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1. Introduction

The science case developed as part of the proposal for the Next Generation Adaptive Optics (NGAO)1 system at the W. M. Keck Observatory (WMKO) led to the identification of six new instruments for NGAO.  Two of these instruments are thought to be similar to existing instruments at WMKO and this raises the possibility that these existing instruments might be used with NGAO, eliminating the need to develop new instruments.  The near‑infrared (near‑IR) integral field unit (IFU) identified for NGAO might be the current OSIRIS instrument, the near-IR imager and the so-called thermal near‑IR imager (or L‑and M‑band imager) may one or both be satisfied by the current NIRC‑2 instrument.

This document examines the suitability of OSIRIS and NIRC-2 for use with the NGAO system.  Consideration is given to the current NGAO requirements, the current performance of OSIRIS and NIRC‑2, their predicted performance with NGAO and other matters such as the constraints imposed on NGAO by the interface definitions of OSIRIS and NIRC-2.  A recommendation for each instrument is made based on the extent to which OSIRIS and NIRC‑2 can satisfy the needs of NGAO in terms of performance, features and configuration.  Consideration is also given to the possibility of making design changes to OSIRIS or NIRC‑2 in order to improve the suitability of using each instrument with NGAO.

1.1. Document layout

We address each of the three NGAO instruments under this study in turn, starting with the NIR imager. Each of the sections commences with a summary table listing the requirements for the NGAO instrument in column 2, and a direct performance comparison from either NIRC-2 or OSIRIS is listed in column 3. A discussion follows each table that provides extra clarification and additional information relevant to the trade study including interface issues, restricted instrument orientations and so forth. In the final section we provide recommendations that are highlighted for quick reference for those limited in time to read the full document.

1.2. Aknowledgements and references

The requirements for the NGAO NIR-imager, L and M band imager and single object NIR IFU used for this trade study are taken from a variety of sources including the NGAO Science Requirements Document2, summaries of the NGAO original proposal3, 4 in addition to advice from the science advisors to the instrumentation working group (IWG)5. Considerable thanks go to the PI of NIRC2 (Keith Matthews) and OSIRIS (James Larkin) for input to this study.

2. Near-IR imager

Table1: Requirements for the Near-IR imager for NGAO (column 2) with corresponding performance comparison of NIRC-2 (column 3)

	
	Requirement for NGAO Near-IR imager


	NIRC-2 performance comparison

	Wavelength coverage
	J, H and K

(1-2.5 mm)
	J,H,K,L and M

(1 to 5.3mm)



	Field of view


	10” X 10” maximum requested
	1k by 1k InSb detector with 

three plate scales results in: 

10” X 10”

20” X 20”

40” X 40”



	Plate scale/s
	10mas is required to Nyquist sample DL Gaussian image at 1 mm


	Three plate scales are available:

10 mas, 20 mas, 40 mas

	Throughput
	Minimum number of optical surfaces possible. Near-IR imager will need to include pupil imaging optics for placement of cold-stop


	NIRC-2 uses reasonably simple optical design, likely high throughput. See Section 2.1



	Sensitivity and Instrument background


	See Section 2.2.

NIR broadband sky backgrounds for Mauna Kea (Table A.1):

J: 16.0 mag/arcsec2
H: 13.9 mag/arcsec2
K: 13.0 mag/arcsec2

	Broadband sky background measured by NIRC-2 (includes AO system and telescope):

J: 14.96 - 15.88 mag/arcsec2
H: 13.66– 14.28 mag/arcsec2
K: 12.68 – 12.246 mag/arcsec2


	Residual Wavefront error (field dependent)


	<24nm-36nm for finest plate scale. See Section 2.3
	10 mas scale - 120 nm

20 mas - ~200 nm

40 mas is “low” and limited by camera



	Imaging quality


	Imaging quality of Near-IR imager should not limit performance. 

Aim for <1.2 pix half-light radius across detector field at all plate scales
	Stated as half-light radius across detector:

10mas scale – 1.2-1.5pix over most of detector, 2pix at edges

20mas scale – 2pix in center of field, 1.2-1.5 across rest of detector

40mas scale – not stated, but good across field



	Geometrical distortion


	Science case dependent. In general as low a magnitude as possible with time invariant performance


	10mas scale – 4-5 pixels at edge of field

20mas scale – 4-5 pixels at edge of field

40mas scale – 4-5 pixels at edge of field



	Coronagraphic mode


	Unsure at this stage if Near-IR imager will need a coronographic mode.
	NIRC-2 contains a coronagraph mode consisting of occulting spots of varying sizes. Some issue with opaqueness.




2.1. Throughput

NIRC-2 is a combined imager and spectrograph. For an optical application a simple imager can in principle be nothing more than a camera and detector, assuming the filters can be placed close to the ccd. This means the throughput for such an imager is much more than compared to a combined imager and spectrograph using the same detector for both applications. 

At Near-IR wavelengths, especially at the longer K band, an imager must include a cold stop that is located at the re-imaged pupil. This means one does not automatically gain in throughput by designing a Near-IR imager over a Near-IR imaging spectrograph, even though there are clear advantages in lower cost and simplicity.

2.2. Sensitivity and Instrument background

Stated sky backgrounds for Mauna Kea vary given the nature of hydroxyl emission. Stated values are a guide only.

At this stage the requirement for NGAO NIR imager is that instrument must contribute negligible background compared to the telescope and AO. The instrument must include suitable baffling and pupil masks to remove AO+telescope contributed background. 

NIRC2 itself is cryogenically cooled except for the outside surface of the CaF2 window. Internal cold stops mask the telescope background as best as possible so the instrument itself contributes little to background.  Background is understood to be telescope and AO system dominated.

2.3. Residual wavefront error

The residual wavefront error (RWFE) refers to the field dependent wavefront error that cannot be removed by the AO system. 

2.3.1. NGAO requirement

For AO system + instrument we require 120nm-180nm RWFE1. This results in the following strehls:

	1mm
	 55%-30%

	J
	 65%-40%

	H
	 82%-65%

	K
	 87%-75%


We assume the instrument contributes ~20% of this RWFE therefore a requirement of 24nm-36nm on the RWFE not possible to correct by the AO system. This requirement is certainly placed of the finest plate scales of this imaging application (10-20mas) that sample the most stringent PSFs. There will be some increase in the magnitude of allowable RWFE on the coarsest of plate scales, not discussed here.

2.3.2. NIRC2 Residual WFE

Residual WFE

Total RWFEs for NIRC-2 after cooling are estimated by PI at:

	10 mas scale
	120 nm

	20 mas scale
	~200 nm

	40 mas scale
	“low” and limited by camera


NIRC-2 has no WFS inside instrument though has some open loop correction to remedy static aberration for a single point in the field.  NIRC-2 has negligible RWFE variation as a function of time.

2.3.3. Imaging quality

Imaging quality is included as a comparison in addition to RWFE as the pre-ship report for NIRC2* measures and discusses the former. 

As discussed in the NIRC-2 pre-ship report the instrument suffers from field dependent focus shift at all plate scales. This is thought to be caused by temperature-induced stresses of the bi-metallic TMAs present in each camera. The most severe is found at the middle 20mas scale. The magnitudes of the focus shifts across the field are:

	10 mas scale
	600mm

	20 mas scale
	1.05mm

	40 mas scale
	~700mm


This non-correctable aberration results in a reduction of the field of view over which the imaging quality is considered non-limiting. This imaging degradation is most severe at the 20mas scale, though present also in the 10mas scale. The 40mas is almost unaffected due to the coarse pixel sampling.

2.4. Near‑IR IFU

Table 2: Requirements for the Near-IR IFU for NGAO (column 2) with corresponding performance comparison of OSIRIS (column 3)

	
	Requirement for NGAO Near-IR imager


	OSIRIS performance comparison

	Wavelength coverage
	J, H and K

(1-2.5 mm)
	(far z), J, H and K

(1-2.5 mm)



	Field of view


	Currently debateable, ranging from a few arcsec to 8” by 2.5” for narrow band mode at 50mas spatial sampling


	OSIRIS offers several fields of view ranging from 1.28” by 0.32” to 6.4” by 4.8”



	Plate scale/s
	20mas or 35mas


	Four plate scales are available:

20, 35, 50 and 100mas



	Aspect ratio
	Preferably a rectangular layout


	1:1.3 aspect ratio possible at largest plate scale



	Resolution
	R~4000 minimum J-K

R~15,000 for one specific science case 


	R~3800 for 20-50mas plate scales

R LEQ 3400 for 100mas plate scale

	Throughput (including detector, AO system and sky)


	As high as possible with a minimum requirement of > 10% for J-K


	OSIRIS as-built throughput:

8.8% (7) H and K

2.7% (7) J (not fully attributed to instrument, see Section 2.7 for details)

	Sensitivity and instrument background


	See Section 2.8.

NIR broadband sky backgrounds for Mauna Kea (Table A.1):

J: 16.0 mag/arcsec2
H: 13.9 mag/arcsec2
K: 13.0 mag/arcsec2

	Sky background for OSIRIS plus AO system and telescope:

J~15.87 mag/arcsec2 all scales

H ~14.27 mag/arcsec2 all scales

K~10.97 mag/arcsec2 at 20mas

K~11.87 mag/arcsec2 at 35/50 mas

K~10.67 mag/arcsec2 at 100mas



	Residual Wavefront error (field dependent)


	<50nm (see Section 2.6)
	As built non common path WFE =24nm for all optics in spectrograph excluding the lenslet array 

(lenslet designs permits very low RWFE, see text for details



	Sample number
	160 by 50 narrow band mode

80 by 50 broadband mode


	64 by 48 narrow band mode

64 by 16 broadband mode

	System architecture

(lenslet/mirror)


	Probably lenslet architecture (20mas sampling required). See Section 2.9.
	Lenslet architecture


2.5. Plate scale

Larger plate scales can be accommodated with the d-NIRI instrument. The team is currently debating whether or not a coarser scale than 35mas is required for the Near-IR IFU for continuum measurement. Approximately 50% of OSIRIS observations use the 100mas scale, a scale not originally planned for the instrument. It is not trivial to include plate scales ranging from 20mas to 100mas in a single IFU instrument.
2.6. Throughput
The OSIRIS as-built throughput at H and K bands of 8.8%7 is a little lower than predicted value of 12% at PDR stage. This is attributed to the grating. The as-built throughput in the J band of 2.7%7 is much lower than predicted and it is suggested that this is not solely the cause of the instrument itself, and it is noted in defense that NIRC-2 suffers a factor of 2 loss in efficiency from the K to J bands. The implication is that the telescope and/or AO system are to blame partially for this discrepancy.
2.7. Sensitivity and background

In the non-thermal J and H bands the measured broadband sky backgrounds are close to those of NIRC-2. The continuum background, measured at a sufficiently high resolution between the bright OH lines, is very low and likely limited by detector noise.

The measured K sky background depends upon the scale. The 100 mas scale does not have a proper cold stop for reasons discussed in the manual7 and has a background of 10.6 mag/arcsec2. The 20 mas scale has a slightly oversized pupil to make sure the full pupil is passed for best image quality and is 10.9 mag/arcsec2. The 35 and 50 mas scales have circular pupils of equivalent diameters of 10 meters which clip the corners of the primary and let through a little extra background on the flat sides of the primary. In these two scales therefore, the background is 11.8 mag/arcsec2. For comparison NIRC-2 with the best pupil is 12.2 mag/arcsec2.

2.8. Residual wavefront error

Really should use required RWFE as a function of Encircled Energy (EE) per spaxel for true comparison. Until these values are calculated we very roughly approximate a 20% strehl at J is sufficient for 20mas minimum spaxel scale. The total RWE for the instrument/AO system and telescope is therefore ~250nm, giving an instrument RWFE LEQ 20% of this value hence LEQ 50nm.

2.9. Systems Architecture

Lenslet based IFUs are an excellent choice for high contrast or crowded field science which demand the best possible RWFE. A lenslet based IFU samples the image PSF directly at the science focal plane. Only elements in the re-imaging optics and those close to the ccd such as filters and windows can therefore contribute to the image quality degradation. OSIRIS itself has a collimator and grating that contribute 100nm of WFE that does little to degrade the overall performance. 

In contrast, a slicer based IFU suffers this WFE in addition to non-common path errors and field dependent errors as each slicer sends a beam through a different path of the collimator, grating and camera. This cannot be corrected by the AO system simultaneously across all slicers. The advantage of using slicers for IFU design is the roughly sqrt(2) improvement in signal to noise, all things being equal, and smaller instrument volume.

3. L and M band imager

Column 2 of Table 3 summarizes the NGAO science flow-down requirements for the L and M band imager.  The NIRC-2 comparison is shown alongside in column 3 of the same table and is discussed in the appropriate section below. The comparison is discussed and extended further in the subsequent discussion.

	
	Requirement for NGAO L and M band imager


	NIRC-2 performance comparison

	Wavelength coverage
	3 to 5.3mm
	1.0 to 5.3mm



	Field of view


	10” X 10”

	1k by 1k InSb detector with 

three plate scales results in: 

10” X 10”

20” X 20”

40” X 40”



	Plate scale/s
	25mas required to Nyquist sample 3mm DL Gaussian image


	Three plate scales are available:

10, 20 and 40 mas

	Sensitivity and instrument background


	
	NIRC2 is cryogenically cooled except for outside surface of CaF2 window so contributes little to background. 

	Residual Wavefront error (field dependent)


	LEQ 80nm using Figure 1 from (1)

(see Section 3.2 for details)


	10 mas scale - 120 nm

20 mas - ~200 nm

40 mas is “low” and limited by camera




3.1. Sensitivity and instrument background

In NIRC-2 all optical elements are located inside a cryogenic dewar leaving only 1 warm surface, the outer CaF2 entrance window. The thermal background is completely dominated by the telescope and AO system. The introduction of a K-mirror reduces the sensitivity of this instrument.

3.2. Residual wavefront error

We assume the RWFE for the L and M band imager is LEQ 20% of total RWFE permitted for entire AO system plus instrument. Hence, the RWFE is LEQ 80nm using Figure 1 from reference 1.

3.3. Additional comments

A deformable secondary mirror feeding a Cassegrain mounted L and M band imager is the optimum configuration for this instrument with respect to performance.

4. NIRC-2

The following discusses further considerations not previously addressed in the comparison tables.

4.1. Interfaces

Orientation and operation

NIRC-2 could probably operate at on its side if required and in addition would likely cope with vertical rotation for field de-rotation if a K-mirror were not incorporated into the NGAO AO system design. NIRC-2 is equipped with handling features that make the instrument relatively easy to move about the dome, or between domes.

Cooling AO and NIRC2

NIRC2 could in theory be placed inside a cooled enclosure if required with some alterations. The feedthrus have been tested to -25C with a resulting doubling of the torque. The brake and various external mechanisms will require some modification to operate at low temperatures.

4.2. Upgrades for NGAO

Near-IR imager

The following NIRC-2 upgrades are required before the instrument can meet the full requirements of the NGAO Near-IR imager:

· The RFWE needs to be reduced for all plate scales and on the case of the 20mas camera scale, a substantial improvement is required. A ROM estimate for a single channel replacement of optics is ~500k.

· The NIRC-2 readout system is obsolete and the detector is no longer state of the art. A replacement system is suggested.

· First light commissioning of NIRC-2 was July 29th 2001. It should be noted that this will be a relatively old instrument by the time of NGAO commissioning.

L and M band imager

To satisfy the requirements for this NGAO instrument it is possible only the 20mas plate scale need to be replaced and improved. The remaining upgrades to the electronics and detector will be required.

5. OSIRIS

5.1. Interfaces

Orientation of OSIRIS at anything but the design specification is possibly problematic. As the instrument is fed from the side this may mean a K-mirror is mandatory, though further discussion with the PI is encouraged.

The OSIRIS instrument webpage shows that the instrument is easily maneuvered about the Keck dome via a crane.

5.2. Upgrades for NGAO

Increasing the field of view is virtually impossible and would not be advised over designing a new IFU spectrograph.

Throughput and thermal background are two areas that could possibly be improved. A replacement of the grating may increase throughput in the J and H bands. If only the lower plate scales are required it is possible the thermal background could be reduced slightly by incorporation of a more optimal cold stop. Improving the 100mas scale likely would be difficult.

5.3. The OSIRIS Imager

OSIRIS contains within it a 20” by 20” imager sensitive from 1.0 – 2.5mm. The imager was originally intended for simultaneous PSF monitoring alongside the IFU placed on the target object. As explained in the user manual the cold stop is oversized, due to the choice of an Offner relay for the formation for the pupil, resulting in an elevated background in the K band. It also has a limited set of filters due to space restraints. The IFU and imager are at a fixed orientation, roughly 20” apart on the sky. Given the 20mas sampling and inherent good RWFE of the imager, it is worth some consideration as a low-risk first light NGAO Near-IR imager.

6. Conclusions
The following conclusions can be drawn from this study.

NIRC-2 as the NGAO Near-IR imager

· This NGAO instrument requires excellent RWFE leading to exquisite imaging quality across the field of view. The NIRC-2 camera optics for all plate scales are not sufficiently high enough quality for this application.

· Upgrading one or all of the camera channels is not sufficient or cost effective over designing a fixed plate scale imager from scratch.

· The OSIRIS offset imager is an intriguing alternative and may be suitable for a first light Near-IR imager, especially in J and H, where the oversized pupil stop has less detrimental effect to sensitivity.

NIRC-2 as the L/M band imager

· With an approximate 500k optics upgrade to the middle channel of NIRC-2, in addition to upgraded detector electronics, NIRC-2 could satisfy the requirements for the NGAO L and M band imager.

· The optimum solution for this specific instrument is to incorporate a deformable secondary mirror feeding a Cassegrain mounted imager, designed from scratch.

· The current M band performance of the Keck telescope combined with the AO system, including K-mirror de-rotator, is poor.

OSIRIS as the Near-IR IFU

· As it currently stands OSIRIS does not fulfill the maximum field of view requirements of this instrument neither the K band background performance requirements at any of the pixel scale, nor the required resolution especially at the largest pixel scale (100mas).

· If only the fine scales are required for OSIRIS it is possible to consider pupil stop improvements that reduce the amount of contaminating radiation that increases the measured sky background. A replacement of the grating may help increase throughput.

· Designing an IFU spectrograph offering the large range of plate scales that is found in OSIRIS is technically quite challenging. Considering the incorporation of the coarse scale in the d-NIRI instrument, the science team is asked to justify the requirement of both the fine and coarse scales for the Near-IR IFU and therefore clarify the maximum field of view. If the 100mas scale is not required, or does not need to satisfy the requirements of background and resolution stated, then OSIRIS can be considered as a candidate for this NGAO instrument.

· There may be some issue with implementing OSIRIS without a K-mirror de-rotator in NGAO.
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Appendix A

A.1 NIR sky backgrounds at Mauna Kea

Broadband magnitudes are relevant to imaging and low resolution spectroscopic observations. For instruments with sufficient resolution to observe between the bright OH lines the continuum sky background level is more appropriate. The units are magnitudes/arcsec2.

	J broadband (1.25mm)
	16.09
	UKIRT

	H broadband (1.65mm)
	13.99
	UKIRT

	H continuum
	18.09
	1.661-1.669 mm at Subaru

Note: this is ~4 times lower flux than that measured for the Paranal site10, 11

	K broadband (2.2 mm)
	13.09
	UKIRT


Table A.1 NIR sky background levels at the Mauna Kea site
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