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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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Atmospheric fitting 123 139 110 123 128 110 128 110

Telescope fitting 105 60 66 105 60 66 60 66

Camera 35 113 110 35 113 110 113 110

DM bandwidth 36 103 115 36 157 146 157 146

DM measurement 0 17 16 98 142 150 142 150

TT bandwidth 34 75 91 34 109 94 300 243

TT measurement 0 9 5 34 23 11 300 349

LGS focus error 0 0 0 35 36 36 36 91

Focal anisoplanatism 0 0 0 127 175 208 175 208

LGS high-order error 0 0 0 0 80 80 80 80

Miscellaneous 0 120 0 0 120 0 120 0

Miscellaneous (NGAO) 0 0 106 0 0 72 0 72

Calibrations 30 0 30 30 0 30 0 30

Total wavefront error 175 258 250 243 378 372 557 563

K-band Strehl 0.78 0.58 0.57 0.62 0.31 0.30 0.15 0.08

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

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


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 (v1.02, with some modifications).  The comparisons of the NGAO tool predictions to the measured performance in Table 1 show good agreement.  
The following assumptions were used in the NGAO tool for the Keck AO case:

· The atmosphere and sodium abundance in the NGAO proposal and a zenith angle of 10º (r0 = 0.178 m and fG = 41.5 Hz at this zenith angle, wind speed = 8 m/s, outer scale = 50 m, Na abundance = 4E9 atoms/cm2).  d0 is calculated from the atmospheric profile used in the NGAO proposal.  However, in order to better simulate the observed focal anisoplanatism the d0 value was multiplied by 0.8 (using the single laser back projection benefit factor).
· A high order wavefront sensor rate of 670 Hz in the NGS case and 500 Hz in the LGS case.  The high order servo decimation factor used was 25.
· A tip/tilt sensor rate of 670 Hz in the NGS case.  For the LGS case, 1000 Hz for the 10th magnitude case and 400 Hz for the 18th mag case.  The tip/tilt decimation factor used was 25 in the NGS case and 40 in the LGS case.

· In order to account for the observed telescope jitter a 0.2 arcsec rms jitter at 29 Hz was assumed.

· A CCD39 was used for the high order wavefront sensor and STRAP for the LGS tip/tilt sensor.  The noise performance of the CCD39 is better than the MIT/LL-64, however this should only have a very minor impact for the bright NGS and the LGS cases.  The assumed charge diffusion was 0.25 pixels.  
· The wavefront sensor subaperture size and corresponding actuator spacing was 562.5 mm.  
· A higher laser power, 16W, was used to reduce the measurement error.  The Keck laser was likely only projecting between 12 and 14W during the actual measurements.

· A rather large LGS spot size is assumed for centroiding: 2.24 arcsec.

· For the bright NGS case V = 8.0.  For the LGS cases, the NGS V = 10.0 for the bright case and 18.4 for the faint case.  An 18.4 mag star was assumed for the faint LGS case to more closely match the measured errors.  This was done to compensate for the fact that the current NGAO calculation predicts too high an SNR due to a multiplication of the single exposure SNR by the decimation factor in order to get the -3db SNR.    

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 at all rates with a high dark current.  The new CCD39 has a read noise of 4.4 electrons at 500 Hz and negligible dark current.  The new CCD should provide a minor performance improvement for the LGS case and a very significant improvement for the faint NGS case.  
· Since the CCD39 is already in the NGAO tool baseline tool we have not yet tried to determine this effect.  
· Increased DM bandwidth.  The previous maximum frame rate of 670 Hz has been increased to > 2 kHz.  This implies that the delay between sampling and correcting has been reduced by a factor of about 2000/670 = 3.  In the bright NGS case we can increase the frame rate from 670 to 2000 Hz.   In the LGS case we are currently limited by laser power so we probably cannot run the camera significantly faster.  Note that the bandwidth error goes as f5/6, where f is the system bandwidth.  
· To simulate this with the NGAO tool the NGAO tool high order servo decimation factor was reduced from 25 to 20 in addition to increasing the frame rate to 2000 Hz.  

· 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.  
· To simulate this with the NGAO tool the tip/tilt servo decimation factor was reduced from 40 to 30.  
· Improved image quality to the wavefront sensor camera due to the implementation of new lenslet arrays.
· To simulate this we could arbitrarily reduce the miscellaneous errors by subtracting a 30 nm rms term in quadrature.

The above effects are summarized in Table 2.

Table 2 NGAO Tool Predictions for NGWFC versus Current System
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Atmospheric fitting 110 110 110 110 110 110

Telescope fitting 66 66 66 66 66 66

Camera 110 110 110 110 110 110

DM bandwidth 115 38 146 121 146 121

DM measurement 16 29 150 150 150 150

TT bandwidth 91 31 94 73 243 243

TT measurement 5 12 11 13 349 349

LGS focus error 0 0 36 27 91 91

Focal anisoplanatism 0 0 208 208 208 208

LGS high-order error 0 0 80 80 80 80

Miscellaneous 106 106 72 72 72 72

Calibrations 30 30 30 30 30 30

Total wavefront error 250 210 372 357 563 557

K-band Strehl 0.57 0.69 0.30 0.34 0.08 0.09

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


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 above power and coupling improvements were simulated in the NGAO tool by increasing the power from 16 to 40 W.  

· 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.  

· The elongation improvement was simulated in the NGAO tool by reducing the laser launch telescope off-axis distance from 7 to 0 m.  

· 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 represented by the high order LGS aberrations term in the error budget.  
· To simulate this effect in the NGAO tool the dynamic wavefront sensor zero-point calibration error was reduced from 80 to 50 nm (arbitrarily).
Table 3 summarizes the above changes to the wavefront error budget.  The bolded items are the terms that were effected.  
Table 3 NGAO Tool Predictions for K1 LGS with NGWFC versus Current System
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Atmospheric fitting 110 110 110 110 110 110

Telescope fitting 66 66 66 66 66 66

Camera 110 110 110 110 110 110

DM bandwidth 115 38 146 68 146 68

DM measurement 16 29 150 76 150 76

TT bandwidth 91 31 94 73 243 243

TT measurement 5 12 11 13 349 349

LGS focus error 0 0 36 27 91 91

Focal anisoplanatism 0 0 208 208 208 208

LGS high-order error 0 0 80 50 80 50

Miscellaneous 106 106 72 72 72 72

Calibrations 30 30 30 30 30 30

Total wavefront error 250 210 372 311 563 529

K-band Strehl 0.57 0.69 0.30 0.43 0.08 0.11

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


4.3 Minor Planned Upgrades
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.   

5. Predicted Performance for Potential Keck AO Upgrades

We now look at the largest terms in the error budget and what could potentially be done to reduce these terms.
5.1 More Laser Power

LMCT is building a 50W laser for Gemini-S.  A first step, which would be needed to support additional upgrades, would be to upgrade the planned Keck I 20W laser with this 50W capability.  Since the DM measurement error goes as 1/SNR this would allow a 1.6 reduction in this term.  This would be balanced with a reduction in the DM bandwidth error. 
· This is simulated in the NGAO tool by increasing the laser power from 40 to 100W.  
5.2 More DM Actuators

Another obvious upgrade is to increase the number of actuators.  Xinetics has a DM with 3.5 mm actuator spacing versus the 7 mm spacing on the existing DM.  Doubling the number of actuators would reduce the atmospheric fitting error by a factor of d5/6 = 1.8.  Additional actuators would also reduce the telescope static errors. 

· This is simulated in the NGAO tool by halving the subaperture width from 562.5 to 281.3 mm.
· Neyman, Flicker and Panteleev have calculated the telescope static errors for their poster entitled “Keck segment wavefront errors and their impact on AO performance.  Their conclusion was that the AO corrected wavefront error would be 66, 59 and 51 nm, respectively, for 20x20, 32x32 and 48x48 subapertures.  Doubling the number of actuators would therefore decrease the telescope static error from 66 to 55 nm. 

Note that this upgrade would require some modest optical changes to the existing bench.  The lenslets would need to be changed.  We would need to upgrade the SciMeasure CCD39 wavefront sensor camera to one with more pixels; presumably the CCID-56. 

· Inserting the CCID-56 at this point in the upgrades reduces the LGS measurement error from 61 to 54 nm.  Increasing the high order bandwidth from 1111 to 1250 Hz then balances the bandwidth and measurement errors at 57 and 58 nm, respectively.

The Microgate real-time system is modular enough that it could be expanded to handle the extra subapertures and actuators.  We would likely need a NGS mode that could still work with the current subaperture size; although we would use the larger number of subapertures in the bright star case.
5.3 New Science Camera(s)

A more capable AO system would warrant a new science instrument(s) to take advantage of its capabilities.  It is reasonable to assume that these instruments would be built to meet a more stringent wavefront requirement.  For our purpose we will assume the same 35 nm rms as assumed in the NGAO budget.

· This is included in the NGAO tool by simply reducing the uncorrectable instrument aberrations from 110 to 30 nm.
5.4 Tip/tilt Bandwidth
The tip/tilt bandwidth term is large due to vibrations in the telescope environment.  This could be reduced either by finding and correcting the source of these vibrations, and/or isolating the telescope/AO system from these vibrations and/or active correction.  We have demonstrated the use of a parametric oscillator to notch out up to 3 narrow vibration lines.  Another approach would be to have a separate sensor looking at a bright star.  

· For the purpose of the NGAO tool we will assume we can effectively reduce the amplitude of the telescope vibrations from 0.2 arcsec to 0.1 arcsec.   
5.5 Simplified Tomography
The tomography error could be reduced if we had some means of measuring the Cn2 profile above the telescope.  Assuming that we can implement some external Cn2 profiler (i.e., a MASS or SLODAR system) then we would need to implement a tomography portion to the real-time controller that used this information to determine the optimal correction to apply to the wavefront sensor centroid offsets and hence to the DM.  
· Neyman estimates that this approach could reduce the effective d0 by as much as a factor of two, but on average by a factor of 1.3.  This factor of 1.3 was used in the NGAO tool.
5.6 Predicted Performance Summary

Table 4 includes the performance improvements assuming all of the above upgrades have been successfully implemented.  To summarize the changes that have been made with respect to the current system include the following:
· NGWFC implemented with CCID-56.
· Center laser projection (versus off-axis).
· 50 W of CW mode locked CW laser power (versus 13 W of CW).
· 3.5 mm actuator spacing DM (versus 7 mm; pupil size remains unchanged).
· Lower wavefront error from the science camera (30 nm valid for OSIRIS or a new instrument versus 110 nm for NIRC2).
· A factor of two reduction in the amplitude of tip/tilt vibrations.
· Implementation of a Cn2 profiler and a tomography capability in the real-time controller.
Table 4 Predictions for an Upgraded Keck AO System versus Current System
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Atmospheric fitting 110 62 110 62 110 62

Telescope fitting 66 55 66 55 66 55

Camera 110 30 110 30 110 30

DM bandwidth 115 38 146 55 146 55

DM measurement 16 38 150 59 150 59

TT bandwidth 91 16 94 38 243 191

TT measurement 5 12 11 13 349 285

LGS focus error 0 0 36 27 91 91

Focal anisoplanatism 0 0 208 167 208 167

LGS high-order error 0 0 80 50 80 50

Miscellaneous 106 101 72 67 72 67

Calibrations 30 30 30 30 30 30

Total wavefront error 250 149 372 229 563 420

K-band Strehl 0.57 0.83 0.30 0.64 0.08 0.21

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


6. Comparison of Upgraded Keck AO to NGAO
NGAO would only have a very modest wavefront error budget reduction for the bright NGS case due to the presence of more DM actuators for the reduction of telescope static wavefront errors.

The primary advantage of NGAO over an upgraded Keck AO system for the bright LGS case is the further significant reduction of the tomography error.  The DM bandwidth and measurement errors would also be reduced due to more laser power. 

In the faint LGS case one or more IR tip/tilt sensors would also offer a significant advantage.  An IR tip/tilt sensor could also be implemented in an upgraded Keck AO system.  However, due to the lower Strehl, in the upgraded Keck system versus NGAO, the faint star performance would not be increased by as much.

The Keck upgrade (without an IR tip/tilt sensor and the NGAO case are compared in Table 5.

Table 5 Performance comparison for a Keck AO upgrade versus NGAO.


[image: image6.emf]Upgrade NGAO Upgrad NGAO Upgrad NGAO

Atmospheric fitting 62 62 62 62 62 62

Telescope fitting 55 43 55 43 55 43

Camera 30 30 30 30 30 30

DM bandwidth 38 30 55 30 55 30

DM measurement 38 43 59 32 59 32

TT bandwidth 16 9 38 9 191 19

TT measurement 12 17 13 0 285 24

LGS focus error 0 0 27 7 91 14

Focal anisoplanatism 0 0 167 76 167 76

LGS high-order error 0 0 50 50 50 50

Miscellaneous 101 106 67 79 67 79

Calibrations 30 30 30 30 30 30

Total wavefront error 149 148 229 155 420 158

K-band Strehl 0.83 0.84 0.64 0.82 0.21 0.81

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


Appendices

Three wavefront error budget appendices are attached; one each for the NGS bright star, LGS bright star and LGS faint star cases.  Each column represents a case the NGAO tool was used to evaluate.  Each column builds on the improvements in the previous improvements; with the exception of the last column which was used to evaluate the NGAO system.  So, the 2nd last column is the Keck AO upgrade including adding the NGWFC to the current system, implementing the K1 LGS upgrade, replacing the CCD39 with a CCID56, implementing a new DM with ½ the actuator spacing, implementing a higher wavefront quality science instrument, using an atmospheric profiler to do simplified tomography, reducing the vibrations at 29 Hz by a factor of two and upgrading from a 20W to a 50W laser. 
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Appendix 1.  NGS (8th mag) Wavefront Error Budget versus Improvements
	NGS (8th mag) Case
	Current
	NGWFC
	CCID56
	2x DM
	Sci. Inst.
	Vibes
	NGAO

	Atmospheric Fitting Error
	110
	110
	110
	62
	62
	62
	62

	Bandwidth Error
	115
	38
	38
	38
	38
	38
	30

	High-order Measurement Error
	16
	29
	28
	38
	38
	38
	43

	LGS Focal Anisoplanatism Error
	0
	0
	0
	0
	0
	0
	0

	Asterism Deformation Error
	0
	0
	0
	0
	0
	0
	0

	Multispectral Error
	22
	22
	22
	22
	22
	22
	22

	Scintillation Error
	14
	14
	14
	14
	14
	14
	14

	WFS Scintillation Error
	10
	10
	10
	10
	10
	10
	10

	Uncorrectable Static Telescope Abs
	66
	66
	66
	55
	55
	55
	43

	Uncorrectable Dynamic Telescope Abs
	7
	2
	2
	2
	2
	2
	1

	Static WFS Zero-point Calibration Error
	25
	25
	25
	25
	25
	25
	25

	Dynamic WFS Zero-point Calib Error
	80
	80
	80
	80
	80
	80
	80

	Go-to Control Errors
	0
	0
	0
	0
	0
	0
	43

	Residual Na Layer Focus Change
	0
	0
	0
	0
	0
	0
	0

	DM Finite Stroke Error
	16
	16
	16
	16
	16
	16
	12

	DM Hysteresis
	13
	13
	13
	13
	13
	13
	13

	High-Order Aliasing Error
	37
	37
	37
	21
	21
	21
	14

	DM Drive Digitization
	1
	1
	1
	1
	1
	1
	1

	Uncorrectable AO System Aberrations
	30
	30
	30
	30
	30
	30
	30

	Uncorrectable Instrument Aberrations
	110
	110
	110
	110
	30
	30
	30

	DM-to-lenslet Misregistration
	15
	15
	15
	15
	15
	15
	15

	DM-to-lenslet Pupil Scale Error
	15
	15
	15
	15
	15
	15
	15

	Angular Anisoplanatism Error
	24
	24
	24
	24
	24
	24
	24

	Tilt Measurement Error (one-axis)
	5
	12
	9
	12
	12
	12
	17

	Tilt Bandwidth Error (one-axis)
	17
	6
	6
	6
	6
	6
	3

	Tilt Anisoplanatism Error (one-axis)
	0
	0
	0
	0
	0
	0
	0

	Residual Centroid Anisoplanatism
	0
	0
	0
	0
	0
	0
	0

	Residual Atmospheric Dispersion
	26
	26
	26
	26
	26
	26
	1

	Science Instrument Mechanical Drift
	6
	6
	6
	6
	6
	6
	6

	Long Exposure Field Rotation Errors 
	6
	6
	6
	6
	6
	6
	6

	Residual Telescope Pointing Jitter (1-axis)
	89
	30
	30
	30
	30
	15
	9

	
	
	
	
	
	
	
	

	Total Wavefront Error (nm) =
	250
	210
	210
	185
	152
	149
	148

	Strehl at K-band =
	0.57
	0.69
	0.69
	0.75
	0.82
	0.83
	0.84

	
	
	
	
	
	
	
	

	Zenith angle (deg)
	10
	
	
	
	
	
	

	Guide star magnitude
	8
	
	
	
	
	
	

	HO WFS Rate (Hz)
	670
	2000
	2000
	2000
	2000
	2000
	2000

	TT Rate (Hz)
	670
	2000
	2000
	2000
	2000
	2000
	2000

	WFS camera
	CCD39
	CCD39
	CCID56
	CCID56
	CCID56
	CCID56
	CCID56

	HO decimation factor
	25
	20
	20
	20
	20
	20
	15

	TT decimation factor
	25
	25
	30
	30
	30
	30
	15

	Subaperture diameter (m)
	0.5625
	0.5625
	0.5625
	0.28125
	0.28125
	0.28125
	0.28125

	Science Instrument
	NIRC2
	NIRC2
	NIRC2
	NIRC2
	TBD
	TBD
	TBD

	Amplitude of vibrations (arcsec)
	0.2
	0.2
	0.2
	0.2
	0.2
	0.1
	0.1


Appendix 2.  LGS (10th mag) Wavefront Error Budget versus Improvements

	LGS (10th mag) Case
	Current
	NGWFC
	K1 LGS
	CCID56
	2x DM
	Sci. Inst.
	Tomog
	Vibes
	50W las
	NGAO

	Atmospheric Fitting Error
	110
	110
	110
	110
	62
	62
	62
	62
	62
	62

	Bandwidth Error
	146
	121
	68
	68
	68
	68
	68
	68
	55
	30

	High-order Measurement Error
	150
	150
	76
	71
	83
	83
	83
	83
	59
	32

	LGS Focal Anisoplanatism Error
	208
	208
	208
	208
	208
	208
	167
	167
	167
	76

	Asterism Deformation Error
	0
	0
	0
	0
	0
	0
	0
	0
	0
	29

	Multispectral Error
	22
	22
	22
	22
	22
	22
	22
	22
	22
	22

	Scintillation Error
	14
	14
	14
	14
	14
	14
	14
	14
	14
	14

	WFS Scintillation Error
	10
	10
	10
	10
	10
	10
	10
	10
	10
	10

	Uncorrectable Static Telescope Abs
	66
	66
	66
	66
	55
	55
	55
	55
	55
	43

	Uncorrectable Dynamic Tel Abs
	9
	7
	4
	4
	4
	4
	4
	4
	3
	1

	Static WFS Zero-point Calib Error
	25
	25
	25
	25
	25
	25
	25
	25
	25
	25

	Dyn WFS Zero-point Calib Error
	80
	80
	50
	50
	50
	50
	50
	50
	50
	50

	Go-to Control Errors
	0
	0
	0
	0
	0
	0
	0
	0
	0
	43

	Residual Na Layer Focus Change
	36
	27
	27
	27
	27
	27
	27
	27
	34
	7
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Appendix 3.  LGS (18th mag) Wavefront Error Budget versus Improvements
	LGS (18.4 mag) Case
	Current
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	110
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	62
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	55
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	0
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	0
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	0
	0
	29
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	22
	22
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	22
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	14
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	14
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	14
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	25
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	25
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	25
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	80
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	50
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	24
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	24
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	44
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	44
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	44
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	0
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	Residual Atmospheric Dispersion
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	6
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	6
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		Atmospheric fitting		110		110				110		110				110		110

		Telescope fitting		66		66				66		66				66		66

		Camera		110		110				110		110				110		110		NIRC2 aberrations

		DM bandwidth		115		38				146		121				146		121		Lower bandwidth

		DM measurement		16		29				150		150				150		150		Lower laser power

		TT bandwidth		91		31				94		73				243		243		Vibrations - will be added to NGAO tool

		TT measurement		5		12				11		13				349		349

		LGS focus error		0		0				36		27				91		91

		Focal anisoplanatism		0		0				208		208				208		208		Different atmosphere

		LGS high-order error		0		0				80		80				80		80

		Miscellaneous		106		106				72		72				72		72		Seven ~20nm terms

		Calibrations		30		30				30		30				30		30

		Total wavefront error		250		210				372		357				563		557

		K-band Strehl		0.57		0.69				0.30		0.34				0.08		0.09
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				Current		Upgrade				Current		Upgrad				Current		Upgrad

		Atmospheric fitting		110		62				110		62				110		62

		Telescope fitting		66		55				66		55				66		55

		Camera		110		30				110		30				110		30		NIRC2 aberrations

		DM bandwidth		115		38				146		55				146		55		Lower bandwidth

		DM measurement		16		38				150		59				150		59		Lower laser power

		TT bandwidth		91		16				94		38				243		191		Vibrations - will be added to NGAO tool

		TT measurement		5		12				11		13				349		285

		LGS focus error		0		0				36		27				91		91

		Focal anisoplanatism		0		0				208		167				208		167		Different atmosphere

		LGS high-order error		0		0				80		50				80		50

		Miscellaneous		106		101				72		67				72		67		Seven ~20nm terms

		Calibrations		30		30				30		30				30		30
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		Atmospheric fitting		62		62				62		62				62		62

		Telescope fitting		55		43				55		43				55		43

		Camera		30		30				30		30				30		30		NIRC2 aberrations

		DM bandwidth		38		30				55		30				55		30		Lower bandwidth

		DM measurement		38		43				59		32				59		32		Lower laser power

		TT bandwidth		16		9				38		9				191		19		Vibrations - will be added to NGAO tool

		TT measurement		12		17				13		0				285		24

		LGS focus error		0		0				27		7				91		14

		Focal anisoplanatism		0		0				167		76				167		76		Different atmosphere

		LGS high-order error		0		0				50		50				50		50

		Miscellaneous		101		106				67		79				67		79		Seven ~20nm terms

		Calibrations		30		30				30		30				30		30

		Total wavefront error		149		148				229		155				420		158

		K-band Strehl		0.83		0.84				0.64		0.82				0.21		0.81

		Percentile Seeing		65%		75%				65%		75%				65%		65%
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				NGS bright star						LGS (10th mag)						LGS (18th)				Explanations

				Current		K1 LGS				Current		K1 LGS				Current		K1 LGS

		Atmospheric fitting		110		110				110		110				110		110

		Telescope fitting		66		66				66		66				66		66

		Camera		110		110				110		110				110		110		NIRC2 aberrations

		DM bandwidth		115		38				146		68				146		68		Lower bandwidth

		DM measurement		16		29				150		76				150		76		Lower laser power

		TT bandwidth		91		31				94		73				243		243		Vibrations - will be added to NGAO tool

		TT measurement		5		12				11		13				349		349

		LGS focus error		0		0				36		27				91		91

		Focal anisoplanatism		0		0				208		208				208		208		Different atmosphere

		LGS high-order error		0		0				80		50				80		50

		Miscellaneous		106		106				72		72				72		72		Seven ~20nm terms

		Calibrations		30		30				30		30				30		30

		Total wavefront error		250		210				372		311				563		529

		K-band Strehl		0.57		0.69				0.30		0.43				0.08		0.11

		Percentile Seeing		65%		75%				65%		75%				65%		65%
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				NGS bright star								LGS (10th mag)								LGS (18th)				Explanations

				Blue Book		Meas-ured		NGAO tool				Blue Book		Meas-ured		NGAO tool				Meas-ured		NGAO tool

		Atmospheric fitting		123		139		110				123		128		110				128		110

		Telescope fitting		105		60		66				105		60		66				60		66

		Camera		35		113		110				35		113		110				113		110		NIRC2 aberrations

		DM bandwidth		36		103		115				36		157		146				157		146		Lower bandwidth

		DM measurement		0		17		16				98		142		150				142		150		Lower laser power

		TT bandwidth		34		75		91				34		109		94				300		243		Vibrations - will be added to NGAO tool

		TT measurement		0		9		5				34		23		11				300		349

		LGS focus error		0		0		0				35		36		36				36		91

		Focal anisoplanatism		0		0		0				127		175		208				175		208		Different atmosphere

		LGS high-order error		0		0		0				0		80		80				80		80

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

		Miscellaneous (NGAO)		0		0		106				0		0		72				0		72		Seven ~20nm terms

		Calibrations		30		0		30				30		0		30				0		30

		Total wavefront error		175		258		250				243		378		372				557		563

		K-band Strehl		0.78		0.58		0.57				0.62		0.31		0.30				0.15		0.08

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