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1. Introduction

The purpose of this note is multifold:

1) To summarize the measured versus predicted performance for the existing Keck AO systems and our understanding of the reasons for the differences.
2) To provide an anchor for the Next Generation AO (NGAO) wavefront error budget tool.

3) To predict the performance of the planned and potential upgrades to this system.
Note that item 2 is in support of NGAO System Design phase WBS 3.1.1.2.3 Anchor to Keck II LGS AO PSFs and item 3 is in support of WBS 3.1.2.1.2 NGAO versus Keck AO Upgrades trade study.  

2. Measured versus Predicted Performance for Current Keck AO

2.1 Measured versus Predicted Comparison

The originally predicted performance, and assumptions, for the Keck AO systems are defined in the Keck AO Blue Book (Keck Observatory Report 208).  The measured performance of the Keck NGS and LGS AO systems are summarized in two refereed publications by van Dam et al.  Table 1 compares the predicted and measured performance from these two sources for the NGS bright star case and the LGS case with a 10th magnitude NGS.  For the LGS case a column is also included for the NGAO tool predictions that will be discussed in section 3.  The final column shows the measured LGS AO performance for an 18th mag NGS.  

The various error terms in the rows of this table are explained in the Blue Book and two van Dam et al. papers.  The “Miscellaneous” row was included for the measured NGS case to include terms that could not be explicitly assigned to the other rows such as dynamic calibration errors, additional telescope errors, poorly sensed modes and atmospheric dispersion.  The “Miscellaneous (NGAO)” row was included to represent the sum of seven additional small error sources in the NGAO error budget tool, each of about 20 nm in magnitude.  The percentile seeing should be interpreted using the following example: 75% means that 75% of the nights have worse seeing and the listed performance can be achieved or exceeded on the 25% of the nights with the best seeing. The reason we use percentiles rather than atmospheric parameters is that the LGS AO performance depends on a large number of atmospheric parameters, such as r0, τ0, Cn2 profile and the sodium density structure. 
It is clear from the “Total wavefront error” and “K-band Strehl” rows that the measured performance is significantly lower than the Blue Book predicted, or rather planned, performance.  This discrepancy is discussed in the next section.  The Strehl in the measured column is in reality higher than the value calculated by adding the terms in quadrature, since the the high spatial frequency terms are double counted (focal anisoplanatism and atmospheric and fitting error).

One point should be made before we move to this explanation.  That is that the impact of the tip/tilt errors is different than that of the higher order terms.  The tip/tilt errors broaden the diffraction-limited core while the higher order errors move energy from the diffraction-limited core into the seeing limited halo.   

Table 1 Keck AO Wavefront Error Budget: Planned (Blue Book), Measured and Predicted (NGAO tool)
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Blue BookMeasured Blue BookMeasuredNGAO tool Measured

Atmospheric fitting 123 139 123 128 102 128

Telescope fitting 105 60 105 60 70 60

Camera 35 113 35 113 113 113

DM bandwidth 36 103 36 157 143 157

DM measurement 0 17 98 142 135 142

TT bandwidth 34 75 34 109 30 300

TT measurement 0 9 34 23 4 300

LGS focus error 0 0 35 36 25 36

Focal anisoplanatism 0 0 127 175 151 175

LGS high-order error 0 0 0 80 80 80

Centroid anisoplanatism 0 0 0 0 21 0

Atmospheric dispersion 0 0 0 0 81 0

Miscellaneous 0 120 0 120 0 120

Miscellaneous (NGAO) 0 0 0 0 53 0

Calibrations 30 0 30 0 40 0

Total wavefront error 175 258 243 378 330 557

K-band Strehl 0.78 0.58 0.62 0.31 0.41 0.15

Percentile Seeing 50% 75% 50% 75% 65% 75%

NGS bright star LGS (10th mag)

 
2.2 Measured versus Predicted Explanation

The discrepancy between the Blue Book values and the measured performance is explained by the delivered system not achieving some of its requirements and the Keck environment being different than the assumptions in the Blue Book.  These factors are further explained as follows: 
1. The science instrument did not achieve its wavefront quality requirements.  Note that the image quality can be improved by image sharpening, but only over narrow fields and wavelengths. In addition, scattering and vibrations on the AO bench limit the ability to obtain diffraction-limited images with a calibration source.
2. The delivered AO system did not achieve its bandwidth requirement.  Both the DM and TT bandwidth terms are significantly higher than the predicted performance due to the fact that the achieved bandwidth (30 Hz for NGS AO, 20 Hz for LGS AO) is significantly less than the expected bandwidth (90 Hz).  The DM bandwidth error discrepancy is due to latency in the real-time control system and our overly optimistic expectations about the ratio of sample rate to bandwidth.  The same latencies impact the NGS tip/tilt bandwidth.  Tip/tilt bandwidth latencies and errors are reduced in the LGS case (the higher numbers in this case are due to a fainter star).  The DM measurement error discrepancy in the LGS case is also partly due to the lower bandwidth since these two terms are traded against each other in operation (the system is run slower to reduce the measurement error at the expense of the bandwidth error). In addition, the tip-tilt mirror exhibits a large resonance when driven at large bandwidths, limiting the ability to correct for high frequency aberrations.   
3. The delivered laser system did not achieve the planned laser power.  A 20 W system was planned versus the actually achieved ~ 13 W system (only 10 W at the time that the Strehl ratios presented in Table 1 were measured). This results in increased DM bandwidth and measurement errors, as the frame rate is reduced due to the reduced power.
4. The Keck telescopes contribute significant tip/tilt vibrations in the 20-40 Hz range that was not accounted for in the Blue Book.  The low bandwidth of the delivered system does not allow for significant correction of these vibrations.

5. The value for the focal anisoplanatism parameter, d0, assumed (based on very little data) in the Blue Book appears to have been too optimistic.  More recent measurements of the Cn2 profile above Mauna Kea indicate that this parameter is smaller and the resultant amount of focal anisoplanatism is therefore significantly larger.      
3. Anchoring the NGAO Wavefront Error Budget Tool  

The measured Keck II LGS AO performance is being used as an anchor to test and improve the NGAO wavefront error budget spreadsheet developed by Dekany et al.  The comparison of the NGAO tool predictions to the measured performance in the above table show good agreement with one exception: the tip/tilt bandwidth error.  This is due to the fact that the NGAO tool does not yet include the realities of the telescope tip/tilt vibration environment.  This will be rectified by incorporating the results from some measured tip/tilt power spectra in the NGAO tool assumptions.
4. Predicted Performance for Planned Keck AO Upgrades

4.1 Next Generation Wavefront Controller (NGWFC)

The NGWFC upgrade will provide the following improvements: 
· Reduced read noise and dark current due to the new wavefront sensor camera.  The LL-64 had a read noise of 7 electrons with a dark current of 2000(?) electrons/sec.  The new CCD-39 has a read noise of electrons and negligible dark current.
· Increased DM bandwidth.  The previous maximum frame rate of 670 Hz has been increased to > 2 kHz.  The bandwidth error goes as f5/6, where f is the system bandwidth.  In the bright NGS case we can probably increase the frame rate from 670 to 1500 Hz and that the bandwidth will be increased proportionally.  In the LGS case we are currently limited by laser power so we might only assume a 20% increase in bandwidth due to the reduced processing delay.
· Increased TT bandwidth.  The tip/tilt bandwidth is currently limited by the lag time of the real-time system.  However, it can also be limited by the bandwidth of the tip/tilt mirror and/or the sample rate of the STRAP sensor (~ 1000 Hz).  Even with somewhat improved bandwidth there will still be relatively limited improvement due to the inability to correct for the ~ 30 Hz vibrations.  Overall we can probably only assume a TT bandwidth error reduction at the ~ 20 nm level. 
· Improved image quality to the wavefront sensor camera due to the implementation of new lenslet arrays.  Assume that this gives us a 50 nm improvement (arbitrary assumption).  
The following table summarizes the above changes to the wavefront error budget.  The bolded items are the terms that were effected.
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10th mag

LGS   

18th mag Discussion

Atmospheric fitting 139 128 128

Telescope fitting 60 60 60

Camera 113 113 113

DM bandwidth 53 130 130

DM measurement 17 133 133

TT bandwidth 69 105 298

TT measurement 9 23 300

LGS focus error 0 36 36

Focal anisoplanatism 0 175 175

LGS high-order error 0 80 80

Centroid anisoplanatism 0 0 0

Atmospheric dispersion 0 0 0

Miscellaneous 120 120 120

Miscellaneous (NGAO) 0 0 0

Calibrations 0 0 0

Total wavefront error 241 363 547

K-band Strehl 0.62 0.34 0.15

Percentile Seeing 75% 75% 75%


The predicted and actual NGS improvement has been measured to represent a 1.5 magnitude increase in the limiting magnitude.  The LGS performance improvement is not yet tested, but is likely to be modest.  The prediction is for a 10% K-band Strehl improvement.
4.2 Keck I LGS AO with NGWFC
The Keck I LGS AO system is largely a copy of Keck II’s with the following performance improvement exceptions:

· The new laser is 20 W versus the current 13 W laser.  This provides a 50% increase in sodium return.  In the photon-limited case, that we should be in, the DM measurement error (or SNR) goes as the square root of this power increase.  
· The new laser is mode-locked CW versus the current CW laser.  Mode-locked is predicted to have a significant better coupling to the sodium layer.  The measured improvement from a Keck-Gemini experiment was a factor of two (see KAON 419).  Instead of further reducing the measurement error we will assume that this factor of two will allow us to double the sample rate and hence reduce the bandwidth error.  
· The new laser will be center projected versus side projection for the current system.  
· This will reduce the average LGS elongation by approximately a factor of two.  The observed LGS image size is a function of this elongation as well as other sources such as the seeing (double pass), laser beam quality and diffraction and aberrations from the projection telescope.  The observed laser spot size for the current Keck system ranges from 1” close to the projector to 2.6” on the other side of the telescope in good seeing conditions.  A reasonable range for center projection might therefore by 1” to 1.3”.  The DM measurement error goes linearly with the spot size and therefore would be expected to decrease by a factor of ~ 1.5.  
· A symmetric elongation pattern could also reduce the rotation-dependent aberrations seen by the low bandwidth wavefront sensor in the current Keck LGS AO system.  These are not included in the error budget listed above but certainly can be a major contributor on faint objects where the low bandwidth wavefront sensor update rates are very slow.
The following table summarizes the above changes to the wavefront error budget.  The bolded items are the terms that were effected.
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18th mag Discussion

Atmospheric fitting 139 128 128

Telescope fitting 60 60 60

Camera 113 113 113

DM bandwidth 53 73 73

DM measurement 17 72 72

TT bandwidth 69 105 298

TT measurement 9 23 300

LGS focus error 0 36 36

Focal anisoplanatism 0 175 175

LGS high-order error 0 80 80

Centroid anisoplanatism 0 0 0

Atmospheric dispersion 0 0 0

Miscellaneous 120 120 120

Miscellaneous (NGAO) 0 0 0

Calibrations 0 0 0

Total wavefront error 241 328 525

K-band Strehl 0.62 0.42 0.15

Percentile Seeing 75% 75% 75%


4.3 Minor Planned Upgrades
A spare deformable mirror (DM) was procured to allow for recoating of the existing Keck I and II DMs.  

An IR atmospheric dispersion corrector will be installed on Keck II for use with NIRC2.

A low spatial mode of the low bandwidth wavefront sensor is being implemented with 5x5, instead of 20x20, subapertures.  This should allow for a 1-magnitude increase to 19th magnitude in the limiting magnitude of the NGS used for LGS AO observations.   

4.4 Predicted Performance
5. Predicted Performance for Potential Keck AO Upgrades
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Current Keck AO

				NGS bright star						LGS (10th mag)								LGS (18th)		Explanations

				Blue Book		Measured				Blue Book		Measured		NGAO tool				Measured

		Atmospheric fitting		123		139				123		128		102				128

		Telescope fitting		105		60				105		60		70				60

		Camera		35		113				35		113		113				113		NIRC2 aberrations

		DM bandwidth		36		103				36		157		143				157		Lower bandwidth

		DM measurement		0		17				98		142		135				142		Lower laser power

		TT bandwidth		34		75				34		109		30				300		Vibrations - will be added to NGAO tool

		TT measurement		0		9				34		23		4				300

		LGS focus error		0		0				35		36		25				36

		Focal anisoplanatism		0		0				127		175		151				175		Different atmosphere

		LGS high-order error		0		0				0		80		80				80

		Centroid anisoplanatism		0		0				0		0		21				0

		Atmospheric dispersion		0		0				0		0		81				0

		Miscellaneous		0		120				0		120		0				120		Dyn calibs, tel, poorly sensed, atmos disp

		Miscellaneous (NGAO)		0		0				0		0		53				0		Seven ~20nm terms

		Calibrations		30		0				30		0		40				0

		Total wavefront error		175		258				243		378		330				557

		K-band Strehl		0.78		0.58				0.62		0.31		0.41				0.15

		Percentile Seeing		50%		75%				50%		75%		65%				75%





NGWFC

				NGS bright				LGS     10th mag				LGS   18th mag		Discussion

		Atmospheric fitting		139				128				128

		Telescope fitting		60				60				60

		Camera		113				113				113

		DM bandwidth		53				130				130

		DM measurement		17				133				133

		TT bandwidth		69				105				298

		TT measurement		9				23				300

		LGS focus error		0				36				36

		Focal anisoplanatism		0				175				175

		LGS high-order error		0				80				80

		Centroid anisoplanatism		0				0				0

		Atmospheric dispersion		0				0				0

		Miscellaneous		120				120				120

		Miscellaneous (NGAO)		0				0				0

		Calibrations		0				0				0

		Total wavefront error		241				363				547

		K-band Strehl		0.62				0.34				0.15

		Percentile Seeing		75%				75%				75%





NGWFC + Keck I LGS

				NGS bright				LGS     10th mag				LGS   18th mag		Discussion

		Atmospheric fitting		139				128				128

		Telescope fitting		60				60				60

		Camera		113				113				113

		DM bandwidth		53				73				73

		DM measurement		17				72				72

		TT bandwidth		69				105				298

		TT measurement		9				23				300

		LGS focus error		0				36				36

		Focal anisoplanatism		0				175				175

		LGS high-order error		0				80				80

		Centroid anisoplanatism		0				0				0

		Atmospheric dispersion		0				0				0

		Miscellaneous		120				120				120

		Miscellaneous (NGAO)		0				0				0

		Calibrations		0				0				0

		Total wavefront error		241				328				525

		K-band Strehl		0.62				0.42				0.15

		Percentile Seeing		75%				75%				75%
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Current Keck AO

				NGS bright star						LGS (10th mag)								LGS (18th)		Explanations

				Blue Book		Measured				Blue Book		Measured		NGAO tool				Measured

		Atmospheric fitting		123		139				123		128		102				128

		Telescope fitting		105		60				105		60		70				60

		Camera		35		113				35		113		113				113		NIRC2 aberrations

		DM bandwidth		36		103				36		157		143				157		Lower bandwidth

		DM measurement		0		17				98		142		135				142		Lower laser power

		TT bandwidth		34		75				34		109		30				300		Vibrations - will be added to NGAO tool

		TT measurement		0		9				34		23		4				300

		LGS focus error		0		0				35		36		25				36

		Focal anisoplanatism		0		0				127		175		151				175		Different atmosphere

		LGS high-order error		0		0				0		80		80				80

		Centroid anisoplanatism		0		0				0		0		21				0

		Atmospheric dispersion		0		0				0		0		81				0

		Miscellaneous		0		120				0		120		0				120		Dyn calibs, tel, poorly sensed, atmos disp

		Miscellaneous (NGAO)		0		0				0		0		53				0		Seven ~20nm terms

		Calibrations		30		0				30		0		40				0

		Total wavefront error		175		258				243		378		330				557

		K-band Strehl		0.78		0.58				0.62		0.31		0.41				0.15

		Percentile Seeing		50%		75%				50%		75%		65%				75%





NGWFC

				NGS bright				LGS     10th mag				LGS   18th mag		Discussion

		Atmospheric fitting		139				128				128

		Telescope fitting		60				60				60

		Camera		113				113				113

		DM bandwidth		53				130				130

		DM measurement		17				133				133

		TT bandwidth		69				105				298

		TT measurement		9				23				300

		LGS focus error		0				36				36

		Focal anisoplanatism		0				175				175

		LGS high-order error		0				80				80

		Centroid anisoplanatism		0				0				0

		Atmospheric dispersion		0				0				0

		Miscellaneous		120				120				120

		Miscellaneous (NGAO)		0				0				0

		Calibrations		0				0				0

		Total wavefront error		241				363				547

		K-band Strehl		0.62				0.34				0.15

		Percentile Seeing		75%				75%				75%





NGWFC + Keck I LGS

				NGS bright				LGS     10th mag				LGS   18th mag		Discussion

		Atmospheric fitting		139				128				128

		Telescope fitting		60				60				60

		Camera		113				113				113

		DM bandwidth		53				73				73

		DM measurement		17				72				72

		TT bandwidth		69				105				298

		TT measurement		9				23				300

		LGS focus error		0				36				36

		Focal anisoplanatism		0				175				175

		LGS high-order error		0				80				80

		Centroid anisoplanatism		0				0				0

		Atmospheric dispersion		0				0				0

		Miscellaneous		120				120				120

		Miscellaneous (NGAO)		0				0				0

		Calibrations		0				0				0

		Total wavefront error		241				328				525

		K-band Strehl		0.62				0.42				0.15

		Percentile Seeing		75%				75%				75%
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Sheet1

				NGS bright star						LGS (10th mag)								LGS (18th)		Explanations

				Blue Book		Measured				Blue Book		Measured		NGAO tool				Measured

		Atmospheric fitting		123		139				123		128		102				128

		Telescope fitting		105		60				105		60		70				60

		Camera		35		113				35		113		113				113		NIRC2 aberrations

		DM bandwidth		36		103				36		157		143				157		Lower bandwidth

		DM measurement		0		17				98		142		135				142		Lower laser power

		TT bandwidth		34		75				34		109		30				300		Vibrations - will be added to NGAO tool

		TT measurement		0		9				34		23		4				300

		LGS focus error		0		0				35		36		25				36

		Focal anisoplanatism		0		0				127		175		151				175		Different atmosphere

		LGS high-order error		0		0				0		80		80				80

		Centroid anisoplanatism		0		0				0		0		21				0

		Atmospheric dispersion		0		0				0		0		81				0

		Miscellaneous		0		120				0		120		0				120		Dyn calibs, tel, poorly sensed, atmos disp

		Miscellaneous (NGAO)		0		0				0		0		53				0		Seven ~20nm terms

		Calibrations		30		0				30		0		40				0

		Total wavefront error		175		258				243		378		330				557

		K-band Strehl		0.78		0.58				0.62		0.31		0.41				0.15

		Percentile Seeing		50%		75%				50%		75%		65%				75%
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