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1.1 Calibrations

The calibrations discussed in this section are divided into three categories: camera, coordinate transformations, focus, and distortion and rotation mapping.  
1.1.1 Camera Calibrations 
The following camera calibrations will be required:

1. Flat fields in the H and K-band configurations for photometric and gain calibration purposes.  Dome flats can be taken before or after observing.  Dome flats are successfully used for NIRC2 and OSIRIS.  These could be taken in parallel with the OSIRIS dome flats.  Dome flats for NIRC2 are extremely stable and are available as a library.  We could have a similar library of flats for the NIR TTS.

2. Dark frames for characterization purposes.  The filter mechanism will provide a blocked position. 
3. A bad pixel map for ROI selection purposes.  This can be obtained from the dome flats.

4. An on-sky photometric calibration in both H and K-band.  This would be obtained by observing photometric standards.  It would be advantageous to have the NIR TTS filters match those used for the 2MASS catalog if that will be our primary source for identifying TT stars.  Once calibrated the camera could be used to update the magnitudes of stars being used for TT sensing and these could be written to the science image FITS header or recorded by the observer for future observations.

1.1.1.1 Dome Flats 
The NIRC2 dome flats procedure can be found at http://www2.keck.hawaii.edu/inst/nirc2/DomeFlats.html. The dome flat lamps designed for the optical instruments are used. The exposure time to reach ~8000 DN is 1.2 seconds for the H filter and 4.5 seconds for the Ks filter when using the NIRC2 wide field camera.  Given that the wide field camera has 40 mas pixels the exposure times would need to be reduced by a factor of (40/50)2 = 0.64 for the NIR TTS.

The procedure for NIRC2 dome flats is: 

1. In any waikoko xterm type 'configAOforFlats' and answer Y to the prompt (if you have checked beforehand with your support astronomer). 

2. Bring up the dome lamp control gui found under 'interface subcomponents' on the pulldown. 

3. Turn on the SPEC lamps and confirm that you see flux on the AO WFS (and that OFF results in very little flux on the AO WFS). If this check doesn't work out, check the light path (e.g., OFM in SC gui, Tertiary position, etc.). Note that there are two flat field lamps so if you only see ½ of the expected flux there may be a burned out light. 

4. Manually take the flats using the recommended times, or run a script (e.g., /home/nirc2eng/vis/arc/flat_examples/makeFlats). 

 The DCS keywords for lamp control = flimagin and flspectr (e.g., to turn both off “modify –s dcs flimagin=0 flspectr=0”).
Since the NIR TTS camera will not (at least initially) be used as a science camera the purpose of the dome flat will only be to determine the relative gains of pixels.  This relative gain information would be used by the optimization tools to produce a reconstruction matrix for the RTC.  This is expected to be relatively stable and would be infrequently required.  If the NIR TTS is used as a science camera then the NIRC2-type procedure discussed above may need to be run on a nightly basis.

1.1.1.2 Dark Frames 

Dark frames are obtained with the NIR TTS camera shutter closed.  It is not clear that these will be needed for other than diagnostic or characterization purposes.  Dark frames will be useful if we wish to scale the background which would allow changing the integration time on the fly with no telescope offset required (alternatively we could measure the sky difference from a sky ROI).  If the NIR TTS camera is to be used as a science camera in the future then longer integration dark frames would be required by the observer.  Dark frames are needed to identify saturated or high pixels as discussed in the next section.

1.1.1.3 Bad Pixel Map 

This bad pixel map should be a FITS image.  The bad pixel map would only need to be produced infrequently.  This data could be used to determine what ROI locations should be used.  Generally it is appropriate to remove three types of bad pixels: those that are always dead or low, those that are always saturated or high and those with non-linear responses.  The always dead/low pixels are found from flats, the always saturated/high pixels are found from darks and the non-linear response pixels are found by taking longer exposure flats.  

The approach to identify the dead/low pixels is to take a few NIR TTS full frame images with the flat field lamps on.  For each frame identify potentially bad pixels.  Use those bad pixels common between the images to produce a low/dead pixel map.  
1.1.1.4 Photometric Calibration

We need to first distinguish between absolute and relative photometric calibration.  Absolute photometric calibration would be required to determine the system throughput and/or the true magnitude of TT stars.  Relative photometry is a simpler task that would allow us to measure the uniformity and linearity of response across the detector.  The dome flats discussed above will be used to measure the relative photometry.  The remainder of this section refers to absolute photometry.

A link to several near-infrared photometric standard catalogs can be found at http://www2.keck.hawaii.edu/inst/nirc/stds.html. These include Eric Persson’s HST JHK standards, Elias JHKL standards, UKIRT faint standards, MSSSO southern JHKL standards and IRTF bright standards, as well as a link to Mauna Kea summit extinction values. An alternate Mauna Kea atmospheric transmission tool is linked from the OSIRIS page to http://www2.keck.hawaii.edu/cgi-bin/ion-p?page=mktrans.ion. 

The photometric calibration involves taking sufficiently long integrations on the NIR TTS to get good a good SNR.  The night must be photometric and the integration time and zenith angle need to be recorded.  To reduce the dependence on zenith angle it would be best to take images within 30( of zenith.  The photometric calibration can be performed off-line using the saved images.  

The photometric calibration will be useful for validating our throughput calculations.

Using the photometric calibration to determine the true magnitudes of TT stars is more challenging.  A similar tool is not available for the acquisition camera or for MAGIQ in general.  An off-line tool is available for doing photometric measurements with the star stacking camera which is good to the 10% flux level.  Doing real-time photometry is currently only a goal. 
1.1.2 Camera Coordinate System Transformations

1.1.2.1 Camera Coordinate System Transformation to the Pointing Origin
The NIR TTS camera must be put into the existing AO coordinate system in order to use it as an acquisition camera.  The existing acquisition camera provides the pointing origin reference.  Two keywords must be set for the NIR TTS camera: TVANGL and TVFLIP.  These are the pointing origin to camera angle and y-flip, respectively, with respect to the acquisition camera.

The following pointing origin names and positions will need to be set in the OSIRIS configuration file (we have used pointing origin #4 here which is used by NIRC2 on k2):

# pointing origin #4
group {
    string  k1:dcs:poName     = "REF-T";
    double  k1:dcs:poXpos     = -0.22 mm;
    double  k1:dcs:poYpos     =  0.72 mm;
    int           k1:dcs:poPreset   = 1;
}

The coordinates (poXpos,poYpos) are the location of the center of the NIR TTS detector with respect to the center of the acquisition camera (pixels 512,512).  These coordinates will need to be calibrated.  A separate calibration is periodically performed to determine the optical axis with respect to the center of the acquisition camera.

1.1.2.2 Camera Coordinate System Transformation to the Tip-Tilt Mirror

A calibration is needed between the camera detector pixels and the tip-tilt mirror controller axes.  The existing IDL toolbox has a calibration to provide this transformation for the STRAP system; it converts from STRAP centroids (Cx,Cy) to arcsec (x,y) of the tip-tilt controller inside the RTC hardware.  For reference, the calibration procedure for the STRAP to tip-tilt mirror interaction matrix is posted at http://www.keck.hawaii.edu/realpublic/optics/aodocs/comprehensivecals.html#Interaction matrices; after some setup you run the IDL procedure strapmatcal.pro and then update the coefficients in a data file.
1.1.3 Focus Calibration and Field Curvature
The NIR TTS needs to be kept conjugate to the science instrument.  During the day a fiber at the input to the AO system is used to position the NGS WFS, LBWFS and STRAP at a focus conjugate to the science instrument.  Offsets for different science instrument plate scales or filters are also calibrated.  

A simple IDL-type calibration tool will be developed to support the NIR TTS focusing as defined in Table 5.  The best focus will be measured routinely for the Ks filter and K-reflective dichroic.  It may be desirable to perform this procedure at least once per observing run.  

The best focus for other configurations will be determined infrequently and focus offset keywords for these configurations will be set.  For example, a focus offset will need to be determined for when the annular mirror is inserted or when the H-band reflective dichroic and H-band filter pair is used.

Where to position the NIR TTS stage would depend on the TT star off-axis position if there is significant field curvature.  The field curvature should be measured as a calibration.  This calibration procedure would only need to be done once or after a major change to the system.  The calibration procedure would be the same as the focus calibration procedure listed above but would need to be performed with the SFP at multiple field points.  If there is a significant field curvature then this field curvature could be used by the focus algorithm to best position the NIR TTS focus stage as a function of the location of the TT star(s).

Table 5: Focus calibration tool

	Category
	Details

	User Interface
	New button on WFCIDL.pro calibration gui 

Button pops up focus calibration gui

	Algorithm
	1. Check configuration and reposition if necessary. Rotator at 45(, DFB & ISM out of beam, TT & DM loops open, K-band reflective dichroic in beam, Ks filter for NIR TTS, SFP on rotator axis at pre-determined best focus for default OSIRIS configuration (there will be delta focus terms with respect to this default position), fiber source on with appropriate SND.

· The operator could manually change the NIR TTS pickoff & filter and/or the ROI and SFP positions if a non-standard focus measurement is desired (e.g., to measure the field curvature or to measure the offset for the H-reflective dichroic and H-filter pair). 

2. Measure focus. Adds 45( astigmatism to deformable mirror. Closes TT loop on NIR TTS ROI with no centroid offset.  RTC measures & reports focus.

3. Adjust focus.  Moves NIR TTS focus stage to zero focus within a tolerance.  Reports focus.

	Keywords
	OBS and RTC keywords to control devices

Focus measurement from RTC and a focus zero-point for the NIR TTS focus stage

	Telemetry
	None


1.1.4 Distortion and Rotation Mapping 
The extent to which positions are known on the NIR TTS will impact how well the science object can be positioned on the science instrument.  A field distortion measurement will need to be made at least once, or after any major changes to the system.  The position angle (PA) will also need to be measured on the NIR TTS.  

A sufficient distortion map and PA measurement on the NIR TTS are needed to ensure that he relevant repositioning requirement is met, namely the nodding and positioning requirement of  120 mas (3-sigma) for moves  60 arcsec and  70 mas for moves  5 arcsec.  

The repositioning requirement is on OSIRIS. The OSIRIS distortion and rotation must therefore also be known and we assume that these measurements will have already been performed and will be available.

The distortion map is an input to the repositioning algorithm. 

1.1.4.1 Optical Model Distortion Map

The Zemax optical model, which includes the telescope and AO system as well as the NIR TTS, will produce a distortion map (see Figure 28). This can be used as our initial distortion map pending a more accurate measurement.

1.1.4.2 Daytime Distortion and Position Angle Calibration, plus Vignetting Map
A distortion map could be made by moving the AO input fiber (SFP stage) around the field and recording the corresponding position on the NIR TTS. The fiber stage only has a motor encoder so its positioning accuracy is limited to ~ 10 (m or 14 mas.  The tip-tilt sensor stage (TSS) on which STRAP is mounted has a Heidenhain optical load encoder which offers an accuracy of at least 5 (m, and perhaps as good as 2 (m, if it could be used to measure the fiber source position.  

Some level of distortion mapping and PA determination should have already been performed for STRAP and the TSS stage since it will be the initial TT sensor used with OSIRIS.  If we can use STRAP/TSS to measure the fiber position then we could reference the NIR TTS measurements to the STRAP/TSS distortion and PA measurements.  Note that STRAP and the NIR TTS are on the same side of the rotator, therefore any rotator effects are removed.  

How do you accurately measure the fiber source position on the NIR TTS?  From section 2.5 we see that centroid measurements at least can be biased by the Strehl and background; the correlation algorithm should be more robust.  Although this may not be necessary, for maximum confidence in the fiber source position the source should be driven to the intersection of 4 pixels.  An approach to do this would be to close the TT loop on the NIR TTS with the appropriate ROI.  The TTS stage then could be moved to zero the TT signal on STRAP, and the TTS encoders could then provide an accurate measure of the fiber source position.  Unfortunately this approach requires that TT measurements can be made with STRAP while the NIR TTS sensor loop is closed, which may not be an available option.   

Taking the above considerations into account, including that simultaneous STRAP and NIR TTS measurements may not be available, we will use the following procedure as a baseline:

· Setup: AO bench configured for single mode fiber (SFP) on-axis, rotator (ROT) at 45( (which produces no rotation), sodium dichroic (SOD) in beam and NIR TTS K-band reflective dichroic in beam.  TT loop closure driven by STRAP.  Start with the fiber on the rotator optical axis at the best focus for OSIRIS, and with the appropriate neutral density (SND) for the fiber.  Verify the correct exposure time on the NIR TTS.

· Move the SFP by 5" steps in x and y to fill in a grid of 120"x120".  This is a total of 576 measurements.  Move the TSS by the same amount.

· At each point close the STRAP loop and record the TSS x,y encoder position.  If the flux drops below a defined limit identify this point as vignetted.  In the vignetted case we will only use the NIR TTS image to determine if there is also vignetting on the NIR TTS.

· At each point take a NIR TTS full frame image.

· In post-processing for each NIR TTS image determine the x,y coordinates of the image using the same correlation algorithm as used by the RTC.

· Also, for each NIR TTS image determine if there is vignetting.  

· Take a difference between the TSS x,y coordinates and the NIR TTS image x,y coordinated to produce a distortion map.

· Use the vignetting information to produce a vignetting map for the NIR TTS (as well as for STRAP).  Finer SFP/TSS motions can be used to better define the vignetting boundaries. 

The above algorithm would be done most efficiently if it were implemented in a separate IDL or Python tool.  The tool would need to be able to take and save full frame images.

1.1.4.3 On-sky Distortion Calibration
A more accurate distortion map could be obtained on the sky, if necessary, by observing a cluster with known astrometry.  Such a field has been used for distortion mapping on NIRC2.  The relevant NIRC2 astrometry documentation can be found at http://www2.keck.hawaii.edu/inst/nirc2/forReDoc/post_observing/dewarp/. 
M92 (17h15.6m, +43(12') was used by Yelda et al. (ApJ 725, 331, 2010) to produce a geometric optical distortion model for NIRC2. A procedure also exists for using M15 (21h27.6m, +11(57'). 

The on-sky distortion calibration procedure is currently only planned as a backup procedure.  It would also be necessary if we decided to use the NIR TTS as a science imager (this is currently only a longer term goal).

1.1.4.4 On-sky Position Angle Calibration 

A PA calibration check should be performed on sky.  This can be done simply with the following procedure:

· Setup: Rotator in PA mode with North nominally vertical on the NIR TTS.  Higher order DM loop closed on the laser.

· Position a star near the center of the NIR TTS with the TT loop closed and no centroid offset (so the star is centered on the intersection of 4 pixels).

· Move the telescope by 40 arcsec North and move the ROI by the same amount.  Close the tip-tilt loop with the NIR TTS with telescope offloading off and record the TT error in x and y.

· Repeat the previous step with an 80 arcsec South move.

· Use the x errors to compute the required correction to the PA offset for the NIR TTS, make this correction, and repeat the test.

An alternate PA (and distortion) check is to pick a pair of stars with a known PA (and separation) and simply take a full field NIR TTS image of this pair.  The image can be processed off-line to measure the PA (and separation).

PAGE  
1

