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Abstract

The Operational Concepts Definition for IRMOS is based upon a series of specific science observations developed by the IRMOS science team.  These scenarios describe the instrument capabilities, which are in turn described in the Functional and Performance Requirements Document (FPRD).

This is an initial draft of this document.  Comments, outstanding issues, and to-be-provided sections for the final OCDD are delineated in this draft as being within [braces].
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General

1.1 Acronyms and Names

AM2


Adaptive M2

AO


Adaptive Optics

CW


Continuous Wave

DM


Deformable Mirror

ELT


Extremely large telescope

FoV


Field of View (the field observed by a single detector array)

FoR
Field of Regard (the field over which objects may be selected)

FFPRD
Final IFPRD

FOCDD
Final IOCDD

FSR
Feasibility Study Report

FPRD
Functional and Performance Requirements Document

IFS
Integral Field Spectrograph

IFU


Integral Field Unit (optical re-formatting feed to an IFS)

IFPRD


Initial FPRD

IOCDD


Initial OCDD

IPT


Integrated Product Team

IR


Infrared

LAM


Laboratorie d'Astrophysique de Marseille

LGS


Laser Guide Star

LGSF


Laser Guide Star Facility

M1


TMT primary mirror

M2


TMT secondary mirror

M3


TMT tertiary mirror

M6


The TiPi relay DM common to all IFUs

M11 [XXX]

The MEMS DM within each spectrograph arm (MOAO mode)
MEMS


Micro-electro-mechanical systems

MCAO


Multi-conjugate AO

MOAO


Multi-object AO (having one DM per IFS)

Na


Sodium

NFIRAOS

Narrow Field Infrared Adaptive Optics System

NIR


Near Infrared (typically 1-2.5 microns wavelength)

NSF


National Science Foundation

OCDD


Operation Concept Definition Document

OIWFS


On-Instrument WFS using NGS (see also TTF)

PI


Principal Investigator

PDR


Preliminary Design Review

PSF


Point Spread Function

P-V


Peak-to-Valley

RMS (also rms)

Root Mean-Squared

RTC


Real-Time Controller

SAC


Science Advisory Committee

SLGLAO

Single-laser Ground Layer Adaptive Optics

SRD


Science Requirements Document

TBD


To Be Determined

TBR


To Be Reviewed

TiPi


The name of Caltech's version of IRMOS 

TMT


Thirty-Meter Telescope Observatory

TTF


Tip/Tilt/Focus 

WFE


Wavefront Error

1.2 Purpose

The purpose of this report is to document the Operational Concepts our team has developed for IRMOS.  It is a primary deliverable of the IRMOS Feasibility Study and is intended to serve as a source for FPRD requirements and to inform the Observatory regarding necessary IRMOS interfaces.

1.3 Scope

The operational scenarios considered in this document include observation planning, routine observation execution (in several modes), calibrations, and post-processing requirements.

1.4 Definitions

Spaxial, n.
The focal plane sampling as defined by the IFU.  This is distinct from both the TiPi tile spacing and the pixel sampling, which is determined within the spectrograph.  The spaxial sampling is the relevant sampling for IFU imaging resolution.

1.5 Assumptions

1.5.1 Instrument Architecture

IRMOS is a stand-alone, combined adaptive optics system and near-infrared multiobject spectrograph covering a 5 arcmin FoR.  

As such IRMOS, as described here, makes no use of the 2 arcmin NFIRAOS FoR currently considered the baseline as a TMT facility AO system.  The alternative system architecture of placing IRMOS behind a 2 arcmin FoR NFIRAOS relay will be considered in the sections describing the science goals of this instrument.

1.5.2 Laser Guide Star Facility

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

1.5.3 Delivered Plate Scale Stability

TMT shall provide a plate scale at the Nasmyth focal plan that does not fluctuate by 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.

1.5.4 Telescope Optical Interface

The beam leaving M3 and heading to the Nasmyth focus shall be 2 meters above the surface of the Nasmyth platform.

1.5.5 Telescope Mechanical Interface

IRMOS is expected to reside on the Nasmyth platform of TMT and fit easily within the constraints imposed by telescope back focal distance (2m from the edge of the telescope primary) and beam height above the Nasmyth deck (2m) without need for removable Nasmyth floor panels or engineering of a Nasmyth 'basement' level.

1.6 Related Documents

· TMT Science-Based Requirements Document, TMT.PSC.DRD.05.001.REL15

· Caltech's IRMOS Feasibility Study web site at http://www.astro.caltech.edu/oir/irmos.

2 AO Operational Modes

Risk mitigation, particularly the mitigation of component technology risk within the adaptive optics functions of IRMOS, is of paramount consideration for IRMOS.  To mitigate IRMOS risk, we have developed a phased-implementation approach for IRMOS 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 FoR, initially limited to approximately 2 arcmin, though MEMS DM technology improvements, until the full 5 arcmin FoR 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 FoR.  This section summarizes the component technology requirements and scientific performance for each of these modes of operation.

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 wavefront sensor to drive the woofer at M6.  Wavefront sensing occurs after the woofer correction, and the laser beacon wavefront is applied directly to the deformable mirror 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 wavefront sensors 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 1-2 arcmin compensated field of view.  Throughout this field, the Strehl ratio ranges from 15% at 2(m to half a percent at 1 micron.  The 50 percent ensquared energies range from 15 percent at 2(m down to 2.5 percent at 1(m.  For each of TiPi's spectrographs, point source SNR improvements over the seeing limit range from a factor of 14 at 2 microns down to a factor of 2 at 1(m.  Considerable variability in these numbers will arise from variations in the atmospheric turbulence profile [A table of these values may be included in the final OCDD].

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 deformable mirror with an actuator count of order 40x40, a single high order wavefront sensor, and three low order natural guide star sensors.  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.

2.2 Synthetic SLGLAO

The next stage of development is synthetic SLGLAO.  This mode of operation allows a tradeoff between field of view 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 field of view 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 field of view.  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 infinite range.

In this architecture, wavefront sensor measurements from multiple sodium laser beacons are used to synthesize a correction for the woofer at M6.  Since a correction is synthesized tomographically, the wavefront sensors are driven in a non-null seeking manner.  These wavefront sensors do benefit from the woofer correction, and need only sense wavefront errors of order 1(m RMS.

Synthetic SLGLAO adds several more technological risks to the AO development path for TiPi.  This mode requires multiple lasers and multiple high order wavefront sensors 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 guidestar altitude in order to optimize the adaptive correction and field of view.  For certain applications, reducing Strehl ratio in order to distribute the IFUs over a wider field of view may be desirable.  Likewise, in situations where tip tilt guide stars are sparse it may be observationally favorable to extend the field of view 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.

2.3 MOAO (Multi-Object AO)

The final stage of AO development for TiPi is a full MOAO system.  In this mode, MEMS 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 NGS tip tilt wavefront sensor channels in order to improve adaptive correction of the tip tilt guidestars.  In this mode of operation, the woofer at M6 is driven using a synthetic SLGLAO correction, and the laser beacon wavefront sensors again operate over a limited dynamical range.  In MOAO, however, a supplementary correction is tomographically generated for each MEMS 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 wavefront sensors.

The technological risks of full MOAO control are substantial.  This mode of operation requires MEMS devices capable of correcting wavefronts with errors of order 1 micron RMS.  This correction must be applied in open loop, so that control of the MEMS devices must be highly repeatable.  Finally, the real time control problem presents additional challenges, as corrections for each channel must be synthesized tomographically.  However, the performance of a full MOAO system roughly meets the Scientific Requirements Document specification of 50 percent ensquared energy in 50mas.

3 Sample Observing Scenarios

3.1 A Dynamical Survey of Galaxies at the Peak Epoch of Stellar Mass Assembly

3.1.1 Science Justification

The goal of this project is to determine the dynamical masses, kinematical state, and internal star-formation distributions of a mass-limited sample of galaxies observed near the peak epoch of massive galaxy assembly (2<z<3). The specific goals of the survey will include the following:

1. A comparison between the ages inferred for the stellar populations and those determined dynamically. This comparison is central to testing hierarchical models that predict that larger galaxies are built-up by mergers of sub-units, many of which have established independent stellar populations of their own. At present our knowledge of the dynamical state of high redshift galaxies is fairly limited. Clearly many show morphological features consistent with recent major mergers, but many basic questions remain unanswered. What are the dynamical masses of these systems?  Are the many clumpy systems seen at high redshifts maturing disks or collapsing sub-units? Do the systems span a wide range of dynamical ages? Is heterogeneity in stellar populations coupled with younger or older dynamical ages?
2. A more profound question is whether diversity in the dynamical states is coupled in someway to different modes of star-formation? For example, is H emission more spatially concentrated in later-stage mergers, as predicted by simulations that show that mergers drive gas toward the nucleus? If so, how can high luminosities be achieved even in young interactions where the H is quite extended? How are physical details other than the dynamical state, such as the internal structure or gas content of the galaxies, playing a role in determining the evolution of massive galaxies?
The above illustrates the immaturity of this important field, central to understanding the physical processes that led to the presently-observed Hubble sequence. Although some progress will be made in the next decade from individual AO-fed studies of brighter systems, ultimately TMT will be required for a statistical survey. This is a top priority project for TiPi.
3.1.2 Planning the observations

The TiPi observations undertaken for this science program will require extensive advance planning. Ideally, precise redshifts would be known for all TiPi targets prior to observation, so that the target emission lines can be selected so as to fall both within the wavelength range of the instrument and avoiding regions of extensive OH contamination. In practice, it is likely that photometric redshifts will be used as a proxy for spectroscopic redshifts, and the limited precision of these means that contamination by OH will occur and will need to be dealt with. In this section we will assume that the target sample is taken from a deep multi-color optical-IR imaging survey with photometric redshift precision z<0.2. The target sample will be infrared-selected to Ks=25 mag (AB), and further cut on the basis of photometric redshift will be made so sources lie in the interval 2.0<z<2.6 so that there is a high probability that the H emission line is contained within the wavelength range covered by TiPi. Note that IR selection is a fairly robust proxy for selection on the basis of stellar mass. 

Based on a photometric redshift catalogue of a 2.5 ( 2.5 arcmin area from the GOODS survey centered on the Hubble Ultra-Deep Field (kindly provided by Stephen Gwyn), the number of targets with Ks<25 mag (AB) in the redshift interval 2.0<z<2.6 is about 5 arcmin-2. Therefore about ~125 galaxies will be encompassed by the 5’x5’ area of regard of TiPi operating in its wide-field MOAO configuration; about ~20 galaxies would fall within the 2’x2’ area of regard of TiPi operating in its SLGLAO configuration. Given the typical size of the target galaxies, astrometry with positional accuracy better than [TBD] relative to an OIWFS star will be needed to ensure that each target is fully contained within each IFU’s field of view. 

A further complication will be OH contamination of one or more velocity channels in the relevant portion of the IFU data cube. At a spectral resolution of R~4000 about 95% of the J-band, 75% of the H-band, and 85% of the K-band is uncontaminated. (We define a ‘contaminated’ portion of the spectrum to be one where OH line emission contributes greater than 20 photons/m2/s/arcsec2 to a top-hat filter whose full-width is corresponds to the spectral resolution). However, because internal motions within the galaxy (as well as larger-scale motions, as in the case of mergers) will span several velocity channels in the IFU data cube, the probability of some contamination by OH lines in the galaxy spectrum is higher than suggested by scanning over the OH forest at the high spectral resolution of TiPi. If we assume that a velocity range of ± 300 km/s from the systemic velocity of the galaxy is likely to be of interest, then the portions of the wavelength range spanned by J, H, K bands that are totally uncontaminated reduce to: 45%, 15%, and 20%, respectively. Fortunately, in most cases, contamination of a single velocity channel by OH will not lead to a catastrophic loss of information – the situation is somewhat analogous to contamination by cosmic ray hits in which only a small portion of the data is impacted. We propose to handle most cases by simply interpolating over the small number of affected channels in the data cube at the post-processing stage of the data reduction pipeline (described below).

3.1.3 Layout of Patrol IFUs

Within the constraints of the magnitude and photometric redshift selection criteria used to define our sample, targets will be assigned randomly within the survey fields. However, because of cosmic variance, when operating in SLGLAO mode, some fields will have insufficient targets to fill the available number of IFU units. In this case additional targets outside the formal completeness limit of our sample will be assigned.

3.1.4 Integration Times and Figure-of-Merit

About 90% of the galaxies in our (Ks< 25 mag, 2.0<z<2.6) sample will be in the magnitude range 23.5<Ks<25 mag (AB). Translating this range of apparent magnitudes into a distribution of spatially resolved line fluxes is difficult but an attempt can be made using detailed simulations undertaken by our team (Figure 1). 
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Figure 1.  Simulated data for a typical z~2 system as observed with ACS (direct image). The true velocity field is reconstructed under diffraction-limited, SLGLAO and natural seeing conditions. The fidelity of the reconstruction with SLGLAO is significantly improved over the seeing-limit, and nearly that provided by a diffraction-limited system under the same input conditions.
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Figure 2.  Identical analysis as for Figure 1 above for a different system.

We can verify these model predictions using a simpler, empirical approach adopted by Law et al. (2005). These authors predict the appearance of H(and [OII]) maps for z>2 galaxies by exploiting the correlation between rest-UV surface brightness and star-formation rate. These authors infer the flux density distribution for a sample of galaxies in the GOODS-N field and use these flux densities to predict the signal-to-noise per resolution element in an IFU observation. They predict that in a one hour integration with TMT the 5σ limiting flux density per resolution element will typically be a few times 10-17 erg cm-2 s-1 arcsec-2 for a 100 mas 
angular sampling. This limiting flux density increases by a factor of for each doubling in the resolution element size.

3.1.5 Daytime Procedures

During the day the correct operation of the spectrographs will be verified, using a standard observing script to execute the following operations on each spectrograph. 

1. Establish the zero-point of the mechanical frame of reference for the steering mirrors by illuminating the fiber optic reference sources embedded within the mirror array and orienting each spectrograph to point to these.

2. Verify that system noise in the detectors is nominal by taking a series (20-30 images) of short dark images and measure the RMS frame-to-frame deviations for all pixels. 

3. Take short and long (1/2 full well) exposures of a constant flux source. Verify that well depth and linearity are nominal. Such data should be taken in non-dispersed mode. 

4. Take a long dark exposure. Verify nominal dark current. 

3.1.6 Unique Target Acquisition Issues

It is important to note that the strength of the target Hline is only weakly correlated with the apparent magnitude and color of each target galaxy (Erb et al. 2005). We will increase the operational efficiency of our observations by using quick-look data analysis to swap new targets into the program ‘on-the-fly’ during sub-integrations, as soon as individual objects are seen to have appropriate signal-to-noise (with an upper limit of TBD integration for any individual galaxy). Simulating the improvement in operational efficiency from this strategy shows a minimum improvement in efficiency of around 30% (see the Mathematica notebooks available here: http://odysseus.astro.utoronto.ca/~abraham/TiPi/). More optimistic assumptions yield an improvement approaching a factor of two.

3.1.7 Facility Requirements

This program would benefit from being executed in a queue, but because of the on-the-fly target acquisition the project would require a commitment from the observatory to train the queue observer to make real-time decisions with respect to IFU target selection. 

3.2 Primeval Galaxies and First Light

3.2.1 Science Justification

Locating the redshift distribution and characterizing the physical nature of the first galactic-scale objects is a major motivation for constructing TMT. The flexibly-addressed TiPi focal plane will enable great progress in this area via appropriately targeted searches for line emission arising from star formation.  Thus, TiPi is the ideal instrument for probing the faint end of the z > 7 luminosity function, for measuring the topology of reionization, and for demonstrating the existence and epoch of Population III star formation in the early universe.

Recent breakthroughs in cosmology pin the epoch of the reionization of hydrogen in the intergalactic medium (IGM) to the range 6 < z < 20.  The cause of this reionization remains unclear, although star forming galaxies are the likely sources.  By 2014, the most luminous of these high-redshift galaxies --- the tip of the iceberg --- will have been discovered by 10-meter class telescopes.  The earliest, chemically pristine, sources should emit a significant fraction of their flux in intense emission lines such as Lyman (. Accordingly, near-infrared searches with TMT and TiPi for redshifted Lyman ( emission will be a powerful technique for charting the distribution, abundance and physical properties of  the earliest sources to z~20. This program has a number of connected goals.

The Ly( luminosity function: The opacity of the IGM is the most formidable barrier to detecting Ly( emission at z > 7.  However, hard radiation leaking from star-forming galaxies will form ionized ``bubbles'' in the IGM, theoretical studies indicate that a fraction of the Ly( emitted deep inside large enough (Mpc-scale) bubbles escapes without scattering.  Because only quasars and massive star-forming galaxies can form bubbles this large, high-density environments represent the best places to scan the full range of the Ly( luminosity function at z > 7. As the local opacity is affected by emitters depending on their strength, the changing shape of the LF with epoch is a powerful measure of when reionization occurred (Rhoads et al 2005).

Topology of the reionization: In addition to providing information about the star-forming galaxies themselves, searches for faint Ly( emitters will permit detection of the ionized IGM bubbles that allow the photons to escape.  Ultimately, the ionized bubbles forming in the IGM grow together and fill the universe, signaling the end of reionization.  Thus, the clustering properties of faint Lyman ( sources is a direct probe of the topology of reionization.

The extreme faint end of the  Ly( luminosity function:  Massive cluster caustic searches for lensed z > 7 galaxies provide an orthogonal means of discovering the faintest Ly( sources. The flux boosts are nearly arbitrarily large.  When conducted with extremely sensitive spectroscopy over moderate-sized areas, cluster lens searches will reveal the faintest sources of Ly( emission. TiPi will be particularly versatile in mapping these regions.

Metal-free star formation: Identifying the era of Population III star formation --- star formation in zero-metal gas --- is a major goal of the next generation of large telescopes.  TiPi will enable these observations via searches for the emission-line HeII 1640 Å, available for 7 < z < 14.  This emission line is the most effective diagnostic of the hardness of the ionizing radiation fields in the line emitting regions.  A strong HeII line relative to the UV continuum reveals the presence of extremely massive, hot stars.  These observations will require follow-up of known high-redshift galaxies at redder wavelengths.

8.2.2
Planning the Observations

These projects combine several classes of targets.  The cluster caustic component will utilize high redshift clusters as strong gravitational lenses to magnify the signal from early sources. In this case, accurate mass models will be needed for each cluster lens, drawing on earlier spectroscopy of multiply-imaged arcs undertaken with 4 and 8-10m class telescopes.

High quality ancillary data in the form of optical and near-infrared images will be needed for all of these projects.  For the clusters, the data are required to verify that discovered line emitting sources represent redshifted Lyman ( rather than the strong lower redshift lines such as H( and [O II].  In particular, the high-redshift targets will emit no observed-frame optical flux. The required depth of the optical images depends on the (lensed) emission-line sensitivity and on the maximum expected equivalent widths of the possible emission-line contaminants.  For example, for a brief TiPi exposure revealing an emission line with flux 3. 10-18  ergs sec-1 cm-2 Å-1 at 1.122 (m (the z=8.2 window in J) requires optical images at 6060 Å with a depth of 29.3 AB magnitudes (e.g., the Hubble Deep Field) to rule out [OII] emission with equivalent widths <800 Å.  For a fixed minimum contaminant equivalent width, the required flux limit for the optical image scales linearly with the depth of the infrared line search (Barton et al. 2004.).

A second component of the study will involve ``semi-blind'' targeted contiguous field searches in regions known to have abundant massive star-forming galaxies; these are regions where the IGM is locally ionized.  The medium-band imaging surveys conducted by JWST with NIRcam will identify these regions with photometric redshifts of massive star forming galaxies at z > 7.  TiPi will search these ionized bubbles in the IGM created to find the extremely faint Ly( sources.

Measuring the topology of reionization will require a surveying of a wider (non-contiguous) range of environments.  Using the same NIRcam survey from JWST, TiPi will survey contiguous regions with varying known large-scale structure in high-redshift continuum sources.  The study will reveal the 1-10 Mpc clustering scale of faint Ly( sources, yielding a measure of the growth of ionized IGM bubbles, and hence the topology of reionization at 8.5 < z < 18.  Like the lensing searches, these ``targeted search'' projects will require similarly deep optical images to rule out low-redshift contaminants.

The search for Population III star formation via the HeII 1640 Å line will require follow-up of known high-redshift targets. 
8.2.3
Layout of Patrol IFUs

A unique feature of the TiPi design is that its IFUs can be reconfigured into a contiguous rectangular area for blind surveys of this kind. The field of view available in this mode is much larger and the spatial sampling is more appropriate than is the case for the single IFU in IRIS.  

The searches for z >7 galaxies outlined here will rely heavily on the flexibility afforded by the TiPi design.  The lensed component of the z > 7 study will require configuration along known cluster caustics.  The unlensed components of the survey require both the widest possible searches for sources over carefully chosen areas of sky and the direct targeting of known sources spread over the TiPi field.

[TBD: Discussion of sampling and FOV]

8.2.4
Integration Times

[Discussion TBD]

8.2.5
Daytime Procedures

During the day the correct operation of the spectrographs should be verified, using a standard observing script to execute the following operations on each spectrograph.

1. Take series (20-30 images) of short dark images and measure the rms frame to frame deviations for all pixels. Verify that system noise is nominal. 

2. Take short and long (1/2 full well) exposures of a constant flux source. Verify that 

well depth and linearity are nominal. Such data should be taken in non-dispersed mode. 

      3.   Take long dark exposure. Verify nominal dark current. 

 The following calibration procedures can be carried out during the day. 

1. Take a series of darks (20-30) for each array controller configuration that will be 

       used during the night. 

2. If precise spectrophotometry will be needed or the linearity of the array is in  question, obtain a linearity sequence. An observing script should be provided to  make sequences of linearity observations. Linearity sequences may be taken in  pseudo-imaging mode. 

8.2.7 
Unique Target Acquisition Issues

[TBD Discussion of calibration target acquisition]

8.2.8 
Facility Requirements


[TBD]

3.3 Massive Disk Galaxies at High Redshift

[TBD]

3.3.1 Science Justification

3.3.2 Planning the Observation

3.3.3 Layout of Patrol IFUs

3.3.4 Integration Times

3.3.5 Daytime Procedures

3.3.6 Unique Target Acquisition Issues

3.3.7 Facility Requirements

3.4 The Proto-Stellar Environment of a Giant Molecular Cloud

[TBD]

3.4.1 Science Justification

3.4.2 Planning the Observation

3.4.3 Layout of IFUs

3.4.4 Integration Times

3.4.5 Daytime Procedures

3.4.6 Unique Target Acquisition Issues

3.4.7 Facility Requirements

3.5 Diffuse Galactic Objects

[TBD]

3.5.1 Science Justification

3.5.2 Planning the Observation

3.5.3 Layout of IFUs

3.5.4 Integration Times

3.5.5 Daytime Procedures

3.5.6 Unique Target Acquisition Issues

3.5.7 Facility Requirements

4 Instrument Description

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 manufacturing cost savings.

[To Be Created]

Figure 3.  Functional diagram (with supporting introductory text) which shows natural and laser paths through Offner to TiPi spectrographs via MEMS-DMs.

4.1 Instrument Overview

The TiPi instrument has 5 critical sub-systems:

a. The Offner relay which provides low order AO correction over a 5 arcmin FoR and delivers unit magnification to a relayed focal surface which forms the input to the d-IFU selection mechanism;

b. An object selection mechanism (TiPi’s tiles and steering mirror system) which 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;

c. Individual (16) fore-optics which relay a magnified image of the selected targets onto an image slicer mirror via MEMS-DMs located at the input pupil of each IFU spectrograph;

d. Individual (16) image slicer systems which reformat the 2D spatial information onto a 1D slit of each spectrograph;

e. Individual (16) spectrographs that disperse the one of the atmospheric windows (I, J, H, K) onto their respective HCT 1k2 detectors.

In order to minimize the requirement for cryogenic motors and mechanisms, sub-systems a), b), and c) are held in a cooled (non-evacuated) enclosure at a temperature of ~ -35C while sub-systems d) and e) are fully cryogenic.
4.2 IFU Modes

4.2.1 Patrolling IFU Mode

By tiling the AO-corrected input focal surface delivered by the Offner relay, TiPi is able to direct any single object incident on any one of ~130 tiles into any of the 16 spectrographs.  Such configurational versatility is extremely powerful in optimizing object selection for multi-object d-IFU spectroscopy where surface density and clustering indices may vary over a wide range.  The major limitation is in the study of objects whose clustering is within a TiPi tile size (largest tiles ~25”); even this is mitigated through a tiling architecture whereby a hierarchy of smaller tile sets are provided towards the center of the field.
4.2.2 Contiguous-field Panoramic Spectral Mapping Mode

As a part of the tiling hierarchy small areas at the center of the FoR can be dedicated to a contiguous set of 16 fixed tiles each of which is permanently directed towards its own spectrograph.  In this manner a contiguous field, 16 times larger than the individual IFU field, can be observed simultaneously.  Indeed, a tiling configuration utilizing both contiguous and non-contiguous tiles can be employed with the only limitation that 16 “patches” of sky can be observed at any one time.
4.3 Reference Configuration for First Light

As design is an iterative process, we describe here a reference design which is the starting point of our feasibility study.  After formal development of this OCDD and the FPRD, the design will be revised to address the full set of functionality required.  This notional design is intended to inform the science team and does not necessarily capture any technical decisions made by the team during this study.

4.3.1 Optical Relay

TiPi’s AO architecture assumes no adaptive secondary mirror (AM2).  Thus, in order to mitigate risk associated with the requirement for high stroke and high actuator count for the MEMS-DMs, a large stroke, low-spatial frequency (woofer) DM, located at a relayed telescope pupil, is required.  The basic functionalities to be provided by this optical relay are:

1. Woofer correction of the ground layer turbulence over the full 5 arcmin FoR.  This is most simply accommodated through the use of an Offner relay with a piezo DM at its second (M6) mirror.

2. Separation of the laser beam from the science and NGS light.  This is performed through the use of a large dichroic located between the final (M7) mirror and the relayed sky focal plane.

The current design is based on a 3 mirror Offner relay system re-imaging the focal plane with unit magnification onto TiPi’s tiled input focal plane.  The availability of an AM2 may release the project from the requirement for this Offner relay or may supply a route to delivering on-axis diffraction-limited performance.  Meanwhile the Offner allows the instrument to work with current (low-stroke) MEMS-DM technologies and in both simple and synthetic SL-GLAO modes at times when MEMS-DMs are inoperative or not required.

4.3.2 Cold Box

The Offner relay must be cooled to approximately -35C to meet the SRD requirements on instrument emissivity.  As a reference design, we consider a cylindrical annular 'Cold Box' that surrounds the relay.  Additional requirements for access, cooling times, etc. will be developed for the IFPRD.  In terms of Operational Concepts, the Cold Box must support routine operations, with internal moving parts consisting of the LGS dichroic mirror and the FoR Camera, as well as service modes wherein a human must have access to the interior of the Cold Box.

4.3.3 Tiled Focal Plane

TiPi’s FoR is populated by an array of flat mirrors which tile the focal plane as exampled in Figure 4.  In this example there are 3 gradations of tiles:

i. 136 outer ~24 arcsec tiles populate all but the central area.  These are tip-tilt adjustable and can direct a selected ~1.5 arcsec patch into any of 16 d-IFU spectrographs arrayed around the edge of the FoR;

ii. 15 inner ~6 arcsec tiles can also direct a similarly selected ~1.5 arcsec patch into any of the 16 d-IFU spectrographs;

iii. The central 4-by-4 region of fixed ~1.5 arcsec tiles are oriented towards the 16 d-IFU spectrographs to form a contiguous 6 arcsec field of view.

The chosen tiling arrangement, exampled in Figure 4, is designed to accommodate a mixed set of observing modes that include:

a. Objects randomly dispersed across the 5 arcmin FoR;

b. Tightly clustered objects within a central, 24 arcsec, zone;

c. 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 arcsec, patches of sky simultaneously.  An example target selection is shown in Figure 5.

With the exception of the central 4 ( 4 set of contiguous tiles, 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 (in 3 axes – tip-tilt-piston) so as to center a selected 1.5 arcsec patch onto the optical axis of the d-IFU spectrograph.  The steering mirrors are also translated along this optical axis to compensate for optical path variations from itself to the individual tile that is servicing it.  The arrangement is depicted in Figure 6.  In the case of the central 4-by-4 set of contiguous tiles, these direct their light to pre-selected steering mirrors whose position and orientation is pre-defined.

Each 3-axis steering mirror directs light to an off-axis paraboloidal (OAP) mirror which images the telescope pupil onto a small MEMS deformable mirror (MEMS-DM) which is commanded from the wave-front sensors.
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Figure 4.  The proposed tiling configuration showing the 24 arcsec steerable outer tiles with the inner array of ~6 arcsec steerable tiles augmented by a central 4-by-4 array of contiguous ~1.5 arcsec fixed tiles.






Figure 5.  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 arcsec (2-by-2) zone.









Figure 6.  Layout of 4 of the 16 d-IFU feeds in the refrigerated enclosure.

4.3.4 FoR (and back-illumination) Camera

The FoR camera uses a reconfiguration of the TiPi tiles to effect a full image of the FoR incident on TiPi’s input focal plane.  A 5 arcmin R-band image is formed onto a 4k2 CCD at ~f/1.2 facilitating ultra-fast imaging for target acquisition and differential astrometry.  (The option for using this same camera for direct science imaging in other optical bands also exists.)  Metrology of the steering mirrors is essential and hence the same camera is used in a back-illumination mode to allow registration of the individual IFUs and NGS wave-front sensors on the sky.

4.3.5 LGS Wavefront Sensors

We expect the LGS WFS's for TiPi to be duplicates of those developed for NFIRAOS.  Namely, they would be conventional Shack-Hartmann sensors, with non-contiguous, radially arranged subaperture pixels.  For the purpose of this OCDD, the details of this sensor are irrelevant.

4.3.6 NGS Wavefront Sensors

Again, TiPi’s large tiling redundancy permits up to 3 NGS targets to be selected and fed to their respective wave-front sensors.  

In order to obtain sufficient sky coverage, we know a priori that we will require field NGS, used for TTF sensing, to be partially compensated by TiPi itself.  This can dramatically increase the SNR of the NGS wavefront measurement. 

For the purpose of scenario analysis, we baseline an infrared pyramid sensor for NGS sensing due to its advantages of:

· Significant AO compensation at IR wavelengths

· Variable subaperture size to allow additional low-order mode (e.g. beyond tip/tilt/focus) sensing on brighter NGS.

Note, unlike NFIRAOS, there is no NGS-only operational mode requirement on IRMOS.

4.3.7 PSF Camera

Given TiPi’s large tiling redundancy, any of the unused tiles can be employed to feed a bright field star into a narrow field (~5”) NIR camera sampled close to the diffraction limit.  Such a camera will allow PSF monitoring during d-IFU observations.

4.3.8 Low Bandwidth NGS WFS

[The need for this sensor remains unclear.  If it is required, an additional WFS channel may be required, viewing an additional NGS, whose magnitude limits would be need to be calculated.  Depending on the temporal power spectrum of LGS spot size fluctuations, the relatively long integrations times of this sensor should allow operation on any of the brighter stars in a typical 5 arcmin FoR.]

4.3.9 Woofer Camera

Feed-forward control of the MEMS-DMs requires real-time wave-front monitoring of the woofer.  This is effected through a simple laser/camera system, oriented orthogonally to the Offner’s axis of symmetry, which illuminates and continually senses the surface of M6.

4.3.10 Global Tip/Tilt Correction

We envision tip/tilt correction will be implemented through the use of tip/tilt stage similar to that to be developed for NFIRAOS.  The diameter of TiPi's M6 is comparable or smaller than the DMs in NFIRAOS

4.3.11 Cryostat

The image formed by the OAP (Figure 3.4) is relayed to a mirror slicer unit via a non-anamorphised relay which magnifies the image onto the slicer at ~f/270 such that its 2mm slices subtend ~50mas.  The ~20mm pupil so formed is conveniently placed to accommodate a cold-stop down-stream of the relay’s spherical mirror.  The spherical mirror can be exchanged in order to select finer slicer scalings (e.g. 25 and 12.5mas).  The window to the cryogenic chamber must be located between this spherical mirror and the cold-stop, thus isolating the complex target selection and MEMS-DM optics from the cryogenic chamber where mechanical mechanisms will be kept to a minimum.  The arrangement is shown in Figure 7.













Figure 7.  Relay onto the slicer unit showing intermediate focus, cold-stop, slicer and slit line.

The mirror slicer unit reforms the 60-by-60mm, 1.5 arcsec, 2D image into 30 aligned slitlets via a linear array of pupil mirrors giving a total slit length of ~73mm.

The pseudo-slit forms the entrance to a simple, ~50mm beam, reflection grating spectrograph (shown in Figure 8) which utilizes a spherical collimator mirror and a refractive, f/2.5, camera to project the 50mas slit onto a single 18(m pixel of a 1K2 HgCdTe array.  Spectral resolutions R <10,000 can be achieved through standard ruled grating of line frequencies <1,000 gr/mm with ~300 gr/mm giving RH ~ 4,000 at ( ~1.6(m.  Full atmospheric (J,H,K) windows then occupy <800 pixels requiring sub-pixel dithering to retrieve the intrinsic spectral resolution of the system.


Figure 8.  Reflection grating spectrograph [additional annotation needed].
4.3.12 Detector

A spectral resolution R ~ 4000 requires ~800 independent samples to cover the full J-, H- or K-band atmospheric windows.  Full spectral Nyquist sampling thus implies 2K x-pixels.  However, an IFU designed for ~30 ( 30 spatial elements only requires 1K y-pixels.  For an instrument with 2N IFUs, a minimum of 16 IFU probes is needed to satisfy the SRD (N>10), implying a 4K ( 8K pixel real-estate.  This can be reduced by a factor of 2 in the spectral direction provided we accept the corollary of sub-pixel dithering to regain Nyquist sampling in the spectral domain.  Detailed considerations of the optical layout argues for each slicer system to feed one of 16 independent compact spectrographs, each with its own 1K2 array (eg: a Hawaii-1RG). This represents the baseline design for TiPi.  If spectral dithering is excluded then 1K ( 2K arrays would be required.

Naturally, further design and costing analyses may argue for a different combination of IFUs, spectrographs or detectors. However duplication of 16 compact and simple spectrographs is likely to be optimal in the cost/performance trade we will undertake as part of the feasibility study.

4.3.13 AO Real-Time Controller

The details of the RTC are irrelevant to Operational Concepts Definition, but requirements will be flow-down from the OCCD to the RTC in the FPRD.

4.4 Reference Configuration Assuming AM2

[TBD Is there any change/benefit to having an AM2?  Notionally, it should reduce the stroke requirements.  If we could eliminate the entire optical relay, we could improve transmission / lower emissivity.  This configuration would still require diversion of LGS light to the WFS module, which would require a new, LARGER, dichroic, for example.  It may also change the method in which TiPi is rotated (e.g. from vertically to horizontally) - since this would drive optomechanical stability requirements significantly, it's likely preferable to configure the beam into the original beam orientation.]

4.5 Stimulus

We envision an external stimulus to provide simulated telescope laser, NGS, and science light for use during instrument integration and testing and routine maintenance.  This includes functionality for wavelength calibration of the IFU spectrographs and for artificial turbulence generation.

The stimulus must be usable in situ at the telescope, without interfering with other Nasmyth instrumentation.

[TBD provide more details on Stimulus requirements, particularly operational scenario issues]

5 Common AO Procedures

5.1 Once per Day

5.1.1 WFS Centroid Offset Calibration

Non-common-path aberrations will likely drift at low levels between successive observing nights.  Experience on current 5-10m telescopes shows that even with uniform environment temperatures, thermal lag through an AO instrument leads to slight changes in desired 'zero points' or 'centroid vector offsets' to which the WFS's are driven in null-seeking mode, or relative to which open-loop wavefront slopes are estimated.

5.1.2 M11 DM Actuator Linearity
Depending on the open-loop requirements ultimately established for the MOAO adaptive optics mode, relatively frequent (daily) recalibration of the M11 DM may be necessary.  This is likely to become less frequent if the operating temperature of the MEMS is controlled (or even monitored, with deterministic gain values stored for each actuator through a temperature/gain lookup table).

5.1.3 LGSF Asterism Configuration

Depending on the recent state of the telescope and LGSF, reconfiguration of the laser asterism may be necessary prior to IRMOS observing.  Requiring a relatively large number of LGS beacons, some mechanical or optical switching may have to occur to produce IRMOS's reference 8 LGS beacons on the sky.

As is usual with LGS operations, there is the potential for considerable observational overhead when initially projecting the laser beacons.  This is due to safety checks that must be made with aircraft and satellite avoidance systems, and human safety systems within the Observatory.

When the LGSF beacons are initially projected, we assume sufficient beacon pointing accuracy to allow uplink tip/tilt loops to be closed on the LGS, prior to initiation of higher-order correction using the tomographic reconstruction loop.

5.2 Once per Target Field

5.2.1 LGS WFS Acquisition

[TBD Shall require laser broadcast (1 minute) + acquisition (1 minute)]

5.2.2 NGS WFS Skies

Changes in the sky background can adversely affect TTF sensing performance within the NGS WFS.  Even using IR NGS WFS, temporal (and spatial) fluctuations in the sky background across the sky require frequent remeasurement for proper background subtraction in the wavefront slope computer.

[TBD Shall not exceed 30 seconds, or less depending on NGS WFS sample rate]

5.2.3 NGS WFS Acquisition

The TiPi architecture allows NGS WFS acquisition to occur in parallel with LGS WFS acquisition.

[TBD May require 1-3 minutes, depending on faintness of NGS]

5.3 During an Integration

These procedures require no overhead or loss of open shutter time. 

5.3.1 M6 Stroke Offload

Changes in the TMT telescope focus and other alignments due to thermal and gravity changes will cause semi-static surface errors to accumulate on the deformable mirror.  Because IRMOS will, in general, have only modest stroke margins by design, it is important to offload any deleterious static wavefront errors to the active control system of the primary mirror.

[TBD The frequency is unknown, but probably quite rapid during the start of operations each night].

5.3.2 Closed-Loop IFU Dither

5.3.3 Feed-Forward Pointing

[TBD Are any IRMOS targets or guide stars moving at non-sidereal rates - Probably, as is the case for contiguous field spectroscopy of Jupiter, using Galilean satellites as NGS]

5.4 Between Integrations

5.4.1 LGS WFS Skies

[TBD May require 1-3 minutes; frequency depends on flux stability of Rayleigh scattered light]

5.4.2 M6 to WFS Lenslets Pupil Registration

The physical relationship of M6 to the LGS WFS lenslets are fixed in space and should therefore not require routine re-registration assuming sufficient thermal control.  The NGS WFS's rotate along with the TiPi spectrograph, and have additional degrees of freedom that must be considered to avoid pupil nutation.  The tolerances of relative motion of M6 and both varieties of WFS will be included in the FPRD.

5.4.3 M11 to WFS Lenslet Pupil Registration

This is likely rare for a system without changing gravity vector; the need for IRMOS to support this routine procedure will depend on pupil mapping stability.

6 Common Instrument Procedures

6.1 Global Calibration

6.1.1 Plate Scale and Pointing Calibration

This procedure maps the sky onto the TiPi tile plane.  This is likely rare, unless the telescope plate scale is unstable (linear magnification or distortions).

6.2 Individual Spectrograph Calibration

6.2.1 Detector Linearity

[TBD Once per month ?]

6.2.2 Detector Dark Current

[TBD Once per night ?]

6.2.3 Flat-Fields

[TBD Once per night ?  Continuum source, presumably. Are the follow sub-categories distinguishable ?]

6.2.3.1 Slicer response

6.2.3.2 Detector pixel response

6.2.4 Wavelength

6.2.5 Absolute Flux

6.2.6 Telluric Absorption

[TBD When necessary, the frequency of these measurement are likely to be approximately once per observation.]

6.3 IFU Metrology

[TBD This procedure maps the IFU FoV to the TiPi tile plane.  Some form of metrology on the pointing of the IFUs is required.  The frequency is currently unknown, but could be as rare as weekly or may need constant monitoring (e.g. active metrology).  

[TBD Dekany's guess at the moment is that once per science field is conservative.]

[TBD Like many other issues in this Section, this should be thought through and set as a functional requirement in the FPRD rather than something to be determined through experience (such an approach wastes TMT observing time and introduces risks of missing key factors).]

7 Integration & Test / Commissioning Mode

7.1 Rotator Calibration

TBD

7.2 Spaxial Scale Calibration

TBD

7.3 Pupil Matching Calibration

TBD

8 Data Pipelining

8.1 PSF Estimation

[TBD Should the instrument produce for each IFU observation as associated PSF estimate, based on WFS tomography? In theory, MOAO correction should eliminate anisoplanatism, but there is some statistical error in the tomographic reconstruction that, combined with fitting, servo, and measurement errors should allow PSF estimation.]

8.2 Cosmic Rays

[TBD Anything to be said about this?  (Are they expected to be particularly objectionable for IRMOS?)]

8.3 Bad Pixel Correction

[TBD Anything to be said about this?  ]

8.4 Interpolation over bad velocity channels

9 compliance with Science Requirements

Throughout this section, direct excerpts from TMT Science-Based Requirements Document, TMT.PSC.DRD.05.001.REL15, are included in boxed text, for reference.

General

SRD requirement:
2.5.3.1 General Description
    This instrument is envisioned to work behind the wide field AO system (MOAO) that delivers individually corrected small fields of view over a large (5 arcmin) field of view. Each deployable AO corrector will then connect to its deployable IFU that will sample the field of view (≤2 arcsec) and feed the spatially divided information into a spectrometer. Each spectrometer may process information from multiple IFU’s depending on the actual instrument design.  This instrument is intended to study multiple extended objects. Because they are extended, spatial resolution ~ 0.05 arcsec is anticipated to be typical, depending on the size of the objects, the spatial channels available, and the sampling density desired.  With such coarse sampling, it is expected that the required tip-tilt stability can be relaxed for the AO system.

TiPi is generally compliant with these top-level science objectives.  Given that TiPi is presented here as an integrated AO/instrument package, we will be advocating a gradualist approach to achieving full AO compliance in order to facilitate effective science return at each stage of its development.

9.1 Field of Regard (FoR)

SRD requirement:

2.5.3.3 Field of View
    IFU heads deployable over 5 arcmin diameter field

The TiPi FoR is optically compliant with the 5 arcmin SRD requirement.  We envision a risk-mitigating implementation strategy that provides, initially, a usable ~2 arcmin (SL-GLAO) FoR, evolving to a final 5 arcmin (Synthetic SL-GLAO and MOAO) FoR.

9.2 Object Selection Mechanism

The TiPi concept relies on dense tiling the input focal plane to allow object selection of one IFU FoR per focal plane tile.

9.3 Spaxial Scales

SRD requirement:

2.5.3.5 Spatial sampling
    Sampling: 0.05x0.05 arcsec
    IFU head size: 2.0′′ IFU heads
    Number of IFU units: ≥10
    Smallest head separation: as small as practical, no worse than 20 arcsec

TiPi supplies 16 IFUs with spaxials ranging from 12.5 to 50mas.  d-IFU separations of down to ~1 arcsec where the precise value is dependent on object distribution.  Only a statistically valid number can be derived.

9.4 Spectral Resolution

SRD requirement:

2.5.3.6 Spectral Resolution
    R= 2000-10000
    Complete atmospheric band covered in a single exposure at R=4000

TiPi is compliant.

9.5 Wavelength Coverage

SRD requirement:

2.5.3.2 Wavelength Range
    0.8 – 2.5μm
    Discussion: the low density of sources beyond 2.5μm makes coverage beyond 2.5μm unnecessary.

9.6 Image Quality

SRD requirement:

2.5.3.4 Image quality
    Should not degrade the image quality delivered by the AO system (50% of energy in 0.050 arcsec)

The TiPi instrument is compliant with this requirement, however the AO system will evolve from a simple SL-GLAO system, which delivers significantly less than the IQ specification over a ~2 arcmin FoR, but is nevertheless scientifically very powerful, to a fully compliant MOAO system with the successful implementation of a MEMS-DM MOAO system.

9.7 PSF Uniformity and Stability

The SRD v15 makes no specification for PSF Uniformity and Stability.

In the SL-GLAO case, the delivered PSF is a strong, but predictable, function of field position.  This will be alleviated with the advent of MOAO however, under all circumstances, TiPi will monitor the PSF in at least one field position during the observations.

9.8 Field Distortion

The SRD v15 makes no specification for Field Distortion.

TiPi’s Offner relay will introduce mild field distortion at its output to the TiPi tiling mechanism but this is predicted and will be measured by the FoR camera as part of its astrometry system.

9.9 Transmission

SRD requirement:

2.5.3.7 Throughput
    High throughput is important for this instrument

Throughput will be maximized through careful design and by the use of the simplest spectrograph optics.
9.10 Thermal Background

SRD requirement:

2.5.3.8 Background
    The instrument should not increase the (inter-OH) background by more than 15% over natural sky (see Appendix 4) + telescope background (assume 5% emissivity at 273K).

Compliance will be achieved through the cooling of the Offner relay and the object selection mechanisms to a temperature of ~-35C.  The IFUs and spectrographs will be fully cryogenic (e.g. 77 K).

9.11 Detector Quality

SRD requirement:

2.5.3.9 Detector
    Detector dark current and read noise shall not increase the effective background by more than 5% for an integration time of 2000 s.
Discussion: In the 1-2.5μm region, dark current ≤0.002 e/s and read noise ≤ 2e after multiple reads should be sufficient.

State-of-the-art HgCdTe detectors, with 1024 x 1024 pixels each, will be deployed.

9.12 Observing Efficiency

The SRD v15 makes no specification on Observing Efficiency.

TiPi’s object selection concept allows for rapid and parallel target acquisition while the FoR camera is designed to facilitate immediate astrometric and metrological validation.
9.13 Sky Subtraction

9.13.1 Reference spaxial mode

In cases where there is sufficient sky with the FoV of the IFU, local sky subtraction can be effected.  Clearly adequate flat-fielding and relative flux calibration are required.

9.13.2 Reference IFU mode

Given TiPi’s generous IFU allocation, there will be many times when one or more IFUs can be used on blank sky.   Again adequate flat-fielding and relative flux calibration are required.

9.13.3 Nodding mode

For the faintest targets, or where the previous techniques are restrictive, the technique of telescope nodding, on and off target, can be used.
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