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1 Purpose

The OCDD describes the operational concept model for Gemini ExAOC. This document summarizes the science cases for which the instrument has been designed, relates these to the design requirements, and discusses the key functional and performance requirements that the instrument must meet. Key operational scenarios of the ExAOC are identified and discussed, especially in terms of the requirements the instrument places on other parts of the Gemini system. These scenarios are described in sufficient detail for technically and scientifically skilled, but non-expert, readers to understand.
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3 Acronyms and Abbreviations

List must be updated – taken from FPRD
	AMNH
	American Museum of Natural History

	AO
	Adaptive Optics

	AURA
	Association of Universities for Research in Astronomy

	CfAO
	Center for Adaptive Optics

	CWS
	Cold Working Surface

	DHS
	Data Handling System

	EPICS
	Experimental Physics and Industrial Control System
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	Extreme Adaptive Optics Coronagraph

	FPRD
	Functional and Performance Requirements Document
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	Lawrence Livermore National Lab

	OCDD
	Operational Concept Definition Document
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	On-Instrument Wavefront Sensor
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4 Introduction

The Gemini 8-m telescopes are among the first generation of telescopes designed to operate with adaptive optics (AO) systems and thereby deliver an unprecedented combination of large collecting area, low infrared background and high angular resolution. This has been demonstrated with Hokupa'a and ALTAIR on Gemini North, and soon will be extended with the commissioning of NICI on Gemini South. These AO systems deliver moderate levels of wavefront correction for V ˜ 12 mag. and partial correction for stars as dim as V ˜ 15 mag. The Gemini South Multi-Conjugate Adaptive Optics (MCAO) system is being designed to overcome the limited field of view of classical AO systems; MCAO will provide uniform, near diffraction-limited image quality at near-infrared wavelengths across a two arc minute diameter field-of-view. Multiple laser beacons will be deployed to provide broad sky coverage. By contrast, ExAOC delivers high precision and accuracy (< 5 nm rms) AO correction towards a bright (I < 8 mag.), natural guide star. This high fidelity correction will be used to feed a coronagraph, which suppresses diffraction, and in turn a science camera with the ability to cancel residual speckles in the final image. The result is a system capable of very high dynamic range (>1e+07) imaging within a few lambda/D of the target star.  At this contrast level a whole array of novel science avenues become accessible, including the direct imaging of exoplanets and circumstellar debris disks.

4.1. Technical Summary  

ExAOC uses two deformable mirrors in series, configured as a "woofer" and "tweeter", to provide high stroke and dense spatial sampling of the telescope pupil. Nyquist sampling of the wavefront on a spatial scale of 36 cm yields a dark hole diameter of 1.9 arc seconds at H band and 2.5 arc seconds at K band.  The wavefront is controlled in real time at up to 2.5 kHz by a spatially filtered Shack-Hartmann sensor. A slow wavefront sensor maintains the accuracy of the wavefront delivered to the science instrument at the 5 nm rms level.An analysis of the interaction between phase errors and diffraction reveals the phenomenon of speckle pinning---the amplification of speckle fluctuations by the coherent part of the wavefront. Speckle noise is the dominant noise source determining contrast at small angular separations in existing AO systems. Only by jointly controlling phase errors and the amplitude of the coherent part of the wavefront with a coronagraph can high contrast be achieved. Consequently, before the corrected wavefront is delivered to the science instrument the amplitude is controlled in a pupil plane by apodization. A practical implementation of apodization involves a binary mask. The architecture of ExAOC will permit substitution of a variable transmission mask or pupil reformatter when the technology for fabrication of these components becomes mature. Finally, the corrected and apodized wavefront is delivered to a science camers which provides simultaneous multiwavelength imaging (MWI). Speckles are diffractive phenomena and therefore exhibit radial chromatic displacement in the focal plane, whist the location of genuine astrophysical sources remains fixed with wavelength. ExAOC uses this distinction to suppress the noise associated with residual speckles in post-detection image processing.

The MWI uses a single HAWAII-2RG 2048 x 2048 HgCdTe/CdZnTe molecular beam epitaxy detector to Nyquist sample, at 13 mas, the high-resolution direction of the apodized point spread function in the final science image at 1 micron  and yield a square field of view of 3.6 x 3.6  arc seconds. The maximum spectral resolution is 50, which is suitable for speckle suppression, and establishing the effective temperatures of cool (T < 1200 K) stars and warm planets (T > 120 K). A comprehensive suite of broadband order sorting filters is available. ExAOC combines high throughput (20 %) with low background so that stellar halo photon shot noise is the dominant noise source. The primary potential source of background is the binary pupil mask, which has a 50% emissivity. Thermal emission from ExAOC is mitigated by operating the AO and coronagraph at 273 K and forming cold pupil in the science camera. The an sub-array on HAWAII-2RG detector is read out during the integration to yield unsaturated images of the core of the PSF and to yield real-time tip-tilt information from the target star.System Performance Requirements

5 Instrument Overview (Oct)
5.2.  Basic parameters

ExAOC consists of four major subsystems: AO (fast wavefront sensor and wavefront contol); coronagraph (focal plane mask and pupil apodization); simultaneous multiwavelength imager (science camera); and the high accuracy wavefront metrology system.

5.3. Subsystem Overview (Functional description of subsystems (more details to be provided by sub-group leads)

5.3.1.  AO (BMac)

· Wavefront controlled by a conventional DM and a 64 x 64 MEMS device

· Spatially-filtered Shack Hartmann wavefront sensor with selectable bandwidth, gain and subaperture size

· Differential refraction corrector

· Fast (2 kHz) wavefront reconstructor

5.3.2. Coronagraph (Ben O.)

· Selectable focal plane masks, including hard-edge spots and graded masks.

· Pupil apodization using selectable/orientable binary masks

· Apodization orientation 0, 45, & 90 degrees

· Support for grey apodization and pupil reformatting

5.3.3. Science camera (RD/JL)

·     Wavelength range: 0.9-2.4 µm

·     Spatial sampling: 13 x 13 mas (Nyquist at 1.0 microns)

·     Instantaneous field-of-view: 3.6" x 3.6"

·     Selectable focal plane occulting spots

·     Order sorting filters JH, HK

·     Broad-band filters: Z, J, H, Ks, K

·     R ~ 50 disperser

·     Selectable cold stops and pupil masks (to match coronagraph pupil)

·     Fast shutter (warm)

·     High speed electro-optic achromatic half-wave plate

·     Achromatic Wollaston prism polarization analyzer

·     Pupil viewing mode

·  Detector: 2048 x 2048 Rockwell HAWAII-2RG HgCdTe/CdZnTe MBE, 18 µm


   pixels with on-chip guide box

·     Low noise, high speed data acquisition system

· DESCRIPTION OF SPECKLE SUPPRESSION STRATEGY

5.3.4.  Calibration system (KW)

·     - Accurate wavefront sensors to minimize non-common path errors

5.4. Operating Modes

5.4.1.  Instrument configuration

The primary decision that the astronomer has to make when using ExAOC is the hardware configuration of coronagraph focal plane stop and pupil mask and the observing wavelength with the MWI. Given target brightness, the astronomer can identify the appropriate coronagraph set up by specifying the desired contrast and working range (IWD and OWD) demanded by the science.

5.4.2.  AO configuration

The operation and coordination of the wavefront sensors, wavefront controllers, and calibration system is autonomous.  Optimum operation is established by prior calibration, and analysis of the WFS errors in real time. When the astronomer prepares an observation, the information includes B and V magnitudes, spectral type (preferred if available) or V-R color. This information, combined with estimates of r0 and tau0 from prior the WFS telemetry, is used to pre-configure the AO system, including loop gains, bandwidths, and to select the sub-aperture size for the fast WFS. A menu of performance metrics will be established for the astronomer to select from at the time of planning the observation, including best Strehl performance, maximum contrast (between IWD and OWD), and best PSF stability. The astronomer must also choose between using the hardware ADC or software dispersion compensation which accounts for the difference between the visible light sensor leg and the IR science light.

5.4.3.  Coronagraph configuration

The coronagraph configuration is established by selecting the focal plane occulter and pupil mask. Some pupil masks, e.g. binary masks, do not have circular symmetry and the orientation of the mask must be specified. For these masks only a limited range of angles (0, 90, 270 degrees) is available because of the need mask diffraction from the secondary support. The [IS SOMETHING MISSING?]
5.4.4. Science camera configuration

The basic parameters of the science camera are established by selecting the focal plane elements (focal plane mask & lenslet array), cold pupil, blocking filters and the dispersive element, and the operating mode of the focal plane detector array.

The science camera [incorporates??] the following mechanisms:

Focal plane mask. The focal plane mask is used with the Wollaston prism to eliminate overlap between the orthogonal polarization images.  The focal plane mask also includes additional occulting spots.

Lenslet wheel.  Selection of the lenslet array determines the spatial  sampling of the image plane

Neutral density filters. A grey filter of sufficient optical density to prevent detector saturation can be inserted into the beam. This typically will be used before AO system loops are closed or before the  star is steered onto the occuling spot. The neutral density filter prevents saturation and afterimages. The neutral density filter is usually withdrawn when science observations begin.

Filter wheels. Blocking filters are used to isolate diffraction orders and to control the background reaching the detector array. For diffractive dispersers, the filter bandpass matches the free-spectral range of the grating (lambda/m).

Pupil wheel. The cold pupil in the science camera matches the up-stream coronagraph pupil and prevents any out-of-beam background radiation from reaching the science detector.

Disperser wheel: Spectral dispersion is chosen by selecting a prism or diffractive element (diffraction grating, prism/grating hybrid or grism or a volume phase grating).

Polarization analyzer. A birefringent prism, e.g., a Wollaston prism, introduces an angular deflection between the ordinary and extraordinary rays producing two images with orthogonal polarization states on the focal  plane array. Together with the modulator (half wave plate or a ferroelectric liquid crystal polarization rotator) and the focal plane mask the analyzer permits measurement of the Stokes parameters

5.4.5. Data Acquisition System

The data acquistion system supports a selection of specific modes of array readout at the device level. The purpose of this subsystem is to enable observations which are limited in execution, cadence, or level of performance only by shot noise of the signal or background or the intrinsic read noise of the detector. 

These functions include:

    Pixel Readout Modes
       - Standard – one pixel, single read

       - Averaging – One Pixel, Multiple reads

    Binning – multiple pixels, single read

    Pixel reset Modes

       - Pixel reset— each pixel is independently addressed and 


individually reset.

       - Ripple reset—each row of pixels is independently addressed and

         reset simultaneously

       - Global reset—all pixels are reset at the same time

    Detector Sampling modes
       - Fast Readout – single frame (reset/read) for high background

       - Single CDS Readout-difference of two full frames 


(reset/non-destructive read/integrate/read)

       -  IR Fowler Sampling

       -  IR Sample-up-the-ramp - fixed time intervals through readout

    Region of Interest Selection

       - Select a single subarray

   Frame Accumulation Modes

       - Co-addition - accumulation of a sequence of frames with one 


output image

          - Used at high signal/background to improve efficiency by 


restricting the number of frames passed through the data pipeline to storage

       - Multiple co-addition - accumulation of a sequence of frames sorted in

         multiple output images, such as phase diversity channels or chop/nod positions

  System Calibration Modes

       - The system provides capabilities to support the calibration modes:

          - Optical phase diversity sequences (e.g, for image sharpening)

          - Dark frames

          - Bias frames

          - Flat Fields

          - Bad pixel masks

   System Diagnostic Modes

5.4.6. Science detector configuration

The on-chip integration time is set by two considerations. First, the integration time must be long enough that speckle noise or photon halo shot noise must dominate over detector read noise and dark current.  Second, the on-chip integration time must be sufficiently short that  trailing of images at the OWD does not significantly degrade  detectability of faint compantions. For a tolerable Strehl degradation is 0.8, then the maximum image motion during an exposure is 1.05  lambda/D.

In an integration time, t, saturation occurs in the brightest pixel for a H = 7.2 + 2.5 log(t/s) star on the HAWAII-2RG array given a full well depth 150,000 e- at VRESET of 0.75V  This assumes a  20% system efficiency, IFU spectral resolution of R = 50, and Nyquist sampling at 1 micron. Care must be taken to prevent saturation, since this can cause ghost images in subsequent readouts.

The core of the PSF can be will be unsaturated, for all but the brightest stars, and tip-tilt information recorded since the window mode of the HAWAII-2RG multiplexer allows the reset and read out of any arbitrarily sized and located, rectangular sub-window. The sub-window is defined by setting the pixel start and stop addresses. This sub-array mode supports the same readout modes as the full image. The only difference is the smaller number of rows or columns and that the test outputs FRAMECHK and LINECHK indicate the end of the currently selected window and not the end of the complete shift register.

The HAWAII-2RG can read out this rectangular subarray while the remainder of the area is integrating.  This allows the target star to be observed without saturation while longer integrations are performed on the field. This feature can also be used to implement an on-chip guide box (OCGB).The OCGB will be read out repeatedly during an integration to monitor image translation for slow tip-tilt or flexure correction. The data from the OCBG will be saved for later analysis together with the rest of the frame.

The OCGB should support correlated double sampling and Fowler sampling (1 to 64 samples) and integration times from TBD ms to 1000 s shall be supported. Fixed format 8x8, 16x16, 32x32 or 64 x 64 guide box shall be supported. To yield a reliable tip-tilt signal, real-time flat-fielding and subtraction of a bias frame is necessary. The minimum frame rate (CDS) for the 16 x 16 subarray should be TBD Hz (16 X 16 pixels 2 x 2 x   3 µs per pixel = 325 Hz). Individual frames may be coadded with a minimum of TBD frames before being saved to disk.
6 Science Drivers

6.5. ExAOC core science (Oct)

6.5.1.  Field star survey (JG)



Instrumental requirements

6.5.2. Young clustesr & associations survey (JP)


Instrumental requirements

6.5.3. Debris disks (PK)


Instrumental requirements

6.6. Adjunct science

6.6.1. 

Solar system (FM)


Instrumental requirements

6.6.2. 

Evolved stars (JG)

<!--
Guidelines for completing the Science Drivers Section: (From the SOW)

  - A science driver summary including predicted planet detection 

statistics, corresponding observing time needed to complete those 

statistics (e.g., how many planets will be detected with 1000 hours of 

observations), and any non-planetary science objectives..

-  A list of top level instrument requirements, derived from the 

science case.

-  A list of science team members with descriptions of their relevant 

experience.

-  A description of sample science applications with the instrument, 

e.g. as mini observing proposals derived from the OCDD. Also, a summary 

of the fall-back science if the achieved contrast ratio is 10-5 or 10-6.

  -  A description of key risks to completing the primary science goals, 

e.g. due to detector limitations, target uncertainties, etc. Also an 

estimate of the number of false detections due to background objects.

-  Results of simulations of the instrument's performance and/or model 

target properties (e.g., sky densities, brightness distributions, 

contrast ratios, etc.), all with the intent of quantifying, to the 

extent possible, the predicted instrument performance level. A 

description of the model's components should also be given, e.g., 

assumptions made about the turbulence profile, scintillation, speckle, 

noise propagation in the reconstructor, pupil effects (edge, spider, 

and rotation), system flexure, servo delays, vibration, calibration 

limitations including non-common path errors, scattered light, 

ghosting, pupil apodization, atmospheric dispersion correction, 

polarization, telescope static errors, etc.

--!>

7 Setup and configuration requirements (Oct)

7.7. 
Daytime Setup

7.8. 
Planning the Observation 

7.9. Daytime Calibrations 

7.9.1. 
   AO calibration (KW)

7.9.2. 
   Science instrument calibration (RD/JL)

7.10. Setup Prior to Observation

7.10.1. 
Science Observation Sequence

7.11. Nighttime Calibration

7.11.1. 
   AO calibration (KW)

7.11.2.  
   Science instrument calibration (RD/JL)

7.12. Quicklook software and data reduction pipeline 

7.12.1. 
   Extraction of IFU data cubes (JL)

7.12.2. 
   Extraction of mult-channel imager data (RD)

7.12.3. 
   Planet signal extraction (RD)

7.12.4. 
   Polarimetry (JG)

8 Summary of Scientific Requirements (JG-Oct)

8.13. 
Wavelength coverage and spectral resolution

8.14. 
Zenith distance limit

8.14.1. 
Atmospheric dispersion correction

8.14.2. 
Flexure control

8.15. 
Contrast and sensitivity

8.15.1. 
Scattered light

8.15.2. 
System efficiency & emissivity 

8.15.3. 
Ghost images


Spatial resolution and sampling

8.16. 
Inner working distance and field-of-view

8.17. 
Detector (JL/RD)

8.17.1. 
QE

8.17.2. 
Read noise



Binned IFU for broad band operation

8.17.3. 
Dark current

8.17.4. 
Cross talk

8.17.5. 
Calibration systems

8.18. 
Polarimetry (JG)

8.19. 
Mechanisms 

8.19.1. 
AO mechanisms (BB)

8.19.2. 
Science instrument mechanisms (RD/JL)

8.19.3. 
Coronagraphs mechanism (BO)

8.19.4. 
Filter wheels

8.19.5. 
Apetrure masks

8.19.6. 
Pupil masks

8.19.7. 
Grating turrent

8.19.8. 
Beam splitters in the SDI

8.20. 
Operability

8.21. 
Quicklook and data pipeline

9 Observing Scenarios

9.22. Typical Observing Sequence 

Typical observing sequences are described to establish the series of events that occur when executing a science program. The purpose is to answer questions like:

· Does the instrument functionality of hardware, software and its interfaces, as conceived, support the complete set of actions necessary to achieve calibrated science data.

This exercise emphasizes operations at the system level, and illustrates how the AO, coronagraph, science camera and the calibration system interact with one another and with the observatory. This will help highlight deficiencies, e.g., 

· Missing hardware & software components

· Missing interface components

· Conflicts for resources

The level of detail should be sufficient to take the first steps towards maximizing the science delivered by making the most efficient use of telescope time. 

9.22.1. Field star survey

Nominal system configuration: MWI with binary mask/shaped pupil coronagraph

Science goal

This program consists of a survey of main sequence stars in the solar neighborhood. The scientific goal is to accumulate statistical information regarding the abundance of planets. The survey includes initial visits to targets, but also includes repeat visits to complete the full range of azimuthal coverage , or for confirmation and follow-up observations that will constrain common proper motion, Keplerian orbital elements and atmospheric properties (log(g), Teff) of targets with candidate planets. A typical target catalog comprises 1000 stars, which will be observed for ~ 1 hour each, requiring 100 nights.

Target selection

With a large pool of potential candidates it is possible to optimize the use of telescope time by careful construction of nightly target lists which minimizing observing overheads (telescope slews, instrument calibration) and make the best use of current observing conditions. 

Before observing begins, a target selection algorithm chooses from the master catalog a subset of stars to construct nightly target sequences given the LST at midnight. The master catalog includes target flags and information that quantifies observing priority based on factors which include youth and distance, spectral type of the parent star, the presence of a debris disk, or previous observations with ExAOC indicating candidate planets. The details of the prioritization algorithm are TBD.

Information in the master catalog includes, as a minimum, 

· Target position

· RA, DEC, proper motions, epoch and equinox, 

· The target positional information must include information to permit estimation of the uncertainty of the position at the current epoch. 

· Information to quantify the AO configuration

· Brightness, colors, spectral type

· Information to asses target priority, e.g., 

· Parallax

· Candidate companion from previous observation

· Age, Doppler companion, debris disk

A subset of this information is retrieved and used for target acquisition and instrument configuration. Sequences of stars are generated with the same instrument configuration and TBD range of elevation angles, so that they may serve as mutual PSF references. 

Selection of subsets from the master catalog may use information on expected seeing conditions (e.g., r0, (0)  to restrict the zenith distance and brightness.

Science data calibration resources

Execution of the survey assumes that the following TBD valid science data calibration data sets are in hand, and include:

· Science detector calibration, e.g.,

· Darks frames

· Linearity correction

· Hot and cold pixel masks

· Instrument calibration, e.g.,

· Flat field response

· IFU cube reconstructor

· Photometric zeropoints

· System calibration

· PSF reconstruction information from wavefront calibration system

The definition of valid science calibration data is TBD.

Survey mode observation sequence

Observation of the previous science target terminates, including completion of 

· Science data readout

· Assembly and formatting of FITS keywords describing circumstances of observation

· TBD AO system telemetry

· TBD science calibration data, e.g., PSF reconstruction information from wavefront calibration system

AO and wavefront calibration system are configured to quit current observation and prepare for a telescope slew, e.g., 

· Open AO loops (open loop telemetry for seeing parameter estimation?)

· Close AO enclosure entrance hatch

Telescope

· Slew to next target begins

TBD aspects of the previous observation may be completed in parallel with preparation for the next target. For example, buffering of AO telemetry to disk may occur during the telescope slew.

Prepare science instrument for target acquisition

· Select operating wavelength (slew filter wheel/beam splitter assembly)

· Mitigate potential for detector hysteresis during acquisition of targets which may saturate the detector, e.g., 

· Array to idle/continuous reset mode

· Shutter closed/ND filter inserted

· The intent is to reduce detector artifacts to a TBD fraction of the dark current. This factor is derived from the requirement to maintain the false alarm rate < 1%
Prepare AO system for next target

· AO system preconfigures, e.g, 

· Wavefront control system 

· Estimate control loop parameters given current atmospheric conditions, target brightness, color/spectral type, and target elevation

· AO hardware configuration

· Fast WFS filter wheel selects TBD neutral density filter based on star magnitude and color 

· Spatial filter aperture is set to open

· ADC is slewed to configuration for target acquisition

· Field steering and pupil alignment mirrors are slewed to position for target acquistion

Coronagraph

· Pupil masks and stops selected and slewed into position

· Asymmetric masks are slewed to first science PA

Under what circumstances do we acquire targets with no mask in place or change the masks between target acquisition and collecting science data?
Calibration system/slow WFS

· Configured for target brightness and science observing wavelength 

Telescope

· Telescope slew ends, target is acquired and delivered to the ExAOC science aperture

AO

· AO prepares for closed loop operation, e.g., 

· ADC begins tracking

· Field steering mirrors & pupil centering begins tracking

· AO window opens to receive target light

· Capture the star

The telescope delivers the star with a RMS accuracy of TBD (fixed?) arc seconds. The pointing uncertainties is combined with the cataloged positional uncertainty and based on the magnitude of these a TBD search algorithm is initiated to capture the star. 

· Begin wavefront measurement and control

· Close AO loops

· Begin off-loading tip-tilt and other low-order modes to telescope

· Measure and control beam locations and initiate tracking (e.g., flexure compensation)

· Wait for AO loop optimization to update

· Compare, e.g., WFS, TT, etc. sensor output with expected signal levels

· Abort if TBD below expected threshold for continuation

· Close spatial filter iris

Enable wavefront calibration system

· Wait for cal system updates to take effect

AO

· Wait for final AO loop optimization

· Compare AO performance with TBD criterion for continuing observation, including information from wavefront calibration system

Science camera

· Establish satisfactory targe acquisition based on science camera data. Confirms that the star is on the occulting spot to within TBD, e.g., 

· Configure for unsaturated image

· Acquire unsaturated image with SNR ~ 100 in center (use RG mode or ND filters)

· Pipeline confirms centering and Strehl 

· Reacquire target if unsatisfactory based on TBD criterion for successful science instrument acquisition

· Abandon target after TBD attempts 

· Configure science camera RG subarray for astrometric image stabilization

Begin first science exposure!

· Acquire science exposure TDB total integration time

· Select TBD readout mode (CDS, Fowler, etc.)

· Set frame time TBD seconds

· Select number of coadds

· Write TBD science frames to disk

· Accumulate AO telemetry, and wavefront calibration  

· Repeat for pupil mask angles of  TBD, TBD, etc. 

Individual frame time is determined by the requirement not to trail a planet at the edge of the field of view.  An image-motion induced Strehl degradation of 0.8 corresponds to 1.05 (/D. How does azimuthal image trailing degrade speckle suppression?
Hand off science instrument data and calibration data to pipeline

· Science data

· Instrument calibration

· Detector calibration information, e.g, dark frames, detector linearity

· Instrument calibration, e.g., flat fields, photometric zero points, IFU spectral cube reconstruction

· Update status of target in master catalog

Actions

Dynamic range

Rate of change of paralactic angle
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