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1. Basic Requirements

The baseline for Keck NGAO has the following ADC needs:

1) Infrared science ADC on the narrow field (f/45) path

2) Visible science ADC on the narrow field (f/45) path

3) Infrared science ADCs for each d-NIFS unit (may not be needed)

4) Infrared tip/tilt (J+H) for each LOWFS

5) Visible ADC for the NGS WFS and Visible wavelength truth sensor (if used)
2. Space Constraints

These seem to be the space constraints:
Narrow field science: In the f/45 path there is a dichroic splitter between the visible and IR science paths. This is located approximately half way down the 770 mm path from OAP4 to the f/45 focus.

NGS WFS: There is an NGS WFS splitter in the f/45 beam ahead of the science dichroic. This is followed by 2 beam steering (NGS selection) mirror. It is probably best to put the ADC after the last steering mirror because there the beam from the NGS is fixed. There is about 200mm between the 2nd steering mirror and the focus of the NGS WFS and it is an f/45 beam. The NGS WFS also has a collimated space ahead of the lenslet array. The space available here is set by the desired beam size, lenslet pitch, and CCD sensor size. With an f/45 input and (guessing) maybe a 10 mm collimated beam, this would be 450 mm. Table 5 in Viswa Velur’s WFS conceptual study report has 450 mm assigned to the total length of the NGS WFS unit, so he  is obviously envisioning shorter distances. 
LOWFS and d-NIFS: We have decided against using a single whole field ADC in favor of separate small ADCs for each channel that needs them. The LOWFS will almost certainly need ADCs. It is not clear that ADCs are needed for the integral field units.

The most logical place for these small individual ADCs is downstream of the pickoff arm mechanisms as this is where the beam remains fixed. The LOWFS each have a second pupil for the 32x32 MEMS DM, so there are two converging/diverging spaces, before and after AO correction, as well as the collimated space between the foci, available for the ADC. The collimated beam size is 10 mm, set by the MEMS.  It is not clear yet what f/# will be used in these sensors. Viswa’s calculations indicate that a plate scale of 0.03 arcsec/pixel should be used in the TTFA and TT sensors. Making a guess that these sensors have ~20 micron pixels this translates to f/14. So 140 mm is the maximum space available between either MEMS DM and collimating lens, or focusing lens and focal plane. It may be unlikely that a linear ADC can fit in this space, so a rotating prism pair in collimated space may be in order, and we may want this after the DM to avoid pupil wander(?).
3. Performance Requirements Flowdown
3.1 Narrow Field IR Science
Section 2.1.3.8 and requirement #3a.1 of the ScRD release 2_v10 states that ADCs will be needed to support the precision astrometry measurements of the Galactic Center. 100 micro arc sec is the ultimate astrometric precision required for this science. Requirement 4.3 states that the system “may need and IR ADC” in coronagraphic observations of planets around low mass stars.  These requirements are both flowed down without change to the Systems Requirements document V1.16.
As far as I know, these requirements have not been broken down into an astrometric error budget with terms assigned specifically to the ADC.
3.2 Narrow Field Visible Science
The rainbow chart sets an astrometric accuracy of <1.5 milli arc sec for the visible science case of asteroid companions orbit determination.
3.3 Deployable IFUs
Section 2.1.2.5.3 of the ScRD release 2_v10 states that “atmospheric dispersion may be able to avoid a dispersion corrector through appropriate data reduction pipeline software,” however some performance analysis with respect to that with a physical ADC needs to be performed. Action recommended: assign designing ADCs for the dIFUs to the instrument conceptual design effort.
3.4 LOWFS
Requirements on the LOWFS ADC should be derived from the tip/tilt accuracy and tracking requirements. From the rainbow chart, tip/tilt accuracy is generally specified as 15 milli arc seconds rms total. This is broken into an error budget in Rich Dekany’s Wavefront Error Budget spreadsheets (of which there is one for each of 5 science cases). In the Galactic Center error budget, (entry G66 on the Optim tab) the assignment is 0.22 milli arc sec to residual atmospheric dispersion in an overall 2 milli arc sec budget for tip/tilt. This presumes that science data reduction will then be able to reach the 0.1 milli arc sec science requirement on the Galactic Center. Digging further down the error budget, 89 milli arc sec is assigned to dispersion blur in the TT sensor, assuming no ADC in the LOWFS. If I change the answer to the question “ADC in LOWFS?” to YES, then the assignment is 4 milli arc sec. The difference is almost imperceptible in the tip/tilt error budget.
3.5 NGS WFS and Vis Truth Sensor

The Io error budget (the only one that uses an NGS WFS) assigns 119 milli arc sec to residual atmospheric dispersion blurring of the subaperture spot (cell E65 on the HO Cent tab), assuming there is no ADC in the HOWFS (cell D62). If I change the answer to the question “ADC in HOWFS?” to YES, the assignment is 6 milli arc sec. This switch changes High-order measurement error from 21.22 to 21.16 nm, a very minor change. From this case alone I would not require and ADC in the NGS WFS, but recall this is only the Io science case.
4. Peter Wizinowich’s requirements from 11/5/07

This section simply repeats Peter Wizinowich’s e-mail on Dispersion requirements, sent on 11/15/07.
1. Atmospheric dispersion will reduce the performance of the NGAO system through three mechanisms: 

a) Science image elongation - the science image will be elongated thereby directly reducing image quality (Strehl or encircled energy).  
· The magnitude of this elongation will change with zenith angle, the color of the science object and the science filter.  
· The direction will change with the elevation direction on the science instrument.  
· For an IFU this elongation can be at least partially compensated by shifting the images as a function of wavelength in post-processing.
b) Measurement noise - the NGS wavefront sensor image, the LOWFS images and the truth sensor image will be elongated thereby increasing the wavefront and low order measurement errors.  
· The magnitude of this elongation will change with zenith angle, the color of the NGS and the wavelength band used.  
· The direction will change with the elevation direction on the wavefront sensor.
c) Tilt error - the separation of the LOWFS and science image, or the NGS wavefront sensor and science image, will change as a function of zenith angle.  
· This separation is also a function of the colors of the NGS(s) and science object, and the filter bands used by the NGS wavefront sensor, LOWFS and science instrument.  
· The direction will change with the elevation direction. 
· The primary concern is that the science image will move with respect to the tip/tilt stars during an exposure resulting in an additional image elongation effect.
· Another concern is that the accuracy of positioning a science object for fine acquisition or knowing its position for co-adding images will be effected by this error. 
2. Similarly, dispersion, or other chromatic errors, in the NGAO system will result in performance degradations through the same mechanisms as discussed in 1a and 1b.    
· The magnitude and direction of the image elongation will not be a function of the zenith angle or elevation direction (as long as the dispersion occurs after the rotator).  
· The magnitude of the errors will be a function of the filter bands used and the color of the NGS(s).  
· Note that plane parallel plates (i.e. the dichroics) will introduce dispersion unless they have a compensating wedge.  
Note that the above errors are already covered at a high level in our multi-color science requirements table.  In particular:
· The tip/tilt error requirement of <= 15 mas should cover item 1c for the visible and NIR imagers and spectrographs.
· The high order WFE requirement of <= 170 nm should cover items 1a and 1b, and the corresponding items 2a and 2b, for the visible and NIR imagers and spectrographs.
· The EE requirement of 50% ensquared energy in <= 70 mas should cover items 1, 2a and 2b for the deployable IFU.
· Unfortunately reasonable integration times, zenith angles and filter bands are not explicitly mentioned.
We need to flow these higher level budgets down to requirements on individual components.  Rich already has starting points for residual atmospheric dispersion and uncorrectable AO system aberrations, which include residual chromatic errors in his WFE spreadsheet.
In the meantime, we could consider generating some more detailed explicit requirements for the ADC(s), tip/tilt selection mechanisms, control software and NGAO optics.  So, here are some sample functional requirements:
· Image motion on the narrow field science instruments due to atmospheric dispersion must be <= 7 mas during a 15 deg elevation change for zenith angles <= 60 deg.  
· Image motion on the d-IFU due to atmospheric dispersion must be <= 15 mas during a 15 deg elevation change for zenith angles <= 60 deg.
· The narrow field science image elongation due to atmospheric dispersion must be <= 7 mas for zenith angles <= 60 deg.
· The d-IFU science image elongation due to atmospheric dispersion must be <= 15 mas for zenith angles <= 60 deg.
· The NGS wavefront sensor image elongation due to atmospheric dispersion must be <= 0.1 arcsec for zenith angles <= 60 deg.
· The LOWFS image elongation due to atmospheric dispersion must be <= 50 mas for zenith angles <= 60 deg.
· The science image elongation due to NGAO optics dispersion must be <= 7 mas.  
· The NGS wavefront sensor image elongation due to NGAO optics dispersion must be <= 0.05 arcsec.
· The LOWFS image elongation due to NGAO optics dispersion must be <= 20 mas.
Comments on Peter W.’s requirements
If the above 9 requirements are met, all of the published science requirements and all of the error budget assignments will be met. Furthermore, Peter has gone part way to a dispersion error budget by assigning components to residual atmosphere and residual NGSA optics dispersion.

Rich Dekany’s spreadsheets make calculations of atmospheric dispersion (Atm Dispersion tab) and generally conclude that no ADC is needed to achieve as low as 120 milli arc sec residual dispersion at Zenith angles of 46 degrees and 18 degrees for Galactic Center and Io cases respectively in either the visible WFS (centered at 0.7 microns) or IR Tip/Tilt sensors. Certainly lower NGS science zenith angles may drive the NGS WFS to want to have an ADC (150 nm WF error vs 105 nm on “Io” at 45 degrees zenith), but there appear to be no flow down of requirements to this end. Peter’s requirement of <100 mill arc sec at 60 degrees zenith will demand an ADC for the NGS WFS.
5. Conclusions and Final Recommendations
Peter Wizinowich's requirements list will conservatively meet NGAO needs and it is probably reasonable to adopt them for functional requirements purposes. For proof of concept, an all-near IR linear ADC design provided by Brian Bauman meets the requirements for the IR instruments fed by the f/45 leg of the AO system. The remaining work to be done for a proof of concept is an IR ADC design that fits in the LOWFS units, and a visible ADC for both the Visible instruments and the NGS wavefront sensor (which would probably the same design). 

