~2μm FWHM spot. These deviations from a smooth flat-topped
profile are localized to a few microns across and will be almost invisible with an 18μm spot size. Both
manufacturers claim that the intra-pixel response should be even better for the 2.5μm cutoff devices. The
summation of 2μm FWHM spot scans for adjacent pixels yields a flat response to within the measurement
errors (1% rms) indicating that no light is lost between pixels, which is consistent with the measurement of
near 100% internal QE.
While the excellent intra-pixel response described above is a prerequisite, the recovery of full spectral
resolution requires that the absorption and emission by the atmosphere not vary on the finest spectral scale on
the timescale of the dither. Unfortunately, pixels close to atmospheric features are likely to be affected. In the
worst case, under-sampling will reduce the number of pixels delivering full resolution to those which are
completely clear of the OH spectrum.
To mitigate this effect the dithering must be performed faster than the timescale of the sky variations or on an
intermediate timescale which is long enough for the high frequency variations to average out, yet short enough
for the systematic trends to have little influence. This poses a dilemma since it drives us to shorter exposures
when we are recommending very long exposures due to the unfavorable detector read noise.
A possible resolution to this dilemma is to dither the detector many times during a single long non-destructive
readout sequence. Clearly a least squares fit to the resulting ramp can be performed to extract the average

TMT.SEN.SPE.05.001.REL01

Page : 103/173
February 15, 2006

slope with the same S/N as an undithered exposure. It is our conjecture that a fitting algorithm, which
calculates the difference between the two slopes, will do so with comparable SNR - not the much lower SNR
which would result from a series of short exposures at the dither frequency. In support of this claim, we note
that by not resetting the detector between dither positions the data set has a common zero point. The fitting
algorithm uses the apriori knowledge of the dither timing to extract only the average and difference of the
slopes at each dither position. There is a strong analogy to the comparison between a single Sample-Up-theRamp exposure and the co-addition of N short exposures of the same total duration.
9.5.5.6

Nodding

If our hypothesis is correct, then the same technique can be applied to achieve accurate sky subtraction by
nodding relatively frequently, without incurring a severe read noise penalty. By moving the telescope, the
same thermal emission from the telescope will be seen in each beam. However, comparable performance may
be possible when using the OSM to move the image across the IFU, since cold stops will block the thermal
emission from the telescope, or will be irrelevant at shorter wavelengths where the blackbody radiation is
negligible. Using the OSM for beam steering has the advantage of greater speed and the flexibility to choose
timing, direction and step size independently for each IFU.
9.5.5.7

Cosmic Rays

Cosmic rays present a potentially serious problem for exposure times of several hours. Fortunately particles
entering at an angle will usually only intersect one pixel since the CdZnTe substrate will have been removed,
leaving a detecting layer which is considerably thinner than the pixel width.
The concentration of charge in one pixel and the instantaneous response makes the reliable identification of
cosmic ray hits possible in the presence of typical detector noise. Therefore it is possible to automatically
identify cosmic ray hits and fit to the remaining data points to derive the slope while ignoring the presence of
this step, discarding the latter points if they lie too close to saturation. In this way the cosmic rays will only
mildly degrade the SNR in the affected pixels rather than causing data loss.
In practice, most particle events are not the Muon showers produced by high-energy particles striking the
upper atmosphere, commonly referred to as “Cosmic Rays”, but are lower energy particles emitted by
radioactive materials in close proximity to the detector. Materials such as radioactive glasses in the dewar will
be avoided, but significant emission can still come from concrete. If necessary, nickel-plated lead is now
available as an inexpensive shielding material for use within vacuum systems.
9.5.5.8

Read modes

Since the signal will be read non-destructively during the exposure, it can be examined in real-time to
automatically determine when a given spectrograph has reached the required SNR. In many cases where there
will be an over density of objects at a given pointing, so the OSM can be moved to the next target within the
current 5’ patrol-field of TiPi as soon as the sufficient SNR has been achieved, without affecting the
integrations in progress on other IFU spectrographs. Simulations have indicated that such a strategy will
increase observing efficiency from 30% to 100%.
The design presented in this study allocates four spectrographs to each cryostat. When the noise floor is so
low, it is often difficult to avoid some electrical cross-talk between detector systems within a common
electrical shield. A robust solution will be adopted wherein detector systems will share a common master
clock and synchronize the start of reset or read scans to a common frame start pulse (every few seconds). This
eliminates beat frequencies and converts any interference to a fixed offset, which is removed during normal
calibrations.
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By clocking the detectors in sync and at a fixed cadence, whether exposing, resetting or idling, it is possible to
initiate or terminate “Sample-Up-the-Ramp” exposures at any time; exposures do not have to be identical on
each detector.
This invariant frame-scan cadence will be required anyway, to maintain constant (reproducible) self-heating in
the multiplexors to eliminate thermally induced zero-point drifts and dark current variations which would
otherwise create an intractable calibration problem.

9.5.6

Spectrograph Cryostat

By packing four spectrographs into a single cryostat, the surface area and thus radiative load per spectrograph
is minimized. The spectrographs have small entrance windows and thus can achieve low emissivity through
the use of multilayer insulation or highly polished solid shields. A single mid sized closed cycle helium
refrigeration system, will suffice for each cryostat and the four detectors within. For example, the CTICryogenics "Cryodyne 350" Gifford McMahaon refrigerator provides more than a factor of two margin over
the estimated 10W total load (radiative and conducted) on the first stage, while still allowing the second stage
to cool to ~15K. This low second stage temperature will allow the detectors to stand off by a sufficient
margin that tight servo control of their temperature is possible, while also allowing gradients along the thermal
buss strip to the detectors some distance away.
The very low sky background (~0.001 e-/pix/sec) at the finest spatial scales places high demands on the
permissible thermal radiation leakage from the telescope and environment. Since the spectrographs within one
cryostat alternate in their orientation in order to pack more densely, the radiation shield will be made
conductive enough to keep the entire surface near the first stage temperature of the close cycle cooler (6080K). The small entrance window helps minimize the ingress of thermal radiation into the dewar while the
light path is long and folds several times providing efficient baffling. Radiation from the telescope structure
will be blocked by a cold Lyot stop at a pupil image not far into the cryostat window, while a good length of
collimated beam is available downstream for baffling. Finally the detector will make a light tight seal to the
camera housing to take advantage of the placement of the order sorting filter within the camera optics so that
thermal radiation can only reach the detector when observing in the K band.

9.6

PERFORMANCE AND COMPLIANCE

The slicer and spectrograph design as presented was arrived at through a careful optimization of parameters
that would give the required performance while containing cost and complexity within reasonable limits for a
system that will have to be duplicated 16 times. The resultant design uses small, all-spherical, optics with very
relaxed tolerancing. The slicer design uses relatively thick (2mm) spherically profiled slices which are well
within present manufacturing capabilities. For R ~4,000, 1st order gratings with >400 gr/mm rulings are
sufficient. Higher spectral resolutions (R ~20,000) may require work in 2nd order.
The optical design of the spectrograph, including fore-optics slicer, collimator and camera, is compliant with
the requirements outlined in Section 9.3. Polychromatic spot plots at the slicer focal plane are shown in Figure
9:10 while representative spots at the detector are given in Figure 9:11.
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Figure 9:10 Imaging performance at slicer (scale = 50mas/slice)

Figure 9:11 Imaging performance plots (EE + spots) at detector.
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10. SUB-SYSTEM (D): THE AUXILIARY SYSTEMS
10.1 SUB-SYSTEM IDENTIFICATION
The auxiliary systems comprise the Full-field Visual Camera (FFVC); the Natural Guide Star Wavefront
Sensor (NGS-WFS) and the NIR PSF Monitor (PSFM). All 3 auxiliary systems are fed by the OSM and
hence share the same versatility in object selection as for science target selection. Considerable freedom is
available to select NGSs and PSF monitor stars throughout the 5’ patrol-field, limited only by the 24” deadzones representing the already allocated tiles.
Shown in Figure 10:1 is the functional diagram for the FFVC and NGS-WFS systems. The PSFM is not
shown. Only the optical functionality, specification and designs for these systems is covered in this section;
while time did not allow for their complete opto-mechanical design, nevertheless sufficient detail is presented
to establish general feasibility. The 4 systems (3 NGS-WFSs plus PSFM) occupy the 4 corners of the d-IFU
spectrograph layout.

Figure 10:1 Functional diagram of the auxiliary sub-system (shown in blue). The auxiliary systems include the full-field
imager (FFVC), the PSFM camera (not shown) and NGS-WFS systems that are all fed by the OSM.

10.2 FUNCTIONS
10.2.1

The NGS-WFS

The NGS-WFS cameras are required to supply tip/tilt measurement for the MOAO control system. Three
such NGS-WFS cameras are envisaged to supply some level of redundancy and SNR margin, and
accommodate compensation for tip/tilt anisoplanatism. Sky coverage is dependent on the ability to allocate,
within the patrol-field, sufficiently bright NGSs to their WFS cameras and hence the freedom to allocate any
unoccupied tile to the NGS-WFSs is a critical advantage offered by TiPi’s tiled focal-plane OSM.

10.2.2

The PSFM

The PSF monitor camera (PSFM) is designed to monitor the instrumental image PSF anywhere within TiPi’s
patrol-field at selected wave-bands in the NIR. The requirement for such a facility is twofold. First, withut a
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Nyquist sampled imaging camera there would be no way to ascertain the quality of the AO correction. Such a
capability is of particular importance in an MOAO mode of operation, where the quality of feed forward
control must be verified. The second motivation comes from the need to establish the time-averaged PSF, as
delivered by the MOAO system, for use in the data reduction processing which extracts the 2D spectral
information from the d-IFU data cubes. Of course, the PSF will vary significantly over the patrol-field and
one such PSF measurement gives insufficient information on its own to establish the PSF for each d-IFU field.
This is a basic, IRMOS-specific, conceptual constraint on any such AO-fed IFU systems, in all conditions
where the targets to be observed are not bright and intrinsically unresolved. The best that can be achieved is to
monitor the PSF with a bright star that is as close of the science target as possible. Of course, in the context of
multi-object d-IFU spectroscopy of distributed targets, there are no preferred locations for the PSF monitor star
and hence AO telemetry, coupled with the necessary tomographic modeling of the atmosphere, will be used to
reconstruct the time-averaged PSF for all positions in the patrol-field.

10.2.3

The FFVC

The possibility of imaging the full low-order AO-corrected patrol-field is very powerful for two reasons.
Firstly it offers the opportunity of taking a wide-field image of the SLGLAO-corrected target field for the
purposes not only of target identification but, more crucially, astrometry. By orienting all unallocated tiles
towards the Full-field Visual Camera (FFVC), the full patrol-field, minus the allocated tiles, can be imaged
simultaneously with d-IFU observing. Secondly, through a process of back-illumination from each slicer, a
robust method of metrology can be achieved which allows semi-continuous correction of the selected region
for each IFU.
10.2.3.1

Astrometric Imaging

A prerequisite for secure multi-object target acquisition is a reliable, stable and verifiable transformation
between astrometric sky positions and instrument coordinates. Given uncertainty in the intrinsic stability of
TMT’s Nasmyth focal length and optical axis, it is essential for the TiPi instrument to have the means, not
only for measuring its own internal metrology but of relating this to sky coordinates. By orienting the tiles
appropriately, a low-order, AO-corrected, image of the full patrol-field, incident at the output focus of the
Offner relay, can be recorded. This can be achieved with all of the tiles prior to d-IFU observing or
continuously during d-IFU observations on all unallocated tiles (allowing ~90% of the field to be observed
with the FFVC). A uniform coordinate grid mask can be imposed at the Nasmyth focal surface, using the
SCF, to spatially calibrate the field.
10.2.3.2

Metrology

Through laser back-illumination from the slicer onto the FFVC the location of the slicer can be superimposed
on the full-field image formed by the FFVC acting as an open-loop metrology device for monitoring the
observed positions on the sky. While flexure of the TiPi tile pick-off system is expected to be very small,
given its vertical optical rotation axis and constant environmental control, positioning security through
periodic metrology assessment and correction is viewed as absolutely essential. Such an approach requires
catching the Lambertian tail scattered from each allocated tile. If this proves inadequate then a retro-telescope
will be fitted to the M6 system as described in Section 8.5.9.

10.3 SPECIFICATIONS
10.3.1

The NGS-WFS

NIR light from up to three NGSs, within the patrol-field, are required to be fed to individual NGS-WFSs. In
order to maximize sky coverage, NGS selection constraints are to be minimized. This requires high sensitivity
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in order to accommodate faint, and hence high surface density, NGS targets and freedom to select NGSs from
almost anywhere within the patrol-field.

10.3.2

The PSFM

In order to optimally extract spatial information from the 3D spatio-spectral IFU data cubes, knowledge of the
image PSF (as a function of λ and location), averaged over an observation, may be required. For this reason
we specify the requirement for a system which is able to capture the time-averaged PSF in a selectable
atmospheric window through measurement of a PSF monitor star. The location of the PSF monitor star is
uncritical given the expected distribution of targets within the patrol-field, however when using just the center
of the field, in the case of highly clustered sources or for contiguous field observations, it is clearly
advantageous to minimize its projected distance from the science targets.
The PSFM camera should be capable of resolving any PSF structure which is extractable from observations
using the finest spaxial scale (12.5mas). As a consequence high-order AO-correction, supplied through its
own dedicated MEMS-DM within the PSFM, will be required.

10.3.3

The FFVC

The following summarizes the preliminary sub-system specification for the FFVC.
•

Scale: 75mas/pixel (f/1.4 camera)

•

Operating wavelength: 800nm (R-band with a 4k2 CCD)

•

Image Quality: 50% EE in 50mas

•

Operating Temperature: -35C

10.4 INTERFACES
10.4.1

The NGS-WFS

Optical interface specifications include:
• f/15 input beam from Offner relay
•

Focal curvature and pupil location as delivered by Offner relay

•

Entrance pupil on flat surface of MEMS-DM

•

All optics beyond and including paraboloidal mirror are stationary with respect to tiles focal surface.

10.4.2

The PSFM

Optical interface specifications include:
•

f/15 input beam from Offner relay

•

Focal curvature and pupil location as delivered by Offner relay

•

Entrance pupil on flat surface of MEMS-DM

•

All optics beyond and including paraoloidal mirror are stationary with respect to tiles focal surface.

10.4.3

The FFVC

Optical interface specifications include:
•

f/15 input beam from Offner relay
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•

Focal curvature and pupil location as delivered by Offner relay

•

All optics beyond and including paraboloidal mirror are stationary with respect to tiled focal surface.

10.5 DESCRIPTION

10.5.1

The NGS-WFS

The NGS-WFS camera feeds share exactly the same optical configuration as the d-IFU spectrographs (as
shown in Figure 8:5). NGS light passes through the Offner relay onto TiPi’s tiled focal surface. The selected
tile then directs the light via its dedicated steering mirror onto a MEMS-DM and from there into the NGSWFS camera itself. The MEMS-DM performs the MOAO-correction in precisely the manner of those
dedicated to the spectrographs thus allowing faint NGSs to be acquired. Three such NGS-WFS camera
systems are specified. The natural locations for the associated steering mirrors and MEMS-DMs are in the
unoccupied corners of the array of d-IFU spectrograph systems, as shown in Figure 8:8. The NGS-WFS
cameras will be located within the cold box enclosure and not the cryostat.

10.5.2

The PSFM

The PSFM camera layout is shown in Figure 10:2. Light is routed to the PSFM camera via the TiPi tile
system although demands on aberration control of the f/40 camera require a steering mirror which is ~2m from
focus. A scale of 3mas/pixel and a field of ~3” (assuming the use of a 1K2 HgCdTe detector) is sufficient to
resolve stellar PSFs for the finest IFU spaxial scales. Like the d-IFU systems, a MEMS-DM is inserted at a
relayed pupil in order to supply high-order AO-correction to the PSFM camera.
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Figure 10:2 Zemax layout of PSFM camera from tile to detector

10.5.3

The FFVC

The requirement to image the full 5’ patrol-field from a 30m telescope into a simple visual camera is very
challenging. Given the need for image quality and pixel sampling commensurate with a SLGLAO-corrected
field output from the Offner relay, a pixel scale in the region of ~50mas/pixel is required. As a base-line
requirement, we have assumed a 4k2 CCD, imaging in the R-band (for reasons of cost) which implies a scale
~75mas/pixel and a camera speed of ~f/1.4. In normal circumstances this would be an extremely challenging
specification requiring a substantial instrument budget in its own right. (cf: WFOS which has cameras of
equivalent field and speed.) However, a hidden advantage of the TiPi tiling scheme (discovered by Eric
Prieto) which is not altogether obvious, is that through appropriate articulation of each tile, an approximate
pseudo-pupil can be formed at the entrance to a simple Schmidt camera operating with the detector at an
internal focus.
The FFVC layout is given in
Figure 10:3, which includes the Offner relay feed. The re-orientation of the TiPi tiles as required to form a
patrol-field image onto the FFVC is shown in
Figure 10:4.
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Figure 10:3 Zemax layout from tiles to detector
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Figure 10:4 Tile configuration for full-field viewing. The gross angular offset or the tile array can be clearly
seen at the left of the figure. Each tile, however, has its own specific orientation as a perturbation on this
simple gross tilt.

10.6 PERFORMANCE AND COMPLIANCE
10.6.1

The NGS-WFS

Only the design of the NGS selection and subsequent feed to the NGS-WFS is defined; the design of the NGSWFS itself is outside the scope of this study. Given that the NGS pick-off system shares the same TiPi tiles as
that of the d-IFU systems, NGS selection, within the patrol-field, is constrained only by the pre-allocation of
tiles to the d-IFUs (and the single PSFM camera). Indeed tile allocation priorities between the NGS-WFSs and
the d-IFUs is entirely open, leading to a highly unconstrained NGS selection process. Furthermore, MOAOcorrection, through MEMS-DM actuation, will give substantial sensitivity improvements beyond that
delivered by the Offner’s low-order AO-correction. The system is therefore optimized for NGS-WFS
sensitivity and hence to sky-coverage.

10.6.2

The PSFM

The ensquared energy performance of the PSFM is shown in Figure 10:5. Clearly, within its 3” FoV
performance is very closely matched to the diffraction limit and hence is compliant with the requirement for
measuring near-diffraction limited PSFs. Given that the PSFM pick-off system shares the same TiPi tiles as
that of the d-IFU systems, PSFM star selection, within the patrol-field, is constrained only by the preallocation of tiles to the d-IFUs (and the three NGS-WFS cameras). Indeed tile allocation priorities between
the PSFM, NGS-WFSs and the d-IFUs is entirely open, leading to a highly unconstrained PSFM star selection
process.
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Figure 10:5 Imaging performance plots (EE + spots) at detector focal plane for the PSFM.

10.6.3

The FFVC

The image compliance is demonstrated in Figure 10:6.

Figure 10:6 Imaging performance plots (EE + spots) of the full-field visible camera at detector focal plane for
several representative tiles
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11. ADAPTIVE OPTICS DRIVERS
Each feature of the TiPi design has a specific role to play in providing an AO-fed multi-object spectroscopic
capability for TMT. Form follows function, and the TiPi AO architecture is motivated by a number of key
adaptive optics scaling laws and technical drivers. Many of these issues have accentuated importance on a
30m diameter telescope, so we review the key issues prior to describing TiPi in detail. This will help motivate
many of our design choices. To provide context to readers familiar with the facility NFIRAOS AO system
concept, we also describe the motivation of our TiPi design choices, particularly where IRMOS requirements
vary from those of first-light NFIRAOS/IRIS.

11.1 ANISOPLANATISM
In the current generation of astronomical AO systems, a single DM is used to compensate for atmospheric
turbulence along the line-of-sight to a guide star. This correction is applied to every source within the FoV of
the AO system, but is only perfect in the direction of the guide star. As the angular offset from the guide star
increases, the differential WFE along the path to the off-axis star increases. The error that results in applying a
correction that is perfect along one line-of-sight to one that is at an angular offset is called anisoplanatism. A
geometrical representation of the effect is shown in Figure 11:1.

Figure 11:1. The effects of anisoplanatism in AO. The image shows the trajectories through the 3D volume of
atmospheric turbulence traced by the guide star and an off-axis science target. The shear between the beams results in an
anisoplanatic error when the wavefront measured for the reference source is used to compensate the science target.

Anisoplanatism is the dominant source of error for the FoV over which the TMT AO systems must operate.
TiPi must overcome the effects of anisoplanatism in order to deliver AO compensated images over the 5’
patrol-field for use by the multi-object spectrographs. NFIRAOS must overcome the effects of anisoplanatism
in order to provide AO compensation of the NGSs used for tilt compensation. (This issue of tilt compensation
is described in more detail below.) These two AO architectures address the issue of anisoplanatism in
fundamentally different ways. NFIRAOS employs a multi-conjugate adaptive optics (MCAO) architecture,
while TiPi uses a multi-object adaptive optics (MOAO) architecture.
An MCAO system aims to overcome anisoplanatism by optically replicating the three dimensional
volume of atmospheric turbulence using multiple adaptive DMs conjugated to different altitudes. Larger
numbers of DMs, conjugated over many altitudes, yields more accurate turbulence compensation over
wider fields. The NFIRAOS design contains two such mirrors conjugated to zero and ten kilometers.
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An MCAO system compromises on the quality of compensation at any one point in the field in order to deliver
relatively uniform compensation over a finite FoV. The term in the NFIRAOS error budget that describes this
compromise is called the DM projection error, and represents the additional error one experiences from not
optimizing the correction in the direction one wishes to look. In exchange for compromising on the quality of
correction at any one point in the field, an MCAO system is able to deliver compensation over a finite FoV. In
the NIR, the controllable FoV for the NFIRAOS system is about 30”. Within this field, NFIRAOS suffers
from DM projection error at the level of 50 to 120nm (rms). Once outside this controllable field, performance
rapidly degrades. This is analogous to the effects of anisoplanatism in a single conjugate AO system in which
image quality degrades with increasing angular offset from the guide star. As an illustration, for the first-light
NFIRAOS design the J-band Strehl ratio is of order 35% over the central 30” field, and degrades to about 1%
at the edge of the 2’ FoV.
An alternative strategy is to adopt an AO architecture that provides independent atmospheric turbulence
compensation for each of many narrow field channels that may be selected from throughout a larger FoV.
This is the MOAO architecture. By permitting independent compensation in each direction, the MOAO
architecture eliminates the necessity for a compromise between image quality and controllable FoV that
characterizes an MCAO system. In this way, the MOAO architecture eliminates the DM projection error term
while at the same time permitting AO compensation over a much larger field.
The TiPi design implements this type of multi-object AO compensation. This design uses a single adaptive
DM to remove much of the WFE arising from atmospheric turbulence. This common mode correction is
applied to all objects throughout its patrol-field. TiPi supplies an additional adaptive DM for each of 16
narrow fields of view (FoV ~1.5”), which are fed to individual IFU spectrographs. These secondary adaptive
DMs tune up the atmospheric correction by applying the differential WFE between the common mode
correction and the direction along the line-of-sight to the science target. In this way, the TiPi design allows
adaptive compensation of 16 objects drawn from throughout a 5’ field of view.

11.2 SKY COVERAGE
TMT has based its AO strategy on sensing atmospheric turbulence using sodium laser beacons (LGSs). These
beacons are insensitive to wavefront tilt and this component of atmospheric turbulence must be sensed in
another way. The proposed methodology is to sense tilt using NGSs located within the FoV of the AO system.
By sensing the tilt from more than one such NGS, one may interpolate the tilt to the location of the science
target and apply this correction to a tip/tilt mirror. The likelihood of finding stars of adequate brightness for
use in real time tilt sensing and control dictates the fraction of the sky over which the AO system may operate.
The sky coverage is substantially enhanced if these stars themselves benefit from some degree of AO
compensation.
The AO compensation of NGSs for use in tilt sensing was the motivation for NFIRAOS to adopt both an
MCAO architecture and a FoV ~2’. The wide field correction supplied by NFIRAOS provides some AO
compensation for stars used in tilt sensing. These stars may be drawn from throughout the 2’ field. Despite
this design, NFIRAOS has difficulty in meeting the ambitious sky coverage requirements. Most of NFIRAOS
2’ FoV is well outside the 30” FoV over which the design can supply a stable correction. The consequence of
utilizing stars outside this controllable field will be substantial variability in image quality. This is entirely
analogous to the variable image quality that arises from anisoplanatism in the current generation of single
conjugate AO systems. In these types of system, Strehl ratios can vary by factors of several on minute
timescales at offsets of 30” from the NGS. It is not clear whether useful tilt information may be acquired in
the presence of substantial variability in image quality at the edge of its field. The sensitivity of a quad cell
detector to variability in the spot size is well known. The noise optimal reconstruction of tip tilt
measurements will also be effected by these variations. Given NFIRAOS' 2 mas error budget, this
variability may lead to a significant reduction in sky coverage.
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The TiPi design permits for independent AO compensation in multiple directions on the sky. This allows one
to compensate each tip/tilt NGS individually using the same combination of a common mode correction and a
secondary adaptive DM that tunes the AO compensation in the direction of the NGS. In this way, MOAO
allows TiPi to maintain image quality in the face of turbulence profile evolution. At the same time, the
architecture allows one to draw tip/tilt NGSs from throughout a 5’ patrol-field. The combination of
controllability and larger patrol-field permits a substantial improvement in sky coverage over that offered by
NFIRAOS.

11.3 DEFORMABLE MIRROR STROKE
One of the challenges for TMT AO is to provide the adaptive DM stroke that is required to compensate for
atmospheric turbulence. In poor turbulence conditions at the zenith, about 3.5μm (rms) WFE must be
compensated. The primary consideration that arises when procuring an adaptive DM is the tradeoff between
stroke and actuator spacing. One can procure adaptive DMs that deliver large enough stroke, but such mirrors
do not have enough actuators to provide high precision atmospheric turbulence compensation. Likewise, one
can procure low-stroke DMs with a large number of actuators. These mirrors lack the stroke required to fully
compensate atmospheric turbulence.
The NFIRAOS design addresses this problem by placing 2 adaptive mirrors in series. This design contains
two 60x60 piezo-stack DMs, which are conjugated at different altitudes to permit the relay to operate as an
MCAO system. Together, these two mirrors provide the stroke required to allow the system to operate under
poor turbulence conditions.
The TiPi design partitions the AO correction across 2 mirrors as well. The common mode correction is
supplied by a high-stroke, 30x30 actuator, DM. The balance of correction is supplied by high actuator
count, low-stroke MEMS-DM devices, which tune up the correction in the direction specific to the target.
At present, MEMS-DM devices are available with actuator counts up to 32x32 and a stroke of 2 μm.
Development of a 64x64 actuator device with higher stroke appears to be in the vendor pipeline (using
LAO and other funding sources), and is now the baseline adaptive mirror for the Gemini Planet Finder
instrument. While further advances in MEMS-DM stroke and actuator count appear likely, a credible
design for TiPi must aim to minimize the stroke required from the MEMS-DM devices. The common
woofer plays a critical role in minimizing this stroke.
A convenient correction to place onto the common woofer is one that is optimized for compensating a star
at the center of the field. With this correction, the residual error at the center of the field is simply the
fitting error from a 30x30 actuator mirror. This residual error increases with angular offset from the field
center according to normal anisoplanatism. In typical turbulence conditions, the residual fitting error at
the center of the field is 175nm (rms) and the combined effects of fitting and anisoplanatism increases the
residual error to about 1.5μm (rms) at the edge of the 5’ patrol-field. These numbers should be halved to
convert them from residual wavefront to a stroke requirement, and then must be multiplied by a factor of a
few to convert from RMS to a peak-to-valley requirement.
An important feature of the TiPi design lies in the notion that the 2 μm of available stroke in the current
generation of MEMS-DM devices is already adequate to compensate the residual errors over a large fraction
of the 5’ FoV. Furthermore, a device with 4μm of stroke would be more than adequate to compensate residual
errors over the entire field. At the same time, the common woofer minimizes the amount of residual WFE at
the center of the field. This presents an opportunity to very accurately compensate this small amount of WFE
using a MEMS-DM device with a low stroke and a high actuator count. At the field center, the TiPi design
could very plausibly provide diffraction-limited image quality for an IRIS feed. The MOAO architecture
employed by TiPi permits the elimination of the DM projection error, which is a significant term in the
NFIRAOS error budget. This must be balanced against the necessity of providing feed-forward control for the
MEMS-DM devices. This issue is described in the next section.

TMT.SEN.SPE.05.001.REL01

Page : 117/173
February 15, 2006

11.4 FEED-FORWARD CONTROL
TiPi employs a common woofer that supplies much of the stroke required to compensate for atmospheric
turbulence. In the TiPi design, the LGSs are separated from the science light downstream of this low-order
DM. The LGS light sees the common woofer. However, the laser light is picked off upstream of the MEMSDM devices and thus does not see these mirrors. In using wavefront measurements from the LGSs to drive the
common woofer, TiPi is operating this woofer in a feedback control loop. This is how existing astronomical
AO systems are controlled and it is how TiPi controls most of the error arising from atmospheric turbulence.
However, the TiPi design must drive the MEMS-DM mirrors without the benefit of a feedback control loop.
That is, the design supplies the commands to these mirrors and receives no optical feedback from these
commands. This type of feed-forward control tends to introduce errors that arise from device specific
characteristics, which might otherwise be detected and removed in a feedback control system. For example,
piezo-stack DMs display the effects of hysteresis. When controlling such a device in a feed-forward mode,
one cannot detect errors that arise from hysteresis. On the other hand, it should be noted that errors like
hysteresis are not cumulative in their effect. That is, at each cycle of the control loop there is an error of a
characteristic magnitude, and these errors do not accumulate over many cycles of the control loop. In this
way, the feed-forward control loop may introduce error while still maintaining stability. AO systems based on
feed-forward control have been built and operated successfully in the past.
As discussed above, the common woofer in the TiPi design removes much of the WFE, thereby minimizing
the amount of error that must be controlled by the MEMS-DM devices in a feed-forward fashion. In typical
turbulence conditions at zenith this ranges from 175 nm to 1.5μm (rms) from the center to the edge of the 5’
FoV. One can attempt to place some estimate on the error associated with this type of feed-forward control.
This error is likely to be a fraction of the total error that one is controlling. Experts 4 contend that 90%
rejection (10% residual) was readily accomplished in open-loop AO systems 20 years ago.
All else being equal, in comparing the potential performance of a TiPi or NFIRAOS feed to IRIS, one must
weigh the uncertainty in feed-forward rejection of the initial 162 nm (rms) residual error at the field center
against the 52 nm (rms) error arising from DM projection error in NFIRAOS. If only 2/3 of the error is
rejected, then these performance levels will be comparable. Over the rest of the 5’ FoV, the error associated
with feed-forward control will have a larger effect because more residual WFE is being corrected in a feedforward mode. However, the image quality requirement for IRMOS is considerably looser than that for IRIS.
While the issue of feed-forward control of MEMS-DM devices remains a matter of considerable uncertainty in
the TiPi design, it is certainly possible to make further progress in addressing this issue through the LAO and
UVic MEMS-DM testbeds.

11.5 TMT AO DEVELOPMENT PATHS
In considering options for TMT AO development, there are a number of possible perspectives that one may
take. The current plan that the project has adopted calls for a first-light implementation of the NFIRAOS
design described above. To address the shortfall in image quality and sky coverage, the project intends to
build an AM2 some time after first-light. This mirror will supply additional stroke, so that one of the piezostack mirrors may be swapped out in favor of a high actuator count, low-stroke piezo-stack mirror. Together
with upgrades to the LGSs and their LGS-WFSs to permit pulse tracking through the sodium layer, the
upgraded version of NFIRAOS will meet the SRD specification on image quality. The AM2 does very little to
improve the sky coverage of NFIRAOS however, and does nothing to address the absence of an AO fed multiobject spectroscopic capability for TMT.
From an IRMOS perspective, the notion that there would be two iterations of AO development aimed
primarily at achieving the SRD specifications for IRIS, before the project will even consider addressing the
challenge of facilitating IRMOS’ high priority SAC science, is an issue that the TMT Project and its SAC
should carefully assess. It is perhaps in response to this conflict that the project has indicated a willingness to
provide NFIRAOS as a feed for a multi-object spectrograph. This feed, however, would supply no additional
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compensation beyond that which the first-light version of NFIRAOS will provide. Such a feed would be
limited to a 2’ FoV and could plausibly deliver a 50% ensquared energy in a 50mas pixel but only in the Kband, rather than at the 1μm wavelength requirement called for in the SRD. The quality of AO compensation
would improve very little with the proposed AM2 upgrade. This path of development represents a
compromise in which the IRMOS patrol-field and image quality specifications are significantly, and almost
certainly permanently, descoped to permit an entry level multi-object spectroscopic capability for TMT.
An alternative position would be to adopt TiPi as an AO feed for both IRMOS and IRIS. From a certain
perspective, there is no reason to believe that TiPi would deliver worse image quality at the field center than
does the first-light version of NFIRAOS. At the same time, TiPi will provide much better sky coverage
because the design is capable of compensating NGSs throughout its 5’ FoV. Furthermore, TiPi provides the
multi-object spectroscopic capability that NFIRAOS lacks. The enhanced level of performance that this AO
system delivers may come much closer to the SRD specifications than does NFIRAOS. This consideration
must be weighed against the perceived risks associated with MEMS-DM devices and with TiPi’s hybrid (loworder, closed-loop; high-order, open-loop) MOAO architecture. However, the latter appears to be the most
plausible route to delivering the SRD specifications on AO image quality and sky coverage for both IRIS and
IRMOS.

12. MOAO AND INSTRUMENT PERFORMANCE
12.1 INTRODUCTION
A multi-object adaptive optics (MOAO) system provides AO compensation simultaneously in multiple
directions on the sky, using multiple deformable mirrors driven to correct for the specific aberrations in each
science channel. In this way, MOAO overcomes the limitations of anisoplanatism that arise in single-conjugate
AO systems, is not subject to DM projection error terms that arise in multi-conjugate AO (MCAO) systems,
and can be applied to larger fields of view (up to 5 ‘), for both science and natural guide star sensing, than is
possible with MCAO systems. (As one example, TMT's facility NFIRAOS system, is limited to a field of
view of order 30".)
The MOAO TiPi concept is particularly well-suited for providing AO compensation of natural guide stars
used for tip/tilt and focus sensing, in combination with sodium laser guide stars. When performing tip/tilt
sensing in the near-infrared, AO can provide a tremendous advantage by concentrating the light of candidate
tip tilt guide stars to nearly the diffraction-limit. This can dramatically increase the sky coverage fraction
accessible for TMT. In addition, the 5 ‘ field of view of TiPi generally allows access to brighter guide stars at
any given telescope pointing, a feature that may be critical in rejecting telescope-induced (isoplanatic) tip/tilt
jitter error.
At the same time, implementation of an MOAO system requires several new elements to address several new
challenges. In order to compute the correction to be applied in each target direction, one must sense multiple
guide stars distributed throughout the field over which targets are to be compensated. For TiPi, eight laser
guidestars are projected in an asterism spanning the 5' patrol-field. The adaptive correction in each target
direction must then be synthesized tomographically from measurements of all the laser guidestar wavefronts.
These corrections are to be applied to each of the science targets, the natural guide stars used for tip tilt
sensing, and a science-motivated point spread function monitoring camera. Similarly, tip/tilt measurements
must be performed on the tip/tilt/focus guide stars and applied independently to each of the science targets.
This again requires tomographic estimation of the tip/tilt error in the direction of each science target, due to tilt
anisoplanatism across the 5 ‘ field of view.
One of the novel features of the TiPi design is that it partitions the adaptive correction into two parts: a
common mode correction that is applied to a single mirror to compensate the entire 5' field and a differential
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correction that is applied to each field point independently. Both of these corrections are applied optically
conjugate to the ground. The common mode correction is composed of low spatial frequency aberrations,
which account for most of the wavefront error in Kolmogorov turbulence. This correction may be supplied by
a high stroke, low actuator count adaptive mirror. In contrast, the differential error is dominated by smaller,
high frequency wavefront aberrations. These errors may be compensated using a low stroke, high actuator
count device. In TiPi parlance, these mirrors are referred to as the common woofer and the tweeters,
respectively.
TiPi's woofer/tweeter architecture has a number of advantages. Partitioning the required correction into a high
stroke, low actuator count component and a low stroke, high actuator count component maps well onto
existing adaptive mirror technologies, as there is an inverse relationship between stroke and actuator density.
Classical piezostack mirrors suitable for TiPi's common woofer are available at actuator counts of 30x30
across the 300 mm pupil at M6. The TiPi design incorporates low stroke, 60x60 actuator count MEMS devices
as tweeters. One of the advantages of these devices is their low cost. This permits the use of twenty such
devices in TiPi, where classical piezostack solutions would be a significant cost.
In the TiPi design, the laser guide stars are compensated by the common woofer before being divided from the
science field by a dichroic. A series of advantages derive from this design choice. First, in benefiting from
compensation by the common woofer, the LGS wavefront sensors need only sense a fraction of the total error
arising from atmospheric turbulence. This reduces the linear range over which these wavefront sensors must
operate. Second, in this design the common woofer is driven in a feedback loop using residuals from the LGS
wavefront sensors. In this way, most of the aberrations arising from atmospheric turbulence are controlled in
closed loop. Third, this design minimizes the stroke requirement on the MEMS devices. Existing devices have
2 microns of stroke.
The differential error must be corrected by the tweeters in a feed-forward fashion (sometimes referred to as
'go-to control'). No laser guidestar sees the surface of the tweeters, but careful understanding of the operation
of these mirrors (and the wavefront sensors) is crucial to optimizing performance. One of the key apparent
advantages of MEMS-DM devices is the fact that they are more linear in their operation than comparable
piezostack deformable mirrors. This feature makes feed forward control less of a risk for MEMS devices.
Another benefit of the common woofer architecture lies in the notion that the woofer by itself can serve as the
adaptive mirror in a traditional single conjugate AO relay. Such a mode of operation provides a natural
intermediate point in the development of MOAO. Such a system can operate using a single laser. We call this
mode of operation SLGLAO. Multiple laser guide stars, MEMS devices, and tomographic estimation and
control are not required for SLGLAO, making it the simplest of all laser AO designs, at reduced performance.
If multiple lasers are used to tomographically determine the exact wavefront in one direction, this correction
may be placed onto the common woofer, providing compensation for that field point. In this mode of
operation, TiPi minimizes the residual error in any one direction in the field. A 60x60 MEMS device operating
at the center of the field can then serve to compensate for the small residual fitting error from the 30x30
actuator common woofer. This provides a mode of operation in which TiPi provides a high precision
wavefront compensation at the center of the field while at the same time providing near diffraction limited
image quality over the full 5' field.

12.2 AO OPERATING MODES
Risk mitigation, particularly the mitigation of component technology risk within the adaptive optics functions
of TiPi, is of paramount consideration for IRMOS. To mitigate IRMOS risk, we have developed a phasedimplementation approach for TiPi that can deliver performance approaching that specified in the SRD as a
first-light TMT instrument, using components that either exist today or are simpler than those required for
NFIRAOS. The phasing of scientific capability can be considered as steadily increasing the patrol-field,
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initially limited to ~2’, through MEMS-DM technology improvements, until the full 5’ patrol-field is
achieved.
The three operational AO modes envisioned for TiPi are SLGLAO, synthetic SLGLAO, and MOAO. Each
successive mode requires increasing technological sophistication and delivers improving ensquared energy and
patrol-field. This section summarizes the component technology requirements and scientific performance for
each of these modes of operation.

12.2.1

SLGLAO (Single-Laser Ground-Layer AO)

SLGLAO is the simplest LGS AO mode of operation on TMT. This mode uses a single sodium beacon
sensed by a single high-order LGS-WFS to drive the woofer at M6. Wavefront sensing occurs after the
woofer correction, and the laser beacon wavefront is applied directly to the woofer DM without any form of
tomographic reconstruction. Thus high-order control is both closed-loop and null-seeking. This mode of
operation also requires three low-order NGS-WFSs for tip/tilt control.
The scientific performance delivered by a SLGLAO system constitutes a lower bound for TiPi
performance. In typical turbulence conditions, SLGLAO delivers a 1’-to-2’ compensated patrol-field.
Throughout this field, the Strehl ratio ranges from ~15% at 2μm to ~0.5% at 1μm. The 50% ensquared
energies range from ~15% at 2μm down to ~2.5% at 1μm. For each of TiPi's spectrographs, point source
SNR improvements over the seeing limit range from a factor of ~14 at 2μm down to a factor of ~2 at 1μm.
Considerable variability in these numbers will arise from variations in the atmospheric turbulence profile.
While the scientific performance of SLGLAO falls considerably short of the SRD requirement, the
technological risk of this architecture is comparatively low. Successful implementation of SLGLAO requires
a single laser, a single piezo-DM with an actuator count of order 40x40, a single high-order LGS-WFS, and
three low-order NGS sensors (NGS-WFSs). No high-order tomographic control is necessary, so that the real
time control requirements are straightforward. Such an entry level AO system is far simpler than NFIRAOS,
and is virtually guaranteed to succeed by first-light while its scientific veracity is confirmed in the iOCDD.

12.2.2

Synthetic SLGLAO

The next stage of development is Synthetic SLGLAO. This mode of operation allows a tradeoff between
patrol-field and accuracy of correction, which is effected by varying the altitude of the laser beacon in a
SLGLAO architecture. This tradeoff occurs because the error arising from focal anisoplanatism and the
patrol-field of a SLGLAO system are each inversely proportional to the height of the beacon. Therefore,
increasing the height of the beacon will improve the correction and reduce the patrol-field. Since the sodium
laser beacons themselves are constrained to lie at the height of the sodium layer, one must synthesize
tomographically the wavefront that would have arisen from a laser beacon at the desired altitude. NFIRAOS
itself represents the extreme case in which the beacon is synthesized at infinity.
In this architecture, LGS-WFS measurements from multiple sodium laser beacons are used to synthesize a
correction for the woofer at M6. Since a correction is synthesized tomographically, the LGS-WFSs are driven
in a non-null-seeking manner. These LGS-WFSs do benefit from the woofer correction and need only sense
WFEs of ~1μm (rms).
Synthetic SLGLAO adds several more technological risks to the AO development path for TiPi. This mode
requires multiple lasers and multiple high-order LGS-WFSs operating off null. Real time tomographic
reconstruction is also required. For these elements, the overall level of technological risk is commensurate
with NFIRAOS.
The marginal benefit in scientific performance delivered by a synthetic SLGLAO system lies primarily in the
freedom to set the synthetic guide star altitude in order to optimize the AO correction and patrol-field. For
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certain applications, reducing Strehl ratio in order to distribute the IFUs over a wider patrol-field may be
desirable. Likewise, in situations where tip/tilt NGSs are sparse it may be observationally favorable to extend
the patrol-field in order to provide better compensation for these stars at the edges of the field. Conversely,
certain narrow field applications will benefit from the improved correction that arises from synthesizing a
beacon at infinite range. Observations using TiPi's contiguous IFU mode form one such example.
If insufficient laser power is ever unable due to laser hardware failure, high cirrus extinction, or low sodium
abundance, the laser light may in theory be broadcast in a single beacon, and operation can revert to SLGLAO
mode. In this configuration TiPi will supply a ~2’ compensated field with 50 mas ensquared energies of order
~15% in K-band.

12.2.3

MOAO (Multi-Object AO)

The final stage of AO development for TiPi is a full MOAO system. In this mode, MEMS-DM devices are
used to tune the adaptive correction for a particular direction on the sky. These devices are incorporated into
the spectrographic channels in order to compensate the science targets. Such devices may also be placed in the
tip/tilt NGS-WFS channels in order to improve adaptive correction of the tip/tilt NGSs. In this mode of
operation, the woofer at M6 is driven using a synthetic SLGLAO correction, and the laser beacon LGS-WFSs
again operate over a limited dynamical range. In MOAO, however, a supplementary correction is
tomographically generated for each MEMS-DM device, which is fed forward in open-loop to these mirrors.
This correction is synthesized using knowledge of the woofer surface and the residual wavefront
measurements from each of the laser beacon LGS-WFSs.
The technological risks of full MOAO control are substantial. This mode of operation requires MEMS-DM
devices capable of correcting wavefronts with errors of ~1μm (rms). This correction must be applied in openloop, so that control of the MEMS-DM devices must be highly repeatable. Finally, the real time control
problem presents additional challenges, as corrections for each channel must be synthesized tomographically.
To address the risk of MEMS-DM procurement, we consider TiPi performance delivered by two different
levels of MEMS-DM devices. An interim level of performance utilizes MEMS-DM devices that exist today,
and which have been demonstrated in the LAO. These devices have 32x32 actuators and ~2μm of stroke.
Full MOAO performance that meets the SRD specifications may be attained using MEMS-DM devices with
64x64 actuators and ~4μm of stroke.

12.3 MOAO CONTROL ARCHITECTURE
In the MOAO control architecture for TiPi, all laser guide stars, tip tilt natural guide stars and science targets
are compensated by a common woofer. Residual aberrations on the laser guide stars are sensed by wavefront
sensors, whose signals are fed to a high order tomographic reconstructor. This reconstructor computes the
common mode part of the high order correction to apply to the woofer, and the differential high order error to
apply to each tweeter. These tweeters serve to compensate both science targets and tip tilt natural guide stars.
Tip tilt jitter of the compensated tip tilt guide stars is measured using a set of low order sensors and is fed to a
tip tilt tomographic reconstructor. This reconstructor computes the common mode part of the tilt error to apply
to the common woofer, an the differential tilt error to apply to each tweeter. The common woofer architecture
allows for much of the wavefront aberrations to be controlled in closed loop using the common woofer.
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Figure 12:1. A schematic of the MOAO control architecture.

12.4 TRADE STUDIES
12.4.1

Atmospheric Assumptions

The atmospheric turbulence profiles assumed in these trade studies appears in Table 12:1. These profiles were
taken from the Gemini GLAO study, and represent a range of turbulence conditions comparable to those
measured by the TMT Site Testing Program for candidate TMT sites. Index of refraction fluctuations
were assumed to follow a Komolgorov power spectrum.

TMT.SEN.SPE.05.001.REL01

Page : 123/173
February 15, 2006

Table 12:1. Gemini good, typical and bad turbulence profiles. Turbulence parameters are quoted at a
wavelength of 0.5 μm.

12.4.2

Stroke Requirements

The TiPi design contains two classes of adaptive mirrors. The woofer operates like a mirror in a traditional
single conjugate adaptive optics relay. The tweeters remove the effects of anisoplanatism, which increases with
angular offset from the field center. Each of these mirrors has a minimum stroke requirement that must be
specified according to the amount of compensation it must perform. This section reviews these stroke
requirements. The results show that the stroke required for the woofer is 12 microns, while that required for the
tweeters increases from 2 microns over a 2' field to 3.7 microns over the 5' field. MEMS devices with 2
microns stroke are currently available from Boston Micromachines, while 4 microns stroke MEMS devices are
baselined for the Gemini Planet Finder AO system.
The amount of stroke required to compensate atmospheric turbulence naturally depends on the turbulence
profile. This analysis utilizes three Gemini turbulence profiles that represent a range of turbulence conditions:
good, typical and bad. These profiles appear in Table 12:1, and are roughly representative of the range of
atmospheric turbulence profiles being reported by the TMT Site Survey Group. The stroke requirement also
depends on the zenith angle of the observation. This analysis considers zenith angles between 0 and 60
degrees.
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Table 12:2. Actuator saturation as a function of safety margin. Numbers in the final column assume a 30x30
actuator deformable mirror operating at 1 kHz.
12.4.2.1

M6 and M11 High-order DM Stroke Requirements

Consider an adaptive mirror that must remove a random wavefront error whose amplitude is represented by an
RMS optical path difference (OPD). A high order stroke requirement for an adaptive mirror may be specified
using the following equation.

Here αF is a factor that allows for flattening of the mirror, and the factor αPV specifies the safety margin to use
in converting an RMS requirement to a stroke limit. We divide by a factor of two to convert wavefront OPD to
mirror displacement. Assuming that atmospheric turbulence is represented by a zero mean Gaussian random
process, the error function may be used to determine the fraction of actuators for which the stroke requirement
exceeds the stroke limit. The value of αPV must be specified based on considerations involving the tolerance of
the system to actuator saturation.
In arriving at a stroke specification for a piezostack deformable mirror, it is assumed that αF =1.25. In
operating such a mirror in a feedback loop, one would like to avoid frequent instances of actuator saturation,
which may introduce instability in the control loop. For the 30x30 actuator woofer in TiPi, we list the number
of times an actuator saturates per second in Table 12:2 as a function of αPV. In specifying the stroke
requirement for TiPi's woofer, we assume αPV = 4.5 will suffice. This is based on the consideration that the
NFIRAOS design employs 8 times the number of actuators, and has a specification of αPV = 5.
In contrast to the woofer, the tweeters in TiPi are not operating in a closed loop mode. For these mirrors,
actuator saturation cannot induce loop instability. Instead, a specification for αPV should be based on the
fraction of light that may be scattered from the core of the PSF without seriously impacting performance. For
an NxN actuator adaptive mirror, a saturated actuator will scatter a fraction 1/N2 of the light from the core.
Since the TiPi image quality specification is based on a 50% ensquared energy requirement, loss of one
percent of the light due to actuator saturation is deemed acceptable. That is, at any given moment 1% of the
actuators on the surface of the tweeter may be saturated. This limit implies a value of αPV =2.6. As for the
common woofer, a value of αF =1.25 is assumed for the tweeters.
Finally, in a mode where TiPi feeds IRIS a 1% loss of light may well be unacceptable. However, we argue
below that the stroke requirements on a tweeter feeding IRIS are so small that actuator saturation is unlikely to
be a consideration.
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Table 12:3. Stroke conversion factors for the woofer and tweeters in TiPi.

Figure 12:2. Common woofer RMS OPD and stroke requirement vs. zenith angle for the Cn2(h) profiles in
Table 12:1.
We summarize the stroke conversion factors assumed for TiPi's woofer and tweeters Table 12:3. With these
values, we are now in a position to consider the RMS OPD arising from atmospheric turbulence.
The 30x30 actuator common woofer in TiPi is responsible for removing the bulk of the wavefront errors
arising from atmospheric turbulence. In a SLGLAO mode of operation, this mirror is driven using wavefront
measurements from a single laser guidestar, while in the full MOAO mode of operation a correction is placed
on this mirror to compensate a natural star at the center of the field. The tilt component of the wavefront is
compensated using a tip tilt stage on which this mirror is mounted. }
To arrive at a specification for the RMS OPD that this woofer must compensate, consider the piston and tilt
removed OPD variance averaged over a circular aperture of diameter, D.

where the Fried parameter r0 is defined by

In this equation, k = 2π/λ is the wavenumber, ζ is the zenith angle, and H is the range to the source. Note that
the effects of a finite altitude beacon are to increase the Fried parameter and decrease the stroke requirement.
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For the turbulence profiles in Table 12:1, this results in a very small decrease in the stroke requirement.
Hereafter we assume that the stroke requirements for SLGLAO and MOAO are identical.
We plot the RMS OPD values for a source at infinite range in Figure 12:2 as a function of zenith angle for the
three turbulence profiles in Table 12:1. These values have also been converted to a stroke requirement for the
common woofer using the stroke conversion factors above.
The tilt removed OPD is in fact a function of location within the aperture. Because of this, the tilt removed
OPD averaged over the circular aperture is not the quantity one needs to determine the stroke requirement on
an adaptive mirror. Instead, one would like to calculate the tilt removed OPD as a function of aperture
location, and specify the stroke requirement based on the maximum value of the variance on the aperture. A
plot of the RMS OPD computed as a function of location within the aperture is shown in . This function is
azimuthally symmetric. Radial cuts through this function are shown in Figure 3 for the three turbulence
profiles in Table 12:1 and for zenith angles between 0 and 60 degrees.

Figure 12:3. Common woofer RMS OPD as a function of location within the 30 meter aperture, for the typical
turbulence profile and 0 degree zenith angle.
Figure 12:3 indicates that the stroke requirement for the TiPi common woofer is about 13 microns under
typical turbulence conditions at a zenith angle of 60 degrees. Under bad turbulence conditions at a zenith angle
of 60 degrees the stroke requirement increases to 26 microns. The stroke requirement for NFIRAOS is
somewhat larger, in that this system assumes αPV = 5. It is important to note that the introduction of an outer
scale causes a rolloff in the RMS OPD at the edge of the pupil, thereby decreasing the stroke requirement.
Such an outer scale has not been invoked in the above analysis. Based on the existence of a finite outer scale,
the project has adopted a baseline stroke requirement for NFIRAOS of 12 microns. Therefore, we adopt a
stroke requirement of 12 microns for TiPi's common woofer, with the understanding that the actuators will
saturate under poor seeing conditions at large zenith angles.
In TiPi's MOAO mode of operation, the tweeters are required to remove the residual wavefront aberrations
that remain after compensation by the common woofer. A correction optimized for a star at infinite range is
placed onto this woofer, and the residual wavefront aberrations increase from the center of the field due to
angular anisoplanatism. Thus the stroke requirement on the tweeters is a function of angular offset from the
field center. }
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To compute these residual OPDs, we have used a semianalytical expression for the differential wavefront
variance between stars at finite angular offset (Tyler, 1994). This formulation permits computation of both the
aperture averaged residual OPD and the residual OPD as a function of aperture position for two stars at
arbitrary angular offset. Figure 4 shows the aperture averaged residual OPD as a function of angular offset
from the field center for the three turbulence profiles in Table 12:1. In presenting these curves, we emphasize
that there is a large discrepancy between the customary isoplanatic angle approximation to the aperture
averaged residual OPD and the analytic calculation. This discrepancy arises from the fact that the former
approximation is only valid within a few arcseconds around the field center, and extrapolating this
approximation to angular offsets of 150 arcseconds substantially overestimates the true residual OPD.

Figure 12:4. Common woofer RMS OPD and stroke requirement as a function of. aperture radius for the
Cn2(h) profiles in Table 12:1 for 0 degree zenith angle.
As in the previous section, the residual OPD due to anisoplanatism is a function of location within the
aperture, and one would like to specify a stroke requirement based on the maximal value. Plots of the RMS
OPD computed as a function of location within the aperture are shown in Figure 5 for typical turbulence
profile at angular offsets between 50 and 150 arcseconds from the field center. These functions display
bilateral symmetry. Figure 5 also displays radial cuts through this function for the three turbulence profiles in
Table 12:1 and for zenith angles between 0 and 60 degrees. The cuts were taken along an axis that includes the
maximal points of these functions.
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Figure 12:5. Aperture averaged tweeter stroke requirements vs angular offset from the field center for the
three Cn2(h) profiles in Table 12:1 for 0 degree zenith angle.
Using the curves on the right side of Figure 12:5, we arrive at a specification for the stroke requirements on
TiPi's tweeters. Naturally this stroke requirement is a function of the angular offset from the field center.
Viewed in this light, a higher stroke permits access to wider fields of view. Taking the above specification that
TiPi must operate in typical turbulence conditions at zenith angle of 60 degrees, one may compute the
accessible field of view as a function of available tweeter stroke. These values are listed in Table 12:4.

Table 12:4. Accessible field of view as a function of available tweeter stroke.

Figure 12:6. Residual RMS OPD and stroke requirements vs. angular offset for the TiPi tweeters. On the left,
the RMS residual OPD is plotted as a function of angular offset from the field center for the typical turbulence
profile at zenith. The angular offset from the field center lies along the Y axis. On the right, radial cuts
through the RMS residual OPD are plotted for the three turbulence profiles in Table 12:1.
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Table 12:5. Residual OPD due to fitting error (in nanometers) for 30x30, 60x60, and 100x100 actuator
mirrors at a range of zenith angles under a variety of turbulence conditions. A fitting error coefficient of 0.28
was assumed in the calculation.
Lastly, consider the stroke requirements of a tweeter at the center of the field. Application of the optimal
correction at the center of the field to the 30x30 actuator common woofer leaves the residual fitting error listed
in Table 12:5. In moving away from the field center, anisoplanatism rapidly grows to exceed the residual
fitting error, as indicated by Figure 12:3. At the field center, a low stroke, high actuator count tweeter could be
used to remove residual fitting error, providing improved image quality. This mirror would require less than 1
micron of stroke, and a 60x60 or 100x100 actuator tweeter could reduce residual fitting error by a factor of
about two or three, respectively. This level of wavefront compensation could serve to feed a narrow field,
diffraction limited instrument such as IRIS or NIRES. }
12.4.2.2

M6 and M11 Tip/Tilt Stage Stroke Requirements

In addition to the high order stroke requirements, the adaptive mirrors within TiPi must remove tip tilt jitter
arising from atmospheric turbulence. Provision for the control of tip and tilt within TiPi is made by mounting
the common woofer and the tweeters on tip tilt stages. While the stroke requirements for these stages do not
present any major technical difficulty, it is important to quantify the expected range of motion. This part of the
analysis considers only the issue of tilt control. The problem of tilt estimation over TiPi's 5' field is considered
below in the context of sky coverage.

Figure 12:7. RMS tilt jitter as a function of zenith angle for the three turbulence profiles in Table 12:1. The
common woofer is mounted on a tip tilt stage that compensates for the tilt jitter.
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The two axis tilt variance due to atmospheric turbulence is

The two axis RMS tilt jitter is plotted in Figure 12:7 as a function of zenith angle. In addition to the tilt jitter
arising from atmospheric turbulence, tilt jitter from telescope vibration must be compensated. These errors
arise from effects such as wind loading on the telescope secondary.

Figure 12:8. RMS differential tilt jitter as a function of angular offset for the three profiles in Table 12:1 for 0
degree zenith angle.. Each tweeter is mounted on a tip tilt stage that compensates for this small amount of
differential tilt jitter.
The common woofer can correct atmospheric tilt jitter at one point in the field of view. After this correction,
the effects of differential tilt jitter across TiPi's 5' field of view remain. This effect is analogous to the high
order wavefront error arising from anisoplanatism. The magnitude of differential tilt jitter is shown in Figure
12:8. The tweeters in TiPi are mounted on tip tilt stages in order to remove this residual tilt jitter. The
methodology used to effect this correction is discussed in the sky coverage section below.

12.4.3

Point Spread Function (PSF) Modeling

This study must address the issues of sky coverage and slit coupling efficiency delivered by TiPi. Sky
coverage is dictated by the availability of natural guide stars and their image quality improvement from AO
compensation. Slit coupling efficiency is dictated by the concentration of light in the core of the PSF. A
quantitative analysis of these issues requires an understanding of the PSF delivered by the adaptive optics
system. }
The AO PSF depends on numerous parameters, including observing wavelength, location within the field of
view, turbulence conditions and zenith angle. Since TiPi aims to deliver near diffraction limited image quality
with relatively low Strehl ratios, calculation of the Strehl ratio using the Marechal approximation is often well
out of the regime of validity of this approximation. In addition, Strehl ratio alone is not an accurate predictor of
the slit coupling efficiency. For example, wavefront aberrations of low spatial frequency modify the shape of
the PSF core without scattering light to large radii. These aberrations can have little or no impact on the slit
coupling efficiency. To make quantitative progress in evaluating the performance of TiPi, modeling of the AO
PSF is required.
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This study follows a two step strategy in deriving estimates for the AO PSF. The first step is to compute a PSF
that captures the effects of tomographic and anisoplanatic errors. These types of errors have an appreciable
fraction of low spatial frequency aberrations. For example, the characteristic radial elongation of the
anisoplanatic PSF in a single conjugate AO system arises from low spatial frequency errors. The field
dependent PSF from a SLGLAO system is degraded by a combination of focal and angular anisoplanatism,
both of which have significant low spatial frequency content. To accurately capture the slit coupling
efficiency, one must compute these PSF's directly.
The second step is to compute a high order error budget that captures all remaining effects. These errors are
typically dominated by high spatial frequencies. Examples include the traditional AO error terms such as
fitting, servo, and measurement errors. High spatial frequency errors scatter light into a broad halo, which has
a very low slit coupling efficiency. For example, a halo corresponding to a .5" seeing disk couples of order a
percent of its light into a 50 mas pixel. Neglecting this halo has a negligible effect when considering a 50%
ensquared energy specification for TiPi. To arrive at a lower bound on system performance, we simply neglect
this halo altogether.
The overall AO PSF is then synthesized by multiplying the modeled PSF by the Strehl ratio predicted from the
high order error budget. This model PSF can then be utilized to compute slit coupling efficiencies and tip tilt
guide star centroid accuracies used in the sky coverage analysis. }
This section presents models of the field dependent AO PSF that capture the effects of anisoplanatism and
tomography. The next section presents high order error budgets developed for SLGLAO and MOAO. The
following sections use these PSF's in the analysis of sky coverage and slit coupling efficiencies for TiPi.
12.4.3.1

SLGLAO PSFs

Models for the SLGLAO PSF were generated using the covariance approach outlined in Tyler (1994). This
approach captures the effects of focal and angular anisoplanatism that arise in a SLGLAO system. Additional
discussion appears in Britton & Taylor (2005). Figure 8 shows grayscale plots of the SLGLAO PSF as a
function of angular offset from the laser beacon. Figure 9 shows radial cuts through the 2.2 micron and 1.3
micron SLGLAO PSFs at different angular offsets from the guide star under a variety of turbulence conditions.

Figure 12:9. The 2.2 micron diffraction limited PSF and SLGLAO PSFs at a range of angular offsets from the
laser guidestar, displayed on a log stretch. The SLGLAO PSFs were computed using the typical turbulence
profile in Table 12:1 and a zenith angle ζ=0. Each image is 200 mas across. These PSFs display vertical
elongation that increases with angular offset. This elongation is oriented along the axis of displacement from
the laser guidestar, and arises from angular anisoplanatism. These PSFs assume perfect tip tilt compensation.
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Figure 12:10. Radial cuts through the diffraction limited, seeing limited and SLGLAO PSFs for the three
turbulence profiles in Table 12:1, for 0 degree zenith angle and observing wavelengths of 2.2 microns and 1.3
microns. The SLGLAO PSFs are shown for angular offsets of 0, 30 and 60" from the laser guide star. The
radial cut was taken along the axis aligned with the direction of angular displacement from the guide star, so as
to display the wider axis of the PSF.
12.4.3.2

MOAO PSFs

The TMT Project Office contracted Don Gavel to provide simulations of the MOAO PSF. These simulations
were performed using a Cerro Pachon turbulence profile at zenith, at an observing wavelength of 1.238
microns. The Cerro Pachon profile has an r0 of 16 cm and a θ0 of 2.6''. The value of r0 lies between the typical
and good profiles of Table 12:1, and the value of θ0 is better than the good profile in Table 12:1. The
simulations assume an array of 8 laser guide stars distributed as shown in Figure 12:11. Grayscale plots of the
MOAO PSFs are shown in Figure 11, and azimuthal averages are shown in Figure 12. }
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Figure 12:11. Target configuration for MOAO simulations. Eight laser guidestars are configured in two
concentric rings of radii 150 and 75". Four tip tilt guidestars are distributed over the field, and three science
targets are simulated for offsets of 0, 75 and 150" from the field center. This figure has been reproduced from
Don Gavel's presentation on Aug 18, 2005.

Figure 12:12. The 1.238 micron diffraction limited PSF and MOAO PSFs at a range of angular offsets from
the field center, displayed on a log stretch. The MOAO PSFs were computed using a Cerro Pachon turbulence
profile at a zenith angle ζ=0. This profile has an r0 value of 16 cm. Each field is 200 mas across. These PSF's
were generated by Don Gavel, and employed weighted backprojection algorithm to effect the tomographic
reconstruction from eight laser guidestars spread over the 5' field, as shown in Figure 12:11. These PSF's
assume perfect tip tilt compensation.
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Figure 12:13. Azimuthal averages of the 1.238 micron diffraction limited PSF and MOAO PSFs at a range of
angular offsets from the field center. These PSF's were generated by Don Gavel, and employed weighted
backprojection algorithm to effect the tomographic reconstruction from eight laser guidestars spread over the
5' field. The MOAO PSFs were computed using a Cerro Pachon turbulence profile at a zenith angle ζ=0. This
profile has an r0 value of 16 cm.

12.4.4

Error Budgets

In this section high order error budgets are presented for the SLGLAO and MOAO systems. For reference, the
NFIRAOS error budget is presented in Table 12:6.
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Table 12:6. NFIRAOS high order error budget, as taken from the NFIRAOS design error budget (TMT
document TMT.AOS.TEC.05.044.DRF07). All terms are quoted in nanometers of OPD. Assuming a fitting
error coefficient of 0.28, the actuator fitting error implies a turbulence profile with r0 = 0.168 meters. This
value of r0 lies between the typical and good turbulence profiles in Table 12:1, assuming it was generated at
zenith.
The SLGLAO and MOAO error budgets are shown in Table 12:7. Total error budgets are quoted for each of
the three turbulence profiles in Table 12:1. For the MOAO architecture a range of errors are quoted for each
profile that capture the dependence on location within the 5' field that arise from feed forward control of the
residual wavefront errors. The minimum value represents the error budget at the center of the field assuming
feed forward errors of 2.5%. The maximum value represents the error budget at the edge of the field assuming
feed forward errors of 25%.

Table 12:7. SLGLAO and MOAO high order error budgets. All terms are quoted in nanometers of OPD.
Values for actuator fitting errors have been taken from Table 12:5 for a 30x30 actuator mirror (SLGLAO) and
a 60x60 actuator mirror (MOAO). The SLGLAO error budget depends on turbulence profile through residual
fitting error, and is computed at a zenith angle ζ=0. A term has been added to the MOAO error budget to
reflect a 25% error in feed forward control of the residual field dependent wavefront aberrations that remain
after correction by the common woofer. This results in an error budget that depends on turbulence profile,
location within the field of view, and zenith angle. For the numbers above, a zenith angle of ζ=0 has been
assumed, and the quoted limits range from on axis to 150'' off axis. These error budgets are used together with
the simulated PSFs to compute ensquared energy fractions delivered by these two AO architectures.
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Table 12:8. MOAO high order error budget for a diffraction limited feed to IRIS, assuming the Cerro Pachon
turbulence profile used in the NFIRAOS study. This error budget assumes that the laser guide stars are
redeployed to the configuration used for NFIRAOS. In this case, the error arising from tomography is identical
to that in Table 12:6. DM projection error arises from the MCAO mode of operation, and this term is dropped
in an MOAO architecture. However, normal anisoplanatism occurs in this system. In addition, this architecture
requires feed forward control of the residual fitting error from the 30x30 actuator common woofer using a
60x60 actuator MEMS device. The marginal value of this residual fitting error is 162 nm.

Figure 12:14. Plots of the RMS OPD and Strehl ratios vs angular offset for NFIRAOS and for a diffraction
limited MOAO system controlling residual fitting error in a feed forward manner. The error budget for
NFIRAOS was taken from TMT document TMT.AOS.TEC.05.044.DRF07, which assumed a Cerro Pachon
profile with r0 = 16 cm and θ0 =2.65''. An MOAO error budget for this turbulence profile is shown in Table
12:8, and was used in this calculation. In the four plots above, the MOAO error budget and Strehl ratios are
plotted vs angular offset for different fractional errors in the ability of the MOAO system to control residual
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fitting error from the 30x30 common woofer using a 60x60 MEMS device. Curves are shown for fractional
errors between 0 and 100 percent.
As discussed above, these error budgets exclude the effects of tomographic and anisoplanatic errors, which are
captured in the PSFs presented in above. Residual fitting errors for these two architectures are taken from
Table 12:5. For SLGLAO, we have used the residual fitting error for a 30x30 actuator adaptive mirror, and for
MOAO we have assumed that for a 60x60 actuator mirror.
The TiPi design proposes using the same wavefront sensor as NFIRAOS, and will employ the TMT Laser
Guidestar Facility (LGSF). Therefore, the error budgets for SLGLAO and MOAO allocate the same error
terms for servo error wavefront sensor noise as does NFIRAOS. Likewise, uncorrectable telescope and
instrument errors are assumed identical to those allocated for NFIRAOS. In comparison to residual fitting error
and AO implementation error, all of these error terms are small, and the total error budget will be quite
insensitive to variations in these parameters.
The SLGLAO and MOAO error budgets allocate the same error as NFIRAOS for AO implementation error
terms. This level of implementation error is roughly consistent with experience on the current generation of
AO systems. The individual terms in the NFIRAOS error budget are for the most part allocations, and are not
particularly sensitive to the choice of optical relay.
Finally, for the MOAO error budget an additional term is allocated to represent errors in feed forward control
of the residual wavefront error remaining after compensation by the common woofer. This allocation consists
of a fraction of the total error that must be controlled in a feed forward mode. Fractional error of 2.5% and
25% were chosen to represent the broad range in our uncertainty as to how accurately this type of control
might be affected. Because this error term is a fraction of the total residual error, the error term will increase
with angular offset from the field center as wavefront aberrations arising from anisoplanatism increase. For
reference, these aberrations are plotted in Figure 12:4.
Lastly, one can imagine using the MOAO system as an alternative to NFIRAOS. Such a system could be used
to feed IRIS for diffraction limited spectroscopy in the near infrared. In evaluating the diffraction limited
MOAO error budget, it is assumed that one uses the very center of the 5' MOAO field, where anisoplanatic
errors vanish. At this point in the field, a MEMS device must compensate only for residual fitting error from
the 30x30 actuator common woofer. To make this comparison, it is assumed that the laser guide stars are
redeployed in the asterism chosen in the NFIRAOS design. The TiPi design is capable of accommodating such
a configuration by mounting additional wavefront sensors behind the M7 mirror element of the Offner relay.
The NFIRAOS error budget in Table 12:6 was generated assuming a Cerro Pachon turbulence profile with r0 =
16 cm and an isoplanatic angle θ0 = 2.65 “. This same profile was used to generate an MOAO error budget
analogous to that in Table 12:7. However, for this error budget the NFIRAOS tomography error was used
rather than the MOAO PSF's shown in Section 12.4.3.2.
The results of the performance comparison are shown in Figure 12:14. These results indicate that if residual
fitting error may be controlled to 25% in feed forward control, an MOAO system can deliver the same on axis
performance to the 2" diffraction limited spectrograph as NFIRAOS. Such a system suffers more
anisoplanatism across the 10" imaging field of IRIS. But in some sense this will be compensated by the
improved sky coverage that an MOAO system can provide. At the same time, an MOAO system provides the
AO fed multiobject spectroscopic capability that NFIRAOS lacks.

12.4.5

Sky Coverage

Laser guide stars cannot be used to measure atmospheric tilt, and alternative means must be provided to detect
this error. NFIRAOS and IRMOS both contemplate sensing multiple tip tilt guide stars in the infrared, so that
these stars benefit from AO compensation. Several people on the project have studied this problem for
IRMOS, including Richard Clare and Don Gavel. These studies have concluded that sky coverage for IRMOS
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is very high due to the relaxed tolerances afforded by 50 mas sampling. To support this conclusion and to
illustrate the sky coverage of a SLGLAO system, this section reviews these considerations.

Table 12:9. Number of stars with Johnson magnitudes less than 19th at the North Galactic Pole. The number
densities were taken from Spagna (NGST report STScI-NGST-R-0013B).
The number density of stars at the North Galactic Pole with magnitude mJ < 19 is listed in Table 12:9. These
number densities correspond to about half a star per square degree. For a SLGLAO system in which
interesting levels of performance are available over about a 2' field, there are 2 such stars within this field. For
an MOAO system there will be of order 10 stars within the full 5' field.
Next, consider the error associated with a tip tilt measurement on a star with mJ = 19. For perfect AO
compensation, the tilt measurement error σα is given by

Here θ is the intrinsic size of the AO compensated PSF. For a 2x2 Shack Hartmann sensor, d = 15 meters. The
SNR of the measurement is given by

where Nγ is the number of photocounts, npix is the number of pixels per subaperture, and R is the read noise of
the wavefront sensor. This equation assumes sky background is negligible, which is always the case when
sensing AO compensated images at kHz rates. }
To perform the calculation, we assume a 2x2 subaperture Shack-Hartmann sensor with 2x2 pixels per
subaperture and a detector read noise of 10 electrons. We use the photon fluxes in Table 12:9 and assume 50%
instrumental throughput. For a SLGLAO mode of operation, assume that a quarter of the flux falls within a
100 mas core. Tilt measurement accuracies for MOAO will be significantly better than this, as the quality of
AO compensation is much higher. With these numbers one finds SNR values of order 4 and measurement
accuracies of order 10 mas. These are small errors compared to the 50 mas sampling scale of IRMOS, and
should have a negligible impact on slit coupling efficiencies.
The remaining effect that must be considered is differential tilt jitter. This error arises when compensating for
tilt jitter at a particular point in the field using a measurement of tilt taken at another point in the field. The
magnitude of the effect is shown in Figure 12:8. The useful field of view of a SLGLAO system is about two
arcminutes, and over this field differential tilt jitter amounts to about 15 mas RMS. At the North Galactic Pole,
there are two stars with magnitude mJ <19 in each 2' field. In this case, one can imagine using one of these
stars as a tip tilt guide star and suffering residual tilt jitter errors of order 10 mas for zenith angles ζ < 30
degrees. Together with 10 mas of tilt measurement error, one finds a total RMS tilt jitter of order 14 mas at the
edge of the 2' field. This will have a small impact on coupling efficiencies into a 50 mas slit. For this reason, a
SLGLAO system likely requires only a single tip tilt guide star. }
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For an MOAO system operating over the full 5' field, there are about 10 stars with mJ<19. The field is
relatively densely populated with candidate tip tilt guide stars, and a three star asterism may be chosen that will
permit relatively uniform spacing over the field. In the simplest possible algorithm, science targets are tip tilt
compensated using measurements from the nearest tip tilt star. The maximum angular offset is of order 2.5',
yielding differential tilt jitter of order 15 mas. This results in a total tilt error of order 20 mas, which will again
have a small impact on coupling into a 50 mas slit. Furthermore, tip tilt estimation involving optimal
combination of measurements from the three guide stars provides significant improvements over this level of
accuracy. For these reasons, tip tilt compensation is not considered to be problematic for either SLGLAO or
MOAO.
NFIRAOS has a tolerance on tip tilt control that is an order of magnitude smaller than that for IRMOS. The
project has proposed to employ optimal algorithms for tip tilt control. These algorithms take into account
measurement noise and perform tomographic estimation so as to permit the use of even fainter stars for tip tilt
control. As mentioned above, a marginal advantage of MOAO over NFIRAOS is its capability of providing
improved adaptive compensation for tip tilt guide stars.

12.4.6

Ensquared Energy Calculations

The modeled PSFs described in Section 12.4.3 may be combined with the error budgets in Section 12.4.4 to
yield an estimate of the true PSF delivered by TiPi. The modeled PSFs depend on the type of AO architecture:
SLGLAO, synthetic SLGLAO or MOAO. They also depend on observing wavelength, location within the
field, and turbulence conditions. The error budgets depend on a number of factors, such as the number of
actuators available for adaptive compensation and the accuracy of feed forward control. The combination of
modeled PSFs and the error budget capture all of these dependencies.
The resulting PSF estimate can be used to evaluate the ensquared energy delivered by TiPi. The SRD
requirement on this parameter is that at an observing wavelength of 1 micron, 50% of the energy shall be
contained within a 50 mas pixel. The slit coupling efficiency is readily evaluated from the PSF estimates.
Figure 12:15 shows the ensquared energy fraction in a 50 mas pixel for SLGLAO and synthetic SLGLAO
systems as a function of observing wavelength for the three turbulence profiles in Table 12:1. Curves are
shown for angular offsets of 0, 30 and 60" from the center of the field. The 0" curve for synthetic SLGLAO is
representative of the performance delivered by NFIRAOS, which is limited to observations on axis. These
architectures deliver a level of performance well short of the SRD ensquared energy specification. On the
other hand, the TiPi science team has concluded that this nevertheless represents an interesting level of
performance.
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Figure 12:15. Ensquared energy fraction in a 50 mas slit as a function of observing wavelength for SLGLAO
and synthetic SLGLAO systems computed using the turbulence profiles in Table 12:1. Results are shown for
angular offsets of 0", 30", and 60" from the center of the field.
Simulations of the MOAO PSF's and the NFIRAOS error budget both use the Cerro Pachon turbulence
profile, which has a significantly larger value for the isoplanatic angle than the profiles in Table 12:1. To
make a balanced comparison, SLGLAO and synthetic SLGLAO results were computed for this turbulence
profile, and are plotted in Figure 12.16. The MOAO results at 1.238 microns are also shown on this curve for
angular offsets of 0", 75", and 150". To represent our uncertainty in the accuracy of feed forward control,
error budgets for the MOAO system have assumed either 2.5% or 25% error in controlling residual fitting and
anisoplanatic errors. Because the anisoplanatic error increases with angular offset from the field center, 25%
feed forward errors lead to a field dependence of the system performance which is quite pronounced. This field
dependence is negligible for feed forward errors of 2.5%, and ensquared energies at all three field points lie
atop one another.
On axis, the synthetic SLGLAO results are representative of NFIRAOS. The fact that MOAO performance
falls short of this curve likely arises from the different methodologies used in generating the predictions. The
modeled MOAO PSFs were generated using a weighted backprojection reconstruction algorithm, while the
tomographic error budget term for NFIRAOS employed a minimal variance reconstruction scheme. The
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difference between these points may well arise from the higher quality of wavefront reconstruction provided
by minimal variance estimators.
While it should be noted that the MOAO performance still falls short of the SRD specification, the
performance over the 5' field is a substantial improvement on SLGLAO and synthetic SLGLAO. This is the
benefit one derives from investing in the MOAO architecture. That TiPi affords a natural progression in
performance from SLGLAO through synthetic SLGLAO to MOAO is a strength of this design.

Figure 12:16. Ensquared energy fraction in a 50 mas slit as a function of observing wavelength for SLGLAO,
synthetic SLGLAO and MOAO systems computed for the Cerro Pachon turbulence profile. SLGLAO and
synthetic SLGLAO results are shown for angular offsets of 0", 30", and 60" from the center of the field.
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MOAO results are shown for angular offsets of 0", 75", and 150", and for feed forward control errors of 25%
and 2.5%. Further discussion of these results appears in the text.

12.4.7

Transmission Estimates

We have estimated the throughput of the instrument with the following hypothesis:

•

Reflection losses: 8 protected aluminum coated surfaces (~97% each surface) in the Offner relay and
OSM + 7 gold coated mirrors (~98.5% each surface) in the cryostat; giving a total throughput
estimated of ~70%;

•

Lens surface losses: 5 lenses (1.2% losses at each interface) giving a total throughput estimated at
~89%;

•

Grating efficiency ~60% (averaged over one band);

•

Filter efficiency ~90% (average over one band);

• Detector QE: ~90%
With current technology none of the above parameters (including detector QE) are a significant function of
wavelength, so we conclude from the above that a conservative estimate of instrument efficiency, excluding
telescope and atmosphere, at >30%.

12.4.8

Emissivity Modeling

To provide a low instrument background in the 2.0-2.5 μm region, the TiPi enclosure will be cooled to 235 K
(-38C), and the spectrographs to 120K. These temperatures were derived following the method described in
TMT.AOS.TEC.05.012.REL02, and comply with the SRD requirement of < 15% increase to the background
flux due to the telescope and sky, as demonstrated here.
The thermal background of TiPi can be divided into contributions from three temperature zones: the entrance
window (assumed to be at 273.15 K), the Offner relay and OSM (at the enclosure temperature), and the
interiors of the spectrographs (at cryogenic temperatures). Each of these zones can be represented by a total
emissivity, the sum of the emissivity of the optical component they include. The sum of these three
graybodies can then be compared to the sum of the telescope and sky. For this purpose, the telescope is
assumed to meet the 5% emissivity requirement of SRD 2.1.2.5 at 273.15 K, while the sky background used is
that measured at Mauna Kea in 20005, scaled to the zenith.
The TiPi entrance window will be composed of two optical elements; a 15 mm thick IR grade fused silica
outer window and an inner biconvex ~50 mm thick lens of the same material. The outer window will
contribute as a graybody at 273.15 K, while its inner surface reflects thermal emission at the enclosure
temperature back into the instrument and is therefore grouped along with the inner window in the Offner and
OSM thermal zone. Similarly, the spectrograph entrance windows act as graybodies at the enclosure
temperature, while their inner surfaces reflect radiation from within the spectrographs. Protected aluminum (in
the Offner relay and OSM) and gold (in the spectrograph) coated mirrors are assumed to have emissivities of
0.030 and 0.015, respectively. Lenses and windows emit as graybodies, while also reflecting 0.026 of the
thermal emission downstream due to imperfect coatings and surface roughness. The dichroic beamsplitter is
assigned an emissivity of 0.051, while the VPH grating is expected to have an emissivity of 0.40 and the
spectrograph filter 0.10. The optical elements and total emissivity of each temperature zone are listed in Table
12:10
Solving for the maximum instrument temperatures which meet the SRD background budget at all science
wavelengths (0.8-2.5 μm), we find that the enclosure must be kept at or below 235 K. The on-axis background
is only a weak function of spectrograph temperature, but detector shielding considerations lead to a
spectrograph temperature of 120K, with the detectors kept below 80 K. The instrument background in this
case in the K band is illustrated in Figure 12:17.
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Thermal zone

Components

Outer window

1 window

Offner and OSM
Spectrographs

Total emissivity
-4

Temperature

1.5 x 10

273.15 K

8 mirrors, 2 lenses, 1 window, 1 beamsplitter

0.360

235.0 K

7 mirrors, 1 grating, 4 lenses, 1 filter

0.736

140.0 K

Table 12:10. Total emissivity of each thermal zone in TiPi.

Figure 12:17. Background emissivity budget of TiPi, defined as 15% of the sky plus telescope background
(black), compared to the instrument thermal background for an enclosure temperature of 235 K and
spectrograph temperature of 120K (red).

12.5 MAJOR AO COMPONENTS
12.5.1

M6 Woofer Deformable Mirror

The 30x30 actuator woofer at M6 has a stroke requirement of 12 microns and must operate at a temperature of
-35 C. This can be compared to the 60x60 actuator deformable mirror in the NFIRAOS design. This
deformable mirror has a stroke requirement of 8 microns, and must also operate at -35 C. Both of these
mirrors have a diameter of 300 mm, which implies a 10 mm actuator pitch for the TiPi woofer and a 5 mm
actuator pitch for the NFIRAOS mirror.
The TMT project has contracted with Cilas to explore the feasibility of procuring a deformable mirror that
meets the requirements for the NFIRAOS design. This study is currently in progress, and it is not clear at the
time of this study whether the NFIRAOS deformable mirror will be possible. However, there is a scaling
relationship between stroke and pitch in a piezostack mirror. This relationship dictates that the available stroke
is proportional to the areal density of actuators. Thus, if 8 microns of stroke are available at a 5 mm pitch, then
12 microns of stroke will certainly be available at a 10 mm pitch. One must increase the length of the actuator
to achieve this stroke, but the lower actuator count on the TiPi woofer will alleviate the cost burden. It should
also be noted that the actuator count on the common woofer is a soft requirement. Relaxing the number of
actuators has the effect of offloading residual fitting error onto the MEMS devices downstream. Over most of
the 5' field the residual wavefront error is dominated by anisoplanatism, so reducing the woofer actuator
density has little effect on the stroke requirement of the MEMS devices.
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An additional consideration for TiPi is the fact that the woofer must have a curved facesheet to act as the
second mirror of the Offner relay. A 1.5 mm sag is required from center to edge of this facesheet.
Conversations with Xinetics 6 have indicated that this curvature may be supplied by manufacturing a curved
facesheet of uniform thickness and bonding this to a set of spacers that sit between the actuators and the mirror
surface. The height of these spacers varies over the mirror surface so they fill the gap between the actuators
and the mirror facesheet.

12.5.2

M11 Tweeter Deformable Mirrors

The tweeters proposed for the TiPi design are low stroke MEMS devices. These devices appear to be the most
promising way to implement feed forward control of twenty channels at an affordable cost. The patrol-field
over which TiPi can operate depends on the stroke available from these devices. Two microns of stroke
permit operation over 2' fields, while 4 microns of stroke permit operation over the full 5' field. MEMS
devices with 32x32 actuators and 2 microns of stroke are currently being tested in the Lab for Adaptive Optics.
These devices are procured from Boston Micromachines (http://www.bostonmicromachines.com), which now
advertises a 32x32 actuator, 1.5 micron stroke device as a stock item. This same company is contracted to
deliver a 64x64 actuator, 2 micron stroke device for the Gemini Planet Imager. This device has more than
enough stroke to serve as a tweeter for a TiPi feed to IRIS.
While MEMS procurement remains an issue for TiPi, this design has made substantial effort to accommodate
the technological risks inherent in the use of this new technology. The stroke required for these devices is
minimized through the use of a common woofer, as is the amount of residual wavefront error that must be
controlled in a feed forward manner. The residual wavefront error is nearly zero at the center of the field, and
increases towards the edge. As a consequence, the design can accommodate lower stroke devices by
descoping the available patrol-field. The field can similarly be descoped under unfavorable turbulence
conditions.

12.5.3

LGS Wavefront Sensors

The laser guide star (LGS) wavefront sensing problem for TiPi is in many ways similar to that faced by
NFIRAOS. LGS elongation due to the finite thickness of the Earth's sodium layer is a major consideration and
therefore we conservatively baseline the same approach as NFIRAOS, namely the combination of radial pixel
geometry wavefront sensors (such as are currently under development in the NSF AODP program) and
matched filter centroiding algorithms to provide near-optimal use of laser return photons.
The radial pixel geometry sensors are currently envisioned as having 4 x 16 pixels (azimuthally and radially,
respectively) with approximately 0.5 “/pixel plate scale.
12.5.3.1

Non-Common Path LGS Aberrations (move to LGS WFS)

We have consider the aberrations imparted onto the laser guide star return light (originating from between 85
km and 210 km altitude). These effects are mitigated by the nature of the TiPi relay design. In order to pass
the required 5 ’ FoV, the Offner relay is physically large, with a relatively low power M5/M7 mirror
combination. Given that the conjugation change for TMT is a fixed distance (2.3m maximum), slower relay
optics will result in smaller aberrations under the operation of an object shift (the general case for a system
used at conjugates which differ from their design conjugates).
In addition, the nature of the Offner relay itself helps minimize object shift aberrations. As a centro-symmetric
optical system, all odd third-order Seidel aberrations in the Offner are identically zero (recall, this fact allows
the excellent optical relay of TiPi's giant FoV). Similarly, the elimination of odd third-order aberrations
reduces object-shift aberrations. This can be seen by inspection of the object-shift aberration expressions
originally developed by C. G. Wynne7 and reprinted in the excellent text by Welford8 (see for example his
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Equation 8.91). In practice Offner designs are dominated by 5th order astigmatism, and real-trace analysis of
the TiPi relay design confirms that 5th order astigmatism dominates the object-shift contributions, as well.
We find a P-V wavefront error in the LGS light path of about 20 microns, at the worst case field point, when
moving the laser conjugate between 85 km and infinity (a conservative case relative to the maximum usable
TMT zenith angle). Over the majority of the patrol-field, the object-shift aberrations are less than 5 microns.
Rather than correcting for these aberrations with complex and expensive 'zoom' optics, we baseline 'electronic'
calibration, namely the adjustment of known WFS centroid zero-points on a semi-continuous basis. For our
first-light capability, having N=60 actuators across the diameter of the pupil
Finally, the common woofer is to be mounted on a tip tilt stage to provide compensation for atmospheric and
telescope tilt jitter. The TiPi design is considering a stage that utilizes three piezoelectric devices for tilt
actuation. A hexapod design is also under consideration.

12.5.4

NGS Wavefront Sensors

The TiPi design employs three infrared pyramid wavefront sensors. Infrared sensors are chosen so as to
benefit from AO compensation of the guide stars provided by SLGLAO and MOAO. Pyramid sensors are
chosen for their optimal performance in sensing faint guidestars.

12.5.5

Real-Time Controller (RTC)

The real time control system for TiPi presents a challenging computational problem. In the full MOAO mode
of operation, the number of actuators that must be controlled is many times that of NFIRAOS. Similarly, TiPi
utilizes eight laser guidestars rather than the six employed by NFIRAOS. An approach to the real time control
of this system must take maximal advantage of the parallelizability inherent in the MOAO architecture.
The signal path for high order wavefront measurement and control is shown in Figure 12:18 (The tip tilt
measurement and control signal path is analogous, but presents no computational difficulties due to the low
data rates from the tip tilt sensors.) Image data for the eight 60x60 Shack Hartmann LGS WFS are read out
from the detectors. TiPi proposes to employ the radial geometry CCD's that have been adopted by the TMT
project as the baseline sensors for NFIRAOS. These devices use 4x16 pixel CCD patches that are arranged in
a radial geometry so that the long axis lies along the direction of laser spot elongation. Each 4x16 CCD patch
may be read out simultaneously.
The TMT project is considering a matched filter algorithm for centroiding the laser spots. This matched filter
is generated from knowledge of the sodium layer density, and this profile is to be cross correlated with the
measured laser light in the images formed by each subaperture. Like the CCD readout, this centroid algorithm
may be performed in parallel. The resulting centroids from each LGS WFS are passed through a single
conjugate reconstructor to generate residual LGS wavefronts. This step may be parallelized across the eight
LGS wavefronts. The common mode woofer correction measured by the M6 metrology system is then added
into each of the eight residual wavefronts to compute the total wavefront error in the direction of each LGS.
This step is required because the tomographic reconstructor must act on the full LGS wavefront rather than just
the residuals due to correlations between the common woofer correction and the differential corrections that
are supplied to the tweeters.
The eight LGS wavefronts are then passed to the high order tomographic reconstructor. This reconstructor
must compute both the common mode correction to place onto the woofer and the differential corrections to
place on each of twenty tweeters. This step parallelizes naturally over each adaptive mirror. A direct matrix
vector multiply to compute the common woofer correction would be [30x30] by [60x60x8]. The VMM for
each tweeter correction would be of dimension [60x60] by [60x60x8]. This should be compared to
NFIRAOS, which would require a slightly larger [60x60x2] by [60x60x6] VMM.

TMT.SEN.SPE.05.001.REL01

Page : 146/173
February 15, 2006

The TMT project is considering a solution for NFIRAOS that utilizes preconditioned conjugate gradient
reconstruction. This methodology avoids the issue of direct inversion of the reconstruction matrix in favor of
an iterative solution to the matrix equation. The Lab for Adaptive Optics is also exploring this type of
algorithm, and has made progress in implementing these algorithms on FPGA devices. This would be a very
favorable solution for TiPi, as these devices are much lower cost than the traditional DSP based computer
architectures employed in current AO systems. On this note, the Palm 3000 AO system planned for Palomar
is exploring FPGA solutions for VMM reconstruction on this 60x60 actuator single conjugate AO system.
This type of approach could be employed by TiPi in performing the single conjugate reconstruction of the
LGS wavefront residuals.

Given the low cost of FPGA's and the high degree of parallelizability in the MOAO architecture, the most
favorable solution to the real time control problem for TiPi appears to lie in the use of these devices.

Figure 12:18. Real-time controller (RTC) architecture for TiPi.

12.6 COMPARISON WITH ALTERNATIVE MOAO ARCHITECTURES
From an adaptive optics perspective, MOAO is a challenging capability. A common response to this
challenge has been to chart a course of development that will provide interim levels of performance, leading to
a full MOAO capability as technological development and budget permit. A number of such interim MOAO
capabilities have been proposed within TMT, and this section provides a brief summary of the situation.

12.6.1

Multi-Woofer Configurations

Two broad categories of MOAO architectures have been considered for TMT. The first uses a common
woofer to effect a global adaptive correction. TiPi's Offner relay provides such a correction, but a standalone
AM2 or NFIRAOS itself could serve as a common woofer. The second type of MOAO architecture uses
individual woofers to compensate each target independently. This concept forms the basis of the concept
under investigation by the University of Florida, HIA, and UC Santa Cruz.
In the full MOAO capability, additional adaptive compensation is required to provide the final level of
wavefront correction. In the common woofer architecture, this correction compensates for residual fitting error
and anisoplanatism, while in the individual woofer architecture only residual fitting error need be
compensated. MEMS-DM devices appear to be the only cost-effective way to provide this compensation.
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One of the important features in using MEMS-DM devices for second stage compensation is that they need to
be run without any feedback. In all architectures above, light from the lasers and tip/tilt NGSs has been picked
off upstream of the MEMS-DM device. Because of this, the MEMS-DM device must operate in open-loop.
These devices are thought to be calibratable to a level of precision much higher than classical piezo-stack
DMs, so that the open-loop errors are manageably small. It should be noted that these errors are likely to be
proportional to the amount of WFE that one aims to control in open-loop, so that minimizing this open-loop
error may be a critical strategy. A consequence of this open-loop mode of operation is that the correction to be
applied to the device requires knowledge of the woofer surfaces, which would otherwise be known to far less
accuracy. In the above architectures the woofer correction is measured with one or more interferometers.
There are a few architectures that lie outside the woofer/tweeter architectures described above. SLGLAO and
synthetic SLGLAO represent interim capabilities for TiPi that do not require any additional level of adaptive
correction beyond the common woofer, and thus do not rely on MEMS-DM devices at all. A different interim
architecture has also been proposed. The phase-wrapped MEMS-DM architecture does not use a woofer, and
supplies the full correction by computing the wavefront phase correction, modulo 2π, and driving the MEMSDM surface into a phase-wrapped configuration.
Table 12:11 lists the different architectures, summarizes their laser and MEMS-DM component requirements
and gives a rough idea of the delivered performance. There are many design considerations that are not
reflected in this table, which is meant primarily to highlight the different possible development paths for an
IRMOS capability on TMT. A TiPi design that uses NFIRAOS, an AM2, or the Offner relay could run in a
SLGLAO or synthetic SLGLAO mode. These interim modes supply only partial compensation over fields of
view of ~2’, but are shown in the TiPi iOCDD to provide interesting levels of scientific performance. As
discussed above, these modes of operation carry little risk. The next level of performance relies on MEMSDM devices with 32x32 actuators and ~2μm stroke, and the ensquared energy and patrol-field approach the
SRD specification. However, the NFIRAOS FoV is limited to 2’ by design. Under typical turbulence
conditions the WFE that must be compensated in open-loop ranges from 0.1-0.75μm, depending on location
within the field. At the final level of performance, use of MEMS-DM devices with 64x64 actuators and ~4μm
stroke permit TiPi to deliver the full MOAO capability.
A final feature of the common mode woofer architecture is the fact that on axis, only about 100nm of openloop control is required under typical turbulence conditions. A low-stroke, high actuator count MEMS-DM
device could be utilized to compensate this WFE in open-loop and provide a diffraction-limited mode of
operation for TiPi. This mode of operation may provide an alternative to the upgrade path for NFIRAOS,
which requires an adaptive secondary (AM2) to achieve a ~130nm error budget.
The entry level UF/HIA/UCSC design uses current MEMS-DM technology to deliver ensquared energy
fractions of ~50% in H- and K-bands across the full 5' patrol-field. Under typical turbulence conditions,
WFEs of ~0.25-0.35μm must be controlled in open-loop, depending on the number of actuators supplied by
the woofer. Use of MEMS-DM devices with 64x64 actuators and ~4μm stroke permit this design to deliver
the full MOAO capability.
The phase-wrapped MEMS-DM architecture delivers ~50% ensquared energy in K-band across the full 5'
patrol-field, but requires ~1.8μm of open-loop control under typical turbulence conditions. An upgrade path to
the full MOAO capability would likely require the provision of woofers in each arm of the spectrograph.

12.6.2

NFIRAOS feeding TiPi

The Project Office has requested that Caltech consider a mode of operation in which TiPi is placed behind
NFIRAOS. The performance considerations of this type of architecture were described in the previous
section. In this section the additional requirements placed on NFIRAOS are discussed.
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In order to compute the correction to be applied to the MEMS-DM devices, NFIRAOS would need to sense
the surface of its DMs. This sensing would likely need to be carried out separately for each mirror, since they
are at significantly different conjugate heights. The real-time control system (RTC) for NFIRAOS would need
to be altered significantly to incorporate these interferometric measurements. In addition, were the NFIRAOS
RTC to also drive all 20 TiPi MEMS-DM devices, there would be a significant increase in required computing
power. Additional complexity would arise from the upgrade AM2+NFIRAOS architecture wherein science
light would encounter 4 deformable mirrors in series ([1 x AM2] + [2 x piezo-stack] + [1 x MEMS-DM]) in
series. Such architecture is unprecedented in astronomical AO.
In the current NFIRAOS design, the tip/tilt wavefront sensing is handled by the downstream instruments
themselves. TiPi could readily handle this requirement, so this is not a significant concern. These tip/tilt
measurements need to be partitioned, with the global component fed back to the tip/tilt stage on which the
NFIRAOS DM is mounted and the local component fed forward to the MEMS-DM devices.
Finally if NFIRAOS is to serve as the common woofer for Tipi, we would suggest provision of a SLGLAO
mode of operation for NFIRAOS. Such a mode would reduce the risk that the NFIRAOS schedule could slip
significantly due to difficulties in the implementation of multiple LGSs and tomographic reconstruction. A
SLGLAO mode for NFIRAOS is very close to the NGS mode currently required for this AO system, and
presumably would not be too burdensome to supply.
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Table 12:11. Possible AO architectures for TiPi

12.7 TIPI FEEDING IRIS
As a final note to the above discussion, it is interesting to summarize the minimal requirements necessary for
TiPi to provide a level of functionality similar to that of NFIRAOS. To do so requires the following
components:
•

1 30x30 actuator woofer with 12 microns stroke.

•

1 60x60 actuator MEMS device for feed forward control of 175 nm RMS WFE.
The feed forward control requirement is set by the marginal increase in fitting error between a 60x60
and 30x30 actuator mirror.

•

3 30x30 actuator MEMS devices for feed forward control of 1 um RMS WFE.
The feed forward control requirement is set by the anisoplanatic error over a 2’ patrol-field.

•

A real-time interferometer for continuous measurement of the surface of M6.
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If fractional errors in controlling wavefront aberrations open loop are of order 25%, this system will deliver the
same on-axis image quality as NFIRAOS. This system provides better sky coverage than NFIRAOS due to
improved image quality afforded by the MEMS devices in the NGS WFS arms. This system suffers more
anisoplanatic degradation over the 10'' imaging field of IRIS than does NFIRAOS.
The actuator count in this system is identical to that of NFIRAOS. The RTC requirements are increased due to
the necessity of incorporating the interferometric measurements of the common woofer into the control loop.
This system handles TT NGS selection using TiPi's OSM, rather than leaving this task to the downstream
instrumentation.
This system has a failsafe fallback position in SLGLAO. This mode of operation requires only a single laser
and the common woofer. No tomographic estimation or control is required in this mode of operation.
The same components required for this system permit IRMOS to operate over a 2' patrol-field at EE fractions
approaching the SRD requirement. This entails increasing the RTC requirements to accommodate additional
MEMS devices in the spectrograph arms. Further increases in MEMS stroke will permit this system to operate
over wider fields.
Alternatively, IRMOS can operate in a SLGLAO or synthetic SLGLAO mode without any MEMS
compensation. These modes provide ensquared energy levels that fall well short of the SRD specification.
With or without MEMS correction for the off-axis science targets, IRIS and IRMOS can operate
simultaneously in a synthetic SLGLAO mode. If MEMS are available, these devices would be controlled
tomographically using the LGSF. Six laser guide stars would be deployed into the asterism proposed for
NFIRAOS, with the remaining three spread around the perimeter of the 5' field.
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13. CONTROL AND DATA FLOWS
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13.1 OVERVIEW
This chapter describes external interactions with TMT facilities and then goes on to identify the internal
interactions between TiPi subsystems. This is not a full Systems Engineering analysis of the functional
breakdown and detailed nature of the communications between subsystems. Given the limited funding and the
fact that this is a Feasibility Study Report rather than a Conceptual Design Report, we merely enumerate the
mechanisms, their level of control complexity, as well as imaging systems and their data flow and analysis
requirements. The intent is to introduce the communications and data processing requirements, and to identify
those aspects which are unusual and/or will require the greatest effort in following phases of the project.

13.2 EXTERNAL INTERFACES
At the highest level, the TiPi instrument must receive instructions from the TMT Observatory Control System
regarding sequencing of observations, send and receive information to the TMT Laser Guide Star Facility, and
report data products to the TMT Data Archiving System.
The interface to the TMT Observatory Control System must receive instructions and communicate status
regarding the instrument and AO configuration. This includes details such as acquisition and guiding, object
selection, and AO system status. If the TMT OCS is to serve in the role of providing observational feedback
to astronomers and engineers, TiPi will need to deliver a number of additional data products. These include
acquisition and guiding image data, PSF monitoring data, calibration information, and science spectra through
a quick look facility. Despite this, the interface is unlikely to present a significant I/O load, with the exception
of the real time determination of exposure times based on measured SNR (discussed below).
The interface to the TMT Laser Guide Star Facility must issue instructions and receive status information
concerning the operation of the laser guide stars. This interface may present a significant I/O load if uplink
correction to the laser guide stars is envisaged. Such corrections would need to be computed by TiPi's
tomographic reconstruction computer and forwarded to adaptive mirrors within the LGSF facility on short
timescales. The remaining elements of this interface present no I/O problems.
The final interface to the TMT observatory is through the TMT Data Archiving System. This interface is the
most complex, and may entail significant I/O loads depending on which data are to be archived. Possible data
products include the spectral data from TiPi's spectrographs, PSF monitoring image data, acquisition and
astrometric data from the 5' imaging camera, guiding up dates from the Natural Guide Star WFS, and motor
encoder and metrology signals from throughout the TiPi instrument. These data products themselves present
no significant challenge, but must be adequately identified for use in downstream analysis.
The remainder of this chapter enumerates the number of controlled elements. While most of the control flow
occurs exclusively within TiPi it is likely that all parameters will need to be logged in a data base to allow
analysis of long term trends and correlations in instrument and telescope performance (for example).
The adaptive optics subsystem of TiPi deserves special mention here, due to the very high potential data load
from this subsystem. Modern adaptive optics systems deliver telemetry data for post mortem analysis of the
AO system. Telemetry data for TiPi includes pixel data from the LGS and NGS wavefront sensors, command
voltages to deformable mirrors, and measurements from the M6 metrology sensor. Given the high actuator
and subaperture count of TiPi and the operating rate of order 1 kHz, the telemetry data rate will be very high.
This data may be recorded and stored on a temporary basis, or may be recorded at a rate slower than the
control loop rate of the AO system. However, this data product is likely to present the largest challenge for the
TMT Data Archiving System.
The real-time analysis of spectroscopic data is another area, which requires special attention. To minimize
detector noise it will be necessary for the detector systems to read the arrays continuously generating
~3Mbytes per second per detector all night. An automatic determination of SNR must be determined in realtime so that the astronomer, an automated process under his/her supervision can terminate the exposure allow
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the Observation Sequencer to command the OSM to the next object in the field. Clearly this is part of the
Quick Look Reduction facility. It is not necessary to transmit every non-destructive readout to the DHS or
Quick Look Reduction facility. We anticipate that the Detector Control System will manipulate the data
while still in memory, to filter out cosmic rays, and periodically pass on signal and noise frames, which it
computes. Given that there will be separate electronics for each detector we advocate allocating a control
computer to each, both to simplify the task of allowing independent exposure times and to parallelize the
cosmic ray filtering and SNR calculation. The DHS need not archive intermediate frames, though it would be
desirable to always store the most recent signal and noise frames as protection against data loss, particularly
considering that the a single exposure may last many hours.

13.3 INTERNAL INTERFACES
The control and data flows for TiPi can be associated with the following functional breakdown
•

Adaptive optics (NGS and LGS WFS, various DMs, mirror metrology)

•

Rotator and Object Selection Mechanism

•

Metrology camera (retro-telescope), if required.

•

Visual imager

•

Spectrograph configuration

•

Spectroscopic detectors

•

Science data handling

•

Environmental controls

Figure 13:1 shows a systems overview of the TiPi instrument that emphasizes the components of the
instrument that require control or data communications. Links to the TMT observatory are also included. At
the heart of the control system is the supervisor computer, called the TiPi MOAO and Instrument Control
System. It resides in an electronics enclosure outside the TiPi thermal enclosure.
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Figure 13:1: Primary control and data path within TiPi, and between the TiPi and the observatory systems (shaded green)
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13.3.1

Adaptive optics

13.3.1.1

Items to be controlled

•

M6 “woofer” tip-tilt actuation

•

M6 “woofer” higher order actuation

•

M6 metrology camera

•

3 NGS WFS

•

8 LGS WFS mechanism

•

19 *124 by 124 MEMS deformable mirror tip-tilt actuation

•

19 *124 by 124 MEMS deformable mirror higher order actuation

•

Dichroic drive mechanism

•

Dichroic encoder (1 incremental and 1 absolute)-

13.3.1.2

High level computations

The following table is a high level summary of the computations required for the MOAO system.
Calculation

Inputs

Outputs

Dichroic location

TMT observatory control system

Dichroic drive position

AO Reconstructor

Cn2 profile

Reconstructor matrices

TMT observatory control system
TMT LGS facility
AO real time control

13.3.1.3

Subsystem

M6 interferometer data

M6 tip-tilt actuation commands

LGS WFS data

M6 higher order commands

NGS WFS data

MEMS tip-tilt actuator commands

Reconstructor matrices

MEMS higher order commands

Low level data flow

Inputs

Outputs

Rate
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Dichroic

Drive positions

M6 interferometer

CCD detector controller CCD pixel data
commands

1kHz

M6 tip-tilt stage

Actuator commands

-

1kHz

M6 higher order actuators

Actuator commands

-

1kHz

LGS WFS

CCD detector controller CCD pixel data
commands

1000 frames/s

NGS WFS

IR detector controller IR pixel data
commands

1000 frames/s

MEMS tip-tilt

Actuator commands

-

1kHz

MEMS higher order

Actuator commands

-

1kHz

13.3.2
13.3.2.1

Items to be controlled
Slew to position angle.

•

Set track rate, or stop

•

Report position angle or raw encoder reading.

13.3.3.1

1Hz

Instrument Rotator

•

13.3.3

Encoder readings

OSM
Items to be controlled

•

20 Steering and pathlength compensation mirror encoder (incremental + absolute) z-axis

•

20 Steering and pathlength compensation mirror encoder (incremental + absolute) tip-axis

•

20 Steering and pathlength compensation mirror encoder (incremental + absolute) tilt-axis

•

20 Steering and pathlength compensation mirror motor z axis

•

20 Steering and pathlength compensation mirror motor tip axis

•

20 Steering and pathlength compensation mirror motor tilt axis

•

3 * 135 Tile array encoders

•

3 * 135 Tile array motors

•

15 * 2 kmos-2 type encoders
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•

15 * 2 kmos-2 motors

•

Metrology and acquisition camera data output

13.3.3.2

High level computations

Subsystem:

Inputs

Outputs

Rate

OSM
Tile locations

Metrology
camera Drive positions
CCD data (all-field
mode) or look-up table
(science)

1 Hz (highest)

Steering mirrors

Metrology
camera Drive positions
CCD data (all-field
mode) or look-up table
(science)

1 Hz (highest)

13.3.3.3

Low level data flow

OSM

Inputs

Outputs

Rate

Tile mirrors

Drive positions

Encoder positions

1 Hz (highest)

Steering mirrors

Drive positions

Encoder positions

1 Hz (highest)

Metrology camera

CCD detector control CCD pixel data
commands

Subsystem:

13.3.4
13.3.4.1

Spectrograph
Items to be controlled

•

Calibration lamps

•

Image magnification selector

•

Grating selector

•

Order sorting filter

•

Detector translation (for dithering).

•

Vacuum monitoring.

0.1 Hz
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•

Detector configuration and data flow

•

Spectrograph and detector mount thermal monitoring

•

Detector mount thermal control

•

Work surface heater servo with slew rate control (used only during commissioning and maintenance)

13.3.4.2

Data flow

Spectrographs
Subsystem:

Inputs

Outputs

Rate

Object magnification

Drive position

Encoder positions

0.001Hz

Filter wheel

Filter number

Encoder positions

0.001Hz

Grating wheel

Grating number

Encoder positions

0.001Hz

Detector temperature
spectrograph temp.

0.1Hz, 1mK resolution
0.01Hz 100mK res.

Temperature monitoring
Temperature control

Detector set point

Vacuum gauge

Pressure

IR detector position

X and Y

IR detectors

IR detector
commands

13.3.5
13.3.5.1

At initialization
0.01Hz
0.1Hz

control IR pixel data

16ch/detector *
100kpix/s/ch = 1.6kpix/s
continuously per detector

Environmental controls
Items to be controlled or monitored

•

Instrument enclosure temperature setpoint

•

Coolant temperature and flowrate

•

Temperature sensors throughout enclosure and instrument to detect gradients and settling after
transient.

•

Fan power and airflow

•

Humidity and dehumidifier status.

•

Electronics cabinet temperatures. Note: due to the low temperature of the environment, all electronic
subsystems must either monitor their won temperature or hand off this function to the environmental
control system.
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•

Electronics cabinet cooling or heating power.

•

Pressure sensors in various airflow zones.

•

Status of access doors

•

Status of lights.

•

Personnel sensors (Motion detectors and or accelerometers)

14. SCHEDULE AND BUDGET
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14.1 SUMMARY
In support of this feasibility study, we have developed a notional budget and schedule for the development of
TiPi that is consistent with first-light deployment as a TMT science capability.
Our risk mitigation strategy for the TiPi adaptive optics problem allows us to consider, rather generally, two
phases of development, an initial 'First-Science' phase, which provides initial science over a 2 ‘ diameter FoV,
on a time scale commensurate with TMT first-light, and a subsequent 'MOAO Upgrade' phase, lasting an
additional 2 years, providing science over 5 ‘ FoV.
The level of performance to be achieved in each of these two phases is a function of technological maturity,
primarily of MEMS-DM components, but we note that the plan for an upgrade phase (from 2' to 5') does not
depend on the specific technology available at the component downselect decision point. MEMS-DMs
available today would, in fact, provide a scientifically interesting extension to the full 5' TiPi FoV.
Based on this feasibility study, we assume full SRD functionality is obtained at the end of the MOAO Upgrade
phase and that the major work elements of the MOAO Upgrade Phase consist of MEMS-DM upgrades in the
TiPi spectrographs, and the other implementations necessary for full 'open-loop operation' (e.g. updating of the
MOAO tomographic real-time computer (RTC) and implementation of an M6 deformable mirror metrology
system. )
We therefore consider the following top-level development schedule:
Development Phase

Duration

Exit Gate

Instrument Conceptual Design

12 months

CoDR (8/07)

Preliminary Design

18 months

PDR (1/09)

Detailed Design

24 months

DDR (1/11)

Full-Scale Fabrication

48 months

PSR1 (1/15)

Commissioning

9 months

'First-Science' Operations (9/15)

MOAO Upgrade

24 months

PSR2 (1/17)

Although TiPi enables several of the key science observations that motivate the construction of an extremely
large telescope, it also represents a substantial investment for our consortium. Our development plan mitigates
the potential cost risks inherent in such an ambitious instrument by encapsulating the high-risk technical areas
(MEMS-DM development and MOAO open-loop control) so that unforeseen challenges do not propagate to
other telescope subsystems or instruments.

14.2 PRODUCT BREAKDOWN STRUCTURE (PBS)
The top-level Product Breakdown Structure (PBS) for TiPi is shown in Figure 14:1. The MOAO subsystem
physically spans several of the other physical subsystems (the Offner Relay, OSM, and Spectrograph), but is a
self-contained product that is definable, assignable, and testable independent of the other TiPi subsystems.
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TiPi

1 Offner Relay

2 Multi-Object AO Subsystem
(MOAO)
3 Object Selection Mechanism
(OSM)
4 Spectrograph

5 Acquisition and Metrology Subsystem

6 Stimulus

7 Instrument Rotator

Figure 14:1. Product Breakdown Structure for TiPi
The Offner Relay, OSM, and Spectrograph elements correspond to the functional element described in
Sections 5, 8, and 9 respectively. The MOAO Subsystem includes the highest-level Supervisory Control
software for TiPi, as well as the deformable mirrors, wavefront sensors, real-time wavefront processor,
telemetry, and point spread function monitor camera. The Acquisition and Metrology Subsystem, Stimulus,
and Instrument Rotator are Auxiliary Systems that we described in Section 10 of this report. Data handling,
pipelining, and archiving is contained within the Spectrograph product.

14.3 WORK BREAKDOWN STRUCTURE (WBS)
Based on the PBS defined above, we have developed a detailed WBS structure that describes our current
understanding of all work packages required for the design, construction, and commissioning of TiPi.
For project-wide consistency, we have base our numbering of this WBS on the established TMT WBS
hierarchy (which establishes TMT.INS.INST.IRMOS as a Level 4 WBS element).

14.3.1

Summary WBS

Expanding upon the PBS defined above, we choose to include additional level-of-effort functions (such as
management, systems engineering, and system integration and testing) to formulate a TiPi WBS appropriate
for planning, assignment, and tracking for TiPi development and construction.
Updating of the Feasibility Study science case (including the Operational Concepts Definition Document) is
included in this WBS within the Systems Engineering element, which includes all aspects of Requirements
definition and flow-down to the System Functional Requirements and other requirements documents.
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WBS
Number
TMT.INS.INST.IRMOS
TMT.INS.INST.IRMOS.MAN
TMT.INS.INST.IRMOS.SYS
TMT.INS.INST.IRMOS.RLAY
TMT.INS.INST.IRMOS.MOAO
TMT.INS.INST.IRMOS.OSM
TMT.INS.INST.IRMOS.SPEC
TMT.INS.INST.IRMOS.AMS
TMT.INS.INST.IRMOS.STIM
TMT.INS.INST.IRMOS.IROT
TMT.INS.INST.IRMOS.IT
TMT.INS.INST.IRMOS.COMM

Title
IRMOS
IRMOS Management
IRMOS Systems Engineering
IRMOS Offner Relay
IRMOS MOAO
IRMOS Object Selection Mechanism
IRMOS Spectrograph
IRMOS Acquisition and Metrology System
IRMOS Stimulus
IRMOS Instrument Rotator
IRMOS System Integration and Testing
IRMOS Commissioning

Table 14:1. Level 5 (summary) WBS for TiPi. The Acquisition and Metrology System consists primarily of
the Full-field Visible Camera.

14.3.2

Detailed Work Breakdown Structure (WBS)

WBS
Number
TMT.INS.INST.IRMOS
TMT.INS.INST.IRMOS.MAN
TMT.INS.INST.IRMOS.MAN.SEN
TMT.INS.INST.IRMOS.MAN.BUS
TMT.INS.INST.IRMOS.MAN.SEC
TMT.INS.INST.IRMOS.SYS
TMT.INS.INST.IRMOS.SYS.LAB
TMT.INS.INST.IRMOS.RLAY
TMT.INS.INST.IRMOS.RLAY.SYS
TMT.INS.INST.IRMOS.RLAY.ENCL
TMT.INS.INST.IRMOS.RLAY.ISL
TMT.INS.INST.IRMOS.RLAY.CPR
TMT.INS.INST.IRMOS.RLAY.SAF
TMT.INS.INST.IRMOS.RLAY.STR
TMT.INS.INST.IRMOS.RLAY.WIN
TMT.INS.INST.IRMOS.RLAY.WIN.WIN
TMT.INS.INST.IRMOS.RLAY.WIN.MNT
TMT.INS.INST.IRMOS.RLAY.WIN.CON
TMT.INS.INST.IRMOS.RLAY.M4
TMT.INS.INST.IRMOS.RLAY.M4.MIR
TMT.INS.INST.IRMOS.RLAY.M4.MNT
TMT.INS.INST.IRMOS.RLAY.M5/7
TMT.INS.INST.IRMOS.RLAY.M5/7.MIR
TMT.INS.INST.IRMOS.RLAY.M5/7.MNT
TMT.INS.INST.IRMOS.RLAY.DIC
TMT.INS.INST.IRMOS.RLAY.DIC.MIR
TMT.INS.INST.IRMOS.RLAY.DIC.CEL
TMT.INS.INST.IRMOS.RLAY.DIC.CWT
TMT.INS.INST.IRMOS.RLAY.DIC.MOT
TMT.INS.INST.IRMOS.RLAY.DIC.STR

Title
IRMOS
IRMOS Management
IRMOS Management Senior
IRMOS Management Business Office
IRMOS Management Sectretarial
IRMOS Systems Engineering
IRMOS Systems Engineering Labor
IRMOS Offner Relay
IRMOS Offner Relay Systems Engineering
IRMOS Offner Relay Enclosure
IRMOS Offner Relay Enclosure Insulation
IRMOS Offner Relay Enclosure Compressor
IRMOS Offner Relay Enclosure Safety System
IRMOS Offner Relay Structure
IRMOS Offner Relay Entrance Window
IRMOS Offner Relay Entrance Window
IRMOS Offner Relay Entrance Window Mount
IRMOS Offner Relay Entrance Window Condensation
Mitigation
IRMOS Offner Relay M4 Fold Mirror
IRMOS Offner Relay M4 Fold Mirror
IRMOS Offner Relay M4 Fold Mirror Mount
IRMOS Offner Relay M5/7 Sphere
IRMOS Offner Relay M5/7 Sphere Mirror
IRMOS Offner Relay M5/7 Sphere Mirror Mount
IRMOS Offner Relay Dichroic
IRMOS Offner Relay Dichroic Mirror
IRMOS Offner Relay Dichroic Mirror Cell
IRMOS Offner Relay Dichroic Mirror Counterweights
IRMOS Offner Relay Dichroic Mirror Motor
IRMOS Offner Relay Dichroic Support Structure
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TMT.INS.INST.IRMOS.RLAY.IT
TMT.INS.INST.IRMOS.MOAO
TMT.INS.INST.IRMOS.MOAO.SYS
TMT.INS.INST.IRMOS.MOAO.M6DM
TMT.INS.INST.IRMOS.MOAO.M6DM.MIR
TMT.INS.INST.IRMOS.MOAO.M6DM.MNT
TMT.INS.INST.IRMOS.MOAO.M6DM.DRV
TMT.INS.INST.IRMOS.MOAO.M6TT
TMT.INS.INST.IRMOS.MOAO.M6TT.ACT
TMT.INS.INST.IRMOS.MOAO.M6TT.DRV
TMT.INS.INST.IRMOS.MOAO.M6TT.STR
TMT.INS.INST.IRMOS.RLAY.M6ME
TMT.INS.INST.IRMOS.RLAY.M6ME.SYS
TMT.INS.INST.IRMOS.RLAY.M6ME.SRC
TMT.INS.INST.IRMOS.RLAY.M6ME.CAM
TMT.INS.INST.IRMOS.RLAY.M6ME.MNT
TMT.INS.INST.IRMOS.RLAY.M6ME.IT
TMT.INS.INST.IRMOS.MOAO.M11
TMT.INS.INST.IRMOS.MOAO.M11.MIR
TMT.INS.INST.IRMOS.MOAO.M11.MNT
TMT.INS.INST.IRMOS.MOAO.M11.DRV
TMT.INS.INST.IRMOS.MOAO.M11.IT
TMT.INS.INST.IRMOS.MOAO.M11T
TMT.INS.INST.IRMOS.MOAO.M11T.ACT
TMT.INS.INST.IRMOS.MOAO.M11T.DRV
TMT.INS.INST.IRMOS.MOAO.M11T.STR
TMT.INS.INST.IRMOS.MOAO.LGSW
TMT.INS.INST.IRMOS.MOAO.LGSW.OPT
TMT.INS.INST.IRMOS.MOAO.LGSW.LA
TMT.INS.INST.IRMOS.MOAO.LGSW.CAM
TMT.INS.INST.IRMOS.MOAO.NGSW
TMT.INS.INST.IRMOS.MOAO.NGSW.OPT
TMT.INS.INST.IRMOS.MOAO.NGSW.PYR
TMT.INS.INST.IRMOS.MOAO.NGSW.DM
TMT.INS.INST.IRMOS.MOAO.NGSW.CAM
TMT.INS.INST.IRMOS.MOAO.SUP
TMT.INS.INST.IRMOS.MOAO.SUP.COM
TMT.INS.INST.IRMOS.MOAO.SUP.MOTCO
TMT.INS.INST.IRMOS.MOAO.SUP.ENVCO
TMT.INS.INST.IRMOS.MOAO.SUP.LGSFI
TMT.INS.INST.IRMOS.MOAO.SUP.TCSIF
TMT.INS.INST.IRMOS.MOAO.RTC
TMT.INS.INST.IRMOS.MOAO.RTC.COM
TMT.INS.INST.IRMOS.MOAO.RTC.CENTR
TMT.INS.INST.IRMOS.MOAO.RTC.TOMRE
TMT.INS.INST.IRMOS.MOAO.RTC.SERVO
TMT.INS.INST.IRMOS.MOAO.RTC.TEL
TMT.INS.INST.IRMOS.MOAO.PSFM
TMT.INS.INST.IRMOS.MOAO.PSFM.MIR

IRMOS Offner Relay Integration and Testing
IRMOS MOAO
IRMOS MOAO Systems Engineering
IRMOS MOAO M6 Deformable Mirror
IRMOS MOAO M6 Deformable Mirror
IRMOS MOAO M6 Deformable Mirror Mount
IRMOS MOAO M6 Deformable Mirror Drive Electronics
IRMOS MOAO M6 Tip/Tilt Stage
IRMOS MOAO M6 Tip/Tilt Stage Actuators
IRMOS MOAO M6 Tip/Tilt Stage Drive Electronics
IRMOS MOAO M6 Tip/Tilt Stage Support Structure
IRMOS MOAO M6 Real Time Metrology
IRMOS MOAO M6 Real Time Metrology Systems Engineering
IRMOS MOAO M6 Real Time Metrology Source
IRMOS MOAO M6 Real Time Metrology Camera
IRMOS MOAO M6 Real Time Metrology Mount
IRMOS MOAO M6 Real Time Metrology Integration and
Testing
IRMOS MOAO M11 (MEMS-DM)
IRMOS MOAO M11 (MEMS-DM) Mirror
IRMOS MOAO M11 (MEMS-DM) Mirror Mount
IRMOS MOAO M11 (MEMS-DM) Drive Electronics
IRMOS MOAO M11 (MEMS-DM) Integration and Testing
IRMOS MOAO M11 Tip/Tilt Stage
IRMOS MOAO M11 Tip/Tilt Stage Actuators
IRMOS MOAO M11 Tip/Tilt Stage Drive Electronics
IRMOS MOAO M11 Tip/Tilt Stage Support Structure
IRMOS MOAO Laser Guide Star Wavefront Sensor
IRMOS MOAO Laser Guide Star Wavefront Sensor Zoom
Optics
IRMOS MOAO Laser Guide Star Wavefront Sensor Lenslet
Array
IRMOS MOAO Laser Guide Star Wavefront Sensor Camera
IRMOS MOAO Natural Guide Star Wavefront Sensor
IRMOS MOAO Natural Guide Star Wavefront Sensor Optics
IRMOS MOAO Natural Guide Star Wavefront Sensor Pyramid
IRMOS MOAO Natural Guide Star Wavefront Sensor MEMSDM
IRMOS MOAO Natural Guide Star Wavefront Sensor Camera
IRMOS MOAO Supervisory Controller
IRMOS MOAO Supervisory Controller Computer
IRMOS MOAO Supervisory Controller Motion Controller
IRMOS MOAO Supervisory Controller Environment Controller
IRMOS MOAO Supervisory Controller LGSF Interface
IRMOS MOAO Supervisory Controller TCS Interface
IRMOS MOAO Real Time Controller
IRMOS MOAO Real Time Controller Computer
IRMOS MOAO Real Time Controller Centroider
IRMOS MOAO Real Time Controller Tomographic
Reconstructor
IRMOS MOAO Real Time Controller Servo
IRMOS MOAO Real Time Controller Telemetry System
IRMOS MOAO Point Spread Function Monitor
IRMOS MOAO Point Spread Function Monitor Mirrors
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TMT.INS.INST.IRMOS.MOAO.PSFM.MNT
TMT.INS.INST.IRMOS.MOAO.PSFM.CAM
TMT.INS.INST.IRMOS.MOAO.PSFM.LEN
TMT.INS.INST.IRMOS.MOAO.PSFM.LMT
TMT.INS.INST.IRMOS.MOAO.IT
TMT.INS.INST.IRMOS.OSM
TMT.INS.INST.IRMOS.OSM.SE
TMT.INS.INST.IRMOS.OSM.STR
TMT.INS.INST.IRMOS.OSM.TA
TMT.INS.INST.IRMOS.OSM.TA.MIR
TMT.INS.INST.IRMOS.OSM.TA.MNT
TMT.INS.INST.IRMOS.OSM.TA.MOT
TMT.INS.INST.IRMOS.OSM.TA.ENC
TMT.INS.INST.IRMOS.OSM.TA.MMIR
TMT.INS.INST.IRMOS.OSM.TA.MMNT
TMT.INS.INST.IRMOS.OSM.TA.MMOT
TMT.INS.INST.IRMOS.OSM.TA.MENC
TMT.INS.INST.IRMOS.OSM.TA.FMIR
TMT.INS.INST.IRMOS.OSM.SM
TMT.INS.INST.IRMOS.OSM.SM.MIR
TMT.INS.INST.IRMOS.OSM.SM.MNT
TMT.INS.INST.IRMOS.OSM.SM.STG
TMT.INS.INST.IRMOS.OSM.PARM
TMT.INS.INST.IRMOS.OSM.PARM.MIR
TMT.INS.INST.IRMOS.OSM.PARM.MNT
TMT.INS.INST.IRMOS.OSM.IT
TMT.INS.INST.IRMOS.SPEC
TMT.INS.INST.IRMOS.SPEC.SE
TMT.INS.INST.IRMOS.SPEC.STR
TMT.INS.INST.IRMOS.SPEC.DWR
TMT.INS.INST.IRMOS.SPEC.OBJM
TMT.INS.INST.IRMOS.SPEC.OBJM.WHL
TMT.INS.INST.IRMOS.SPEC.OBJM.MIR
TMT.INS.INST.IRMOS.SPEC.OBJM.MNT
TMT.INS.INST.IRMOS.SPEC.IMSL
TMT.INS.INST.IRMOS.SPEC.IMSL.OPT
TMT.INS.INST.IRMOS.SPEC.IMSL.MNT
TMT.INS.INST.IRMOS.SPEC.COL
TMT.INS.INST.IRMOS.SPEC.COL.OPT
TMT.INS.INST.IRMOS.SPEC.COL.MNT
TMT.INS.INST.IRMOS.SPEC.FIL
TMT.INS.INST.IRMOS.SPEC.FIL.OPT
TMT.INS.INST.IRMOS.SPEC.FIL.WHL
TMT.INS.INST.IRMOS.SPEC.GRA
TMT.INS.INST.IRMOS.SPEC.GRA.OPT
TMT.INS.INST.IRMOS.SPEC.GRA.WHL
TMT.INS.INST.IRMOS.SPEC.CAM
TMT.INS.INST.IRMOS.SPEC.CAM.OPT

IRMOS MOAO Point Spread Function Monitor Mirror Mounts
IRMOS MOAO Point Spread Function Monitor Camera
IRMOS MOAO Point Spread Function Monitor Lenses
IRMOS MOAO Point Spread Function Monitor Lens Mounts
IRMOS MOAO Integration and Testing
IRMOS Object Selection Mechanism
IRMOS Object Selection Mechanism Systems Engineering
IRMOS Object Selection Mechanism Structure
IRMOS Object Selection Mechanism Tile Array
IRMOS Object Selection Mechanism Tile Array Macro Mirrors
IRMOS Object Selection Mechanism Tile Array Macro Mirror
Mounts
IRMOS Object Selection Mechanism Tile Array Macro Mirror
Motors
IRMOS Object Selection Mechanism Tile Array Macro Mirror
Encoders
IRMOS Object Selection Mechanism Tile Array Mini Mirrors
IRMOS Object Selection Mechanism Tile Array Mini Mirror
Mounts
IRMOS Object Selection Mechanism Tile Array Mini Mirror
Motors
IRMOS Object Selection Mechanism Tile Array Mini Mirror
Encoders
IRMOS Object Selection Mechanism Tile Array Faceted Micro
Mirror
IRMOS Object Selection Mechanism Steering Mirror
IRMOS Object Selection Mechanism Steering Mirror
IRMOS Object Selection Mechanism Steering Mirror Mount
IRMOS Object Selection Mechanism Steering Mirror Stage
IRMOS Object Selection Mechanism Paraboloid Mirror
IRMOS Object Selection Mechanism Paraboloid Mirror
IRMOS Object Selection Mechanism Paraboloid Mirror Mount
IRMOS Object Selection Mechanism Integration and Testing
IRMOS Spectrograph
IRMOS Spectrograph Systems Engineering
IRMOS Spectrograph Structure
IRMOS Spectrograph Dewar
IRMOS Spectrograph Object Magnifier
IRMOS Spectrograph Object Magnifier Wheel
IRMOS Spectrograph Object Magnifier Mirrors
IRMOS Spectrograph Object Magnifier Mirror Mounts
IRMOS Spectrograph Image Slicer
IRMOS Spectrograph Image Slicer Optic
IRMOS Spectrograph Image Slicer Optic Mount
IRMOS Spectrograph Collimator
IRMOS Spectrograph Collimator Optics
IRMOS Spectrograph Collimator Optics Mounts
IRMOS Spectrograph Filter Wheel
IRMOS Spectrograph Filter Wheel Optics
IRMOS Spectrograph Filter Wheel
IRMOS Spectrograph Grating
IRMOS Spectrograph Grating Optics
IRMOS Spectrograph Grating Wheel
IRMOS Spectrograph Camera
IRMOS Spectrograph Camera Optics
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TMT.INS.INST.IRMOS.SPEC.CAM.MNT
TMT.INS.INST.IRMOS.SPEC.DET
TMT.INS.INST.IRMOS.SPEC.DET.ARR
TMT.INS.INST.IRMOS.SPEC.DET.MNT
TMT.INS.INST.IRMOS.SPEC.DET.CON
TMT.INS.INST.IRMOS.SPEC.CAL
TMT.INS.INST.IRMOS.SPEC.CAL.ARC
TMT.INS.INST.IRMOS.SPEC.CAL.ISP
TMT.INS.INST.IRMOS.SPEC.SUC
TMT.INS.INST.IRMOS.SPEC.DH
TMT.INS.INST.IRMOS.SPEC.QLOOK
TMT.INS.INST.IRMOS.SPEC.DH.ARCHI
TMT.INS.INST.IRMOS.SPEC.IT
TMT.INS.INST.IRMOS.AMS

IRMOS Spectrograph Camera Optics Mounts
IRMOS Spectrograph Detector
IRMOS Spectrograph Detector Array
IRMOS Spectrograph Detector Mount
IRMOS Spectrograph Detector Controller
IRMOS Spectrograph Calibration Unit
IRMOS Spectrograph Calibration Unit Arc Lamps
IRMOS Spectrograph Calibration Unit Integrating Sphere
IRMOS Spectrograph Supervisory Controller
IRMOS Spectrograph Data Handling
IRMOS Spectrograph Quick Look
IRMOS Spectrograph Data Handling Archive
IRMOS Spectrograph Integration and Testing
IRMOS Acquisition and Metrology System
IRMOS Acquisition and Metrology System Systems
TMT.INS.INST.IRMOS.AMS.SE
Engineering
TMT.INS.INST.IRMOS.AMS.BAR
IRMOS Acquisition and Metrology System Illuminator
TMT.INS.INST.IRMOS.AMS.ILL
IRMOS Acquisition and Metrology System Barrel
TMT.INS.INST.IRMOS.AMS.CAM
IRMOS Acquisition and Metrology System Camera
TMT.INS.INST.IRMOS.AMS.CAM.OPT
IRMOS Acquisition and Metrology System Camera Optics
IRMOS Acquisition and Metrology System Camera Optics
TMT.INS.INST.IRMOS.AMS.CAM.MNT
Mounts
TMT.INS.INST.IRMOS.AMS.DET
IRMOS Acquisition and Metrology System Detector
TMT.INS.INST.IRMOS.AMS.DET.ARR
IRMOS Acquisition and Metrology System Detector Array
IRMOS Acquisition and Metrology System Detector
TMT.INS.INST.IRMOS.AMS.DET.ARR.MNT ArrayMount
TMT.INS.INST.IRMOS.AMS.DET.ARR.MNT. IRMOS Acquisition and Metrology System Detector
CON
ArrayMountController
IRMOS Acquisition and Metrology System Supervisory
TMT.INS.INST.IRMOS.AMS.SUC
Controller
IRMOS Acquisition and Metrology System Integration and
TMT.INS.INST.IRMOS.AMS.IT
Testing
TMT.INS.INST.IRMOS.STIM
IRMOS Stimulus
TMT.INS.INST.IRMOS.STIM.SE
IRMOS Stimulus Systems Engineering
TMT.INS.INST.IRMOS.STIM.ENCL
IRMOS Stimulus Enclosure
TMT.INS.INST.IRMOS.STIM.LGSS
IRMOS Stimulus LGS Simulator
TMT.INS.INST.IRMOS.STIM.NGSS
IRMOS Stimulus NGS Simulator
TMT.INS.INST.IRMOS.STIM.TURB
IRMOS Stimulus Turbulence Generator
TMT.INS.INST.IRMOS.STIM.SLD
IRMOS Stimulus Slide
TMT.INS.INST.IRMOS.STIM.IT
IRMOS Stimulus Integration and Testing
TMT.INS.INST.IRMOS.IROT
IRMOS Instrument Rotator
TMT.INS.INST.IRMOS.IROT.SE
IRMOS Instrument Rotator Systems Engineering
TMT.INS.INST.IRMOS.IROT.ROT
IRMOS Instrument Rotator Rotation Stage
TMT.INS.INST.IRMOS.IROT.NASI
IRMOS Instrument Rotator Nasmyth Platform Interface
TMT.INS.INST.IRMOS.IROT.SUC
IRMOS Instrument Rotator Supervisory Controller
TMT.INS.INST.IRMOS.IROT.SUC.COM
IRMOS Instrument Rotator Supervisory Controller Computer
IRMOS Instrument Rotator Supervisory Controller Motion
TMT.INS.INST.IRMOS.IROT.SUC.MOTCO Controller
TMT.INS.INST.IRMOS.IROT.IT
IRMOS Instrument Rotator Integration and Testing
TMT.INS.INST.IRMOS.IT
IRMOS System Integration and Testing
TMT.INS.INST.IRMOS.IT.LAB
IRMOS System Integration and Testing Labor
TMT.INS.INST.IRMOS.IT.M6TO
IRMOS System Integration and Testing M6 Test Optics
IRMOS System Integration and Testing OSM Calibration
TMT.INS.INST.IRMOS.IT.SCR
Screen
TMT.INS.INST.IRMOS.COMM
IRMOS Commissioning
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TMT.INS.INST.IRMOS.COMM.LAB
TMT.INS.INST.IRMOS.COMM.FRE
TMT.INS.INST.IRMOS.COMM.INS

IRMOS Commissioning Labor
IRMOS Commissioning Freight
IRMOS Commissioning Insurance

Table 14:2. Level 7 (detail) WBS for TiPi.

14.4 PROJECT SCHEDULE
Although the true scope of the TiPi project remains unknown, we have developed, using network analysis, the
functional interdependencies of the WBS elements and have generated a constraint-based construction
schedule in order to determine the potential schedule slack for each element and the critical path for TiPi
overall.
We find no inherent preclusion to a scientifically powerful first-light capability for TiPi. Most Level 6 WBS
elements are unconstrained to proceed at a rate commensurate with the available funding profile. The only
identified procurements with lead-times of greater than 24 months are the MEMS-DMs, and even this is only
because we are targeting full SRD compliance in our plan (by the end of the MOAO Upgrade Phase).

14.4.1

Critical Path

We find that system level software, particularly the development of data handing, pipelining, and archiving are
work packages in the Critical Path to instrument development. Although prototyping of these systems can
begin early in the project, it is not until a number of yet-to-be-determined interfaces are established, including
the computer networking architecture, interpretative command software layers, and data archiving systems for
use throughout TMT, that proper software requirements can be developed for TiPi. Because this external
effect has a potential for significant delays to initial science operations, it is imperative that TMT proceed
rapidly in the establishment of all software interfaces to the facility AO, LGSF, and instruments.

14.4.2

Gantt Chart

A Gantt representation of the notional TiPi construction schedule is shown below.
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Figure 14:2. TiPi Gantt chart (part 1)
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Figure 14:3 TiPi Gantt chart (part 2)
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14.5 COST ESTIMATE
Based upon the WBS and our current understanding of the IRMOS requirements flow-down, we have
developed a Level 7 WBS-based cost estimate for full TiPi construction, based primarily upon engineering
judgment, but informed in key cases with recent known component costs and conversations with potential
component vendors.
WBS
Number
TMT.INS.INST.IRMOS.MAN
TMT.INS.INST.IRMOS.SYS
TMT.INS.INST.IRMOS.RLAY
TMT.INS.INST.IRMOS.MOAO

Title

IRMOS Management
IRMOS Systems Engineering
IRMOS Offner Relay
IRMOS MOAO
IRMOS Object Selection
TMT.INS.INST.IRMOS.OSM Mechanism
TMT.INS.INST.IRMOS.SPEC IRMOS Spectrograph
IRMOS Acquisition and
TMT.INS.INST.IRMOS.AMS Metrology System
TMT.INS.INST.IRMOS.STIM IRMOS Stimulus
TMT.INS.INST.IRMOS.IROT IRMOS Instrument Rotator
IRMOS System Integration
TMT.INS.INST.IRMOS.IT
and Testing
TMT.INS.INST.IRMOS.COMM IRMOS Commissioning
Total Project Cost Estimate
TMT.INS.INST.IRMOS
IRMOS

Single-channel Full 16-channel
MOAO
MOAO
(FY06$M)
(FY06$M)
1.8
2.4
2.4
0.8
1.1
1.1
1.7
1.7
1.7
13.8
21.6
25.4

First-Light
(FY06$M)

2.8

2.8

2.8

8.5

8.5

8.5

1.3

1.3

1.3

0.9
1.3

0.9
1.3

0.9
1.3

1.6

2.0

2.1

1.2

1.6

1.8

35.8

45.2

49.3

Table 14:3. Cumulative project cost estimates for TiPi. Costs include conceptual and preliminary design
phases (beginning in 8/06). Costs assume commissioning of the first-light (2-’ science TiPi capability in 4/15,
with completion of the 5-’ science upgrade in 8/17. For comparison, we include a separate estimate for the
cost of a single-channel MOAO system, though we currently do not foresee this as a specific TiPi
development milestone.
The first-light cost estimate here includes the Offner relay, 1 woofer M6 DM, 8 LGS WFS, 3 NGS WFS, a
tomographic reconstruction computer, PSF monitor camera, 135+ tile object selection mirror, 16
spectrographs, all supporting equipment and software (including spectrograph quick look and data archive
capabilities) necessary to conduct the science cases detailed in the iOCDD.
The full 16-channel MOAO cost includes an additional 20 MEMS-DMs (16 in the spectrographs, 3 in the
NGS WFS, and 1 in the PSF monitoring camera, a new real-time MOAO control computer (replacing the firstlight computer), the M6 metrology system required for MOAO operation, and all additional management,
software, I&T, and commissioning costs.
Finally, we additionally make a ROM estimate of the intermediate cost of implementing a single MOAO
channel, as might be appropriate to feed the IRIS instrument, or a similar diffraction-limited d-IFU within
TiPi, assuming MEMS-DM technology advances appropriately. Most of the costs of implementing the
MOAO architecture are still borne; we generate this estimate by taking our detailed 16-science channel system
cost, scaled to a single science channel. As described in Section 14.4, we do not current envision singlechannel MOAO as a separate development milestone for TiPi.
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