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1  Introduction
The purpose of this KAON is to summarize and assess the completeness and readiness of the Near-InfraRed (NIR) Tip-Tilt Sensor (TTS) opto-mechanical system for delivery to WM Keck Observatory in preparation of its subsequent summit installation.

The Acceptance, Integration, Test and Commissioning plan (KAON 855, section 2.1) states that each NIR TTS subsystem shall include the deliverable of
”An acceptance review document including:
Compliance matrix for function requirements
Compliance matrix for interface requirements
Compliance matrix for system requirements
Documentation to support the requirements and interface compliance”
This document constitutes this deliverable for the Caltech deliverable components of the Camera subsystem consisting of the following excluding the Filter Changer component which is provided by WKMO:

[image: ]
Report Organization
We choose to organize this document according to broad areas of requirements compliance as follows:
Section 3	System Description Summary [Rich]
Section 4	Optical and Mechanical Performance [Jason / Rich] 
Section 5	Thermal Performance  [Roger / Hector]
Section 6	Electronics Performance [Roger] 
Section 7	Detector Performance [Dave / John]  
Section 8	Software Performance [Dave / John] 
Section 9	Shipping Readiness [Hector]
We include the formal compliance matrices as Appendices to this document and reference their corresponding technical subsection for each of cross-referencing.
The following items are not ready for shipment to WMKO, accompanied by a suggested course of action to bring each to shipment readiness:
Pre-ship Exception #1:  [status and proposed plan]
Pre-ship Exception #2 [ status and proposed plan]
[bookmark: _Ref346545537]System Description Summary [Rich]
For reference, the mechanical configuration of the NIR TTS is shown in Figure 1. 

Add high-level description of key elements of this Figure. 

[image: ]
[bookmark: _Ref332639982]Figure 1: NIR TTS Mechanical Overview (from KAON 890)

For additional detail pertaining to the opto-mechanical design details of the NIR TTS see KAON 892 Optical Design and KAON 890 Camera Opto-Mechanical Design, which have been updated to accurately reflect the as-built system design (XXX confirm this).
[bookmark: _Ref280707869]
Table 1: XXX Insert table above
[bookmark: _Ref346545563]Optical and Mechanical Performance [Jason / Rich]  

1.1  [XXX Add possible introduction to key issues discovered / resolved / or remaining relevant to the readiness of the NIR TTS].
“As-Built” Optical Design
 (
Figure
 1
: NIRTTS Camera
 Optical
 Layout
.  FL1 and FL2 are assumed to be operating at a temperature of 273K at 0.6atm.  C1 is assumed to 
be at an operating temperature of 100K in vacuum.  C2, C3, and C4 are assumed to be at 
an operating temperature of 110K in vacuum.  
There are three element groups in the optical prescription:  G1 is the field lens group that reforms the Adaptive Optics (AO) System pupil 
onto the back surface of the filter, G2 is the air space triplet camera that re-images 
the AO image plane that is 
100mm
 behind the vertex of FL1 onto the Teledyne H2RG 
HgCdTe
 detector, and G3 is the field flattener that 
corrects for 
the 
field curvature in G2.  
)[image: Energy:Users:Jason:Desktop:Cryo_Lens_Mount:figures:f1.eps]The NIRTTS camera is an f/7 diffraction limited re-imager that operates in the H (1.5μm – 1.8μm) and Ks (2.0μm – 2.3μm) Infra-Red (IR) photometric bands.  The nominal camera design gives a mean Strehl ratio of 92% over the 120” Field of View (FOV) and >85% for an optical system aligned to better than ±25μm for lateral/axial displacements and ±2.4’ for angular displacements.    

The camera is composed of three lens groups: field lens (G1), air-spaced triplet camera (G2), and field flattener (G3) with a total of six refractive optical elements with power. Figure 1 shows the optical layout of the NIRTTS camera where the optical elements are all spherical surfaces manufactured from Barium Fluoride (BaF2) or Infrasil fused silica glass material.  The change in the index of refraction and radius of curvature as a function of temperature for the various materials was accounted for in the design of the camera, which is detailed in KAON890.


[bookmark: _Ref236369024]1.1.1  ISP Optics Manufacturer’s Report

The six-element camera optics was polished and Anti-Reflection (AR) coated by ISP Optics Corporation.  Table 1 gives the Quality Assurance (QA) inspection report supplied by the vendor where the measurements where made in lab ambient conditions (i.e. T=293K and P=1atm).  Figure 2 shows the as measured AR coating reflectance curves for both the fused silica and BaF2 substrates.  The fused silica optical elements have an average reflectance of 0.3% and the BaF2 optical elements have an average reflectance of 0.4% across the instrument passband of 1490nm to 2310nm.  Both AR coatings meet the requirement of the reflectance to be less than 0.5%.  Both coatings were measured at room temperature, but it is expected that the edges of the AR coating will shift 60nm towards the red part of the spectrum at cryogenic temperatures.  This shift in the AR coating edges at operational temperatures was accounted for in the design by oversizing the passband of the AR coating.







Table 1:  ISP Optics QA Inspection Report Summary
	Element

	Radius
[mm]
	CT
[mm]
	ET
[mm]
	Dia.
[mm]
	Glass
	Wedge
[arcsec]
	Irregularity
PV / RMS [λ@633nm]
	RMS
Roughness
[nm]
	Scatch/Dig

	FL1
	S1: 288.615CX
S2: 8361.572CX
	20.058
	14.784
	108.030
	BaF2
	19.1
	S1: 0.23 / 0.03
S2: 0.50 / NaN
	NaN
	40/20

	FL2
	S1: 178.411CX
S2: 411.774CC
	15.134
	10.058
	108.026
	BaF2
	19.1
	S1: 0.19 / 0.03
S2: 0.30 / 0.06
	S1: 4.5
S2: 2.5
	40/20

	C1
	S1: 46.975CX
S2: 355.217CC
	6.454
	3.909
	32.090
	BaF2
	32.1
	S1: 0.21 / 0.02
S2: 0.15 / 0.03
	S1: 2.9
S2: 2.5
	40/20

	C2
	S1: 139.337CC
S2: 39.578CX
	13.056
	8.855
	38.204
	BaF2
	43.2
	S1: 0.17 / 0.02
S2: 0.10 / 0.02
	S1: 4.3
S2: 1.7
	40/20

	C3
	S1: 24.727CC
S2: 34.535CX
	13.004
	9.801
	41.482
	Infrasil
	49.7
	S1: 0.06 / 0.01
S2: 0.15 / 0.03
	S1: 1.3
S2: 1.3
	40/20

	C4
	S1: 41.686CC
S2: 162.924CC
	9.834
	17.623
	45.990
	Infrasil
	26.9
	S1: 0.15 / 0.04
S2: 0.15 / 0.03
	S1: 1.5
S2: 1.9
	40/20




 (
Figure
 2
:  ISP Optics Corporation AR coating 
reflectance 
curves for fused silica and BaF
2
 substrates.
  Both 
AR reflectance 
curves were measured at 6
° Angle Of Incidence (AOI)
 at room temperature.  The edges of the AR 
reflectance
 
curve are estimated to shift 
about 
60nm to the red part of the spectrum 
at cryogenic temperatures
, but this was accounted for in the coating design for which the AR coating 
passband
 was oversized
.
  The fused silica AR coating has an average reflectance of 0.3% and the BaF
2
 AR coating has an average reflectance of 0.4% across the instrument 
passband
 of 1490nm to 2310nm
.  
)[image: Energy:Users:Jason:Desktop:TRICK_PreShip_Doc:Camera_%R_AR_Curves.png]
1.1.2  Asahi Filter Manufacturer’s Report

Asahi Spectra supplied the two IR photometric filters, which are multilayer dielectric coatings on an Infrasil fused silica glass substrate that is 38mm in diameter and 5.0mm thick.  The H band IR photometric filter has a Full Width of Half Max (FWHM) of 287nm and a Center Wavelength (CWL) of 1634nm with an average transmission of 92% over the passband.  Similarly, the Ks band IR photometric filter has a FWHM of 320nm and a CWL of 2150nm with an average transmission of 94% over the passband.  
[image: Energy:Users:Jason:Desktop:TRICK_PreShip_Doc:Filter_%T_Curves.png]
Figure 3:  Asahi Spectra H and Ks IR Photometric Filters Transmission Curves.  The dashed line curve is the atmospheric transmission at Mauna Kea at 1.6mm precipitable water vapor at 1.5 airmass.

1.1.3  Off-the-Shelf Optical Components
There are two major off the shelf optical components namely the instrument window and the fold mirror.  The instrument window substrate was purchased from CVI Melles Griot part number PW-2025-INF, which has since been discontinued.  The window is an Infrasil fused silica substrate that is 50.8mm in diameter and 6.35mm in thickness.  It has a 10-5 scratch/dig surface quality with a λ/10 transmitted wavefront error at 633nm and less than 10” of wedge.  The substrate was AR coated by ISP Optics Corporation with the same coating used for the Infrasil camera elements in Section 1.1.1.  A spare window substrate was purchased and coated for the NIRTTS project.  The fold mirror was purchased from Edmunds Optics part number NT48-177-566.  The fold mirror is a Zerodur substrate that is 76.2mm in diameter and 19.1mm in thickness.  It has a 60-40 scratch/dig surface quality with a λ/20 wavefront error at 633nm.  The fold mirror has a protected (i.e. Silicon Monoxide overcoat) gold metallic mirror coating with a 97% average reflectance from 800nm to 3000nm.
1.1.4  Lens Prescription
After receiving the “as-built” optical surfaces from ISP Optics Corporation the values in Table 1 were inserted into the Zemax optical model and then the air spaces were re-optimize to deliver a maximum Strehl ratio over the FOV of the camera.  Since all the optical surfaces were manufactured to within their allowed manufacturing tolerances, no significant changes were made to the optical model from the prescription delivered at the Detail Design Review (DDR).  Table 2 gives the optical prescription of the camera at operational temperatures for the “as-built” design, where the lens elements in Table 1 have been scaled for temperatures of 100K-110K.  Figure 3 shows the performance of the nominally aligned camera at operating temperature in the H and Ks bands when the camera is behind the Keck AO system.


Table 2: NIRTTS Camera Optical Prescription at Operating Temperatures
	Element
[#]
	Name
	Radius 
[mm]
	CT
[mm]
	ET
[mm]
	Dia.
[mm]
	Material

	1
	Field Lens 1
	288.510 CX
	20.051
	14.779
	107.991
	BaF2

	
	
	8358.537 CX
	12.829
	21.372
	107.991
	Al 6061

	2
	Field Lens 2
	178.346 CX
	15.129
	10.055
	107.987
	BaF2

	
	
	411.625 CC
	190.000
	186.705
	103.958
	Al 6061

	3
	Fold Mirror
	Plano
	64.000
	64.000
	76.200
	Al 6061

	4
	Window
	Plano
	6.400
	6.400
	50.000
	Infrasil

	
	
	Plano
	16.603
	19.419
	50.000
	Al 6061

	5
	Camera 1
	46.836 CX
	6.435
	3.897
	31.996
	BaF2

	
	
	354.162 CC
	11.802a
	11.523c
	28.200
	SS 17-4 GP1

	6
	Filter
	Plano
	5.000
	5.000
	32.000
	Infrasil

	
	
	Plano
	10.202b
	9.491d
	32.000
	Al 6061

	7
	Camera 2
	138.938 CC
	13.019
	8.829
	28.084
	BaF2

	
	
	39.464 CX
	2.649
	3.830
	38.094
	SS 17-4 GP1

	8
	Camera 3
	24.727 CC
	13.004
	9.801
	26.084
	Infrasil

	
	
	34.535 CX
	98.568
	99.192
	41.482
	Invar

	9
	Camera 4
	41.686 CC
	9.834
	17.623
	44.060
	Infrasil

	
	 
	162.924 CC
	BFL*
	3.232
	43.990
	Invar

	* BFL = 4.724
	
	
	
	
	

	a  = 13.002 in K band
	
	
	
	
	

	b = 9.002 in K band
	
	
	
	
	

	c = 12.723 in K band
	
	
	
	
	

	d = 8.290 in K band
	
	
	
	
	

	NOTE: Physical outer diameter of Camera 4 is 45.990
	
	
	




 (
Figure 3:  Nominal Prescription 
Strehl
 
Ratio 
Map when 
the NIRTTS 
Camera is behind the Keck AO system.
  (
Left Panel
)  
Gives the 
H band 
Strehl
 map
 
as seen by the Teledyne H2RG detector 
with a peak of 95.5% 
and an 
rms
 over the FOV of 
90.6%.
  (
Right Panel
) Gives the Ks band
 
Strehl
 map as seen by the detector 
with a
 
peak of 98.6% and an 
rms
 over the FOV of 94.0%.  
 
 
)[image: Energy:Users:Jason:Desktop:TRICK_PreShip_Doc:Strehl_Map_asbuilt_Design.png]
1.1.5  Roll-Pin Flexure Cryogenic Lens Mount
One of the major changes in the design since DDR was the lens mount design for the BaF2 lens elements at cryogenic temperatures.  Do to uncertainties in understanding the stresses involved in a lens element that is bonded to a metal mechanical cell with an epoxy joint the project decided that it would be less risky to go with an all mechanical mount design for the relatively small (i.e. ~50mm in diameter) optical elements.  The design of the mount was an adaptation from the cryogenic mounts used in the WIYN High Resolution Infrared Camera (WHIRC) (Smee 2011).  The detail design of the cryogenic lens mount as it is implemented in NIRTTS can be found in KAONTBD.  Solid Concepts using a Direct Metal Laser Sintering (DMLS) manufacturing method, which is a 3D printing of metal materials technology, fabricated the lens mounts.  DMLS manufacturing is a form of rapid prototyping of parts, which saved both in cost and time.  Also, do to the complex geometry of the mount flexures it was a suited candidate for the DMLS manufacturing method that could otherwise not be accomplished with traditional CNC fabrication methods.  It should be noted that the cells could have been manufactured with a combination of CNC fabrication and wire EDM manufacturing for the flexures themselves.  Currently, wire EDM manufacturing can achieve 2.5μm feature resolution, but at a higher cost and schedule time.  However, the 25μm feature resolution of the DMLS process was accurate enough for this particular design implementation.  

After receiving the parts from Solid Concepts a few post manufacturing steps were taken prior to installation of the lens element. Since the DMLS is an additive process that is based on sintering fine powdered layers that are 30μm thick together it creates a part with a surface roughness of 15-40μm P-V, which is equivalent to a 320 – 600 grit.  The surfaces that come into contact with the lens element were polished to avoid scratching or chipping of the brittle BaF2 glass material during installation.  Also, the lens cells were designed to give a particular preload force onto the lens element, which is achieved by an interference fit between the mechanical cell and lens element.  In this particular case a 50μm radial interference fit was designed, such that the lens would be constrained from moving more than the required 25μm and the stress imparted to the lens be less than the required 5MPa.  However it is almost impossible to manufacture (by any method) the distance between two opposing springs to within 25% of the designed interference fit do to the uncertainties of how the spring will relax post machining.  For DMLS manufacturing, the relaxation of the spring is caused by the localized heating and cooling of the metal material on a thin wall section that is 380μm - 630μm thick.  In practiced it was found that the radial roll pin springs had to be pushed back in order to achieve the desired preload force.  A custom mandrel was fabricated with a shaft diameter 100μm greater than the as fabricated lens element diameter.  The mandrel was then inserted into the roll pin flexure mount and by turning the mandrel in the cell it burnishes the roll pin flexures.  The amount of burnishing was done experimentally till the desired spring separation between opposing springs was achieved for the designed interference contact between the cell and lens.

In order for the mechanical lens mounts to achieve the desired positional accuracy in the presence of frictional forces a low coefficient of friction coating needed to be added to the surfaces of the mount that come into contact with the lens (see KAONTBD for more detail).  The mechanical lens cells were fabricated from a 17-4 Stainless Steel alloy, which limited the coating options.  The WHIRC lens mount design (Smee 2011) was fabricated from an Aluminum alloy, which used a black Teflon impregnated anodized coating.  An anodization process is not possible with a Stainless Steel alloy material, but could be coated with a Polytetrafluoroethylene (PTFE) (i.e. Teflon) material, which would be vacuum compatible.  For cost and schedule reasons, the project decided to use Kapton tape with an acrylic adhesive that has a thickness of 75μm.  The Kapton tape provided two technical advantages over the PTFE coating, which was a lower coefficient of friction and uniform thickness.  Kapton tape comes in two varieties:  silicon adhesive and acrylic adhesive.  Silicon adhesive has been known to migrate over time in cryogenic vacuum environments, which is not known to be a problem with acrylic adhesive.  With no coating the radial and axial positioning accuracy of the lens mount was calculated to be ±40 - 60μm and ±14 - 25μm respectfully and ±2 - 9μm and ±0.5 - 3μm with a low coefficient of friction coating.  Camera #1 lens cell was tested for its positional accuracy by pushing the lens a distance of 150μm with a delrin tipped set screw and then releasing the set screw to see if the lens returned to its original position.  A microscope with a 50x magnification and a fiducial scale with a resolution of 25μm/1div was used to measure the displacements.  There was no noticeable change in the position of the lens after perturbing the lens, which indicated the lens cell was functioning as designed.                                   

[image: Energy:Users:Jason:Desktop:Cryo_Lens_Mount:figures:f3a.eps]
Figure 4:  Roll Pin Flexure Mount for BaF2 Lens Elements at Cryogenic Temperatures.  Mount is composed of two elements: the roll pin flexure cell that constrains the radial motion and the leaf spring disk that constrains the axial motion.     

[image: Energy:Users:Jason:Pictures:iPhoto Library:Masters:2013:06:07:20130607-175754:IMG_0995.JPG]
Figure 5:  Kapton Tape applied to Camera#2 Lens Cell as a Low Coefficient of Friction Coating.
1.1.6  Metrology Report
1.1.6.1  Profilometer Measurements
1.1.6.2  Faro Arm (CMM) MeasurementsFunctional Compliance


1.2  The following critical dimensions were verified to ensure that the NIR TTS camera would not interfere mechanically or optically when installed on the AO bench:
Requirement #XXX

Measured Performance:
We measured…


Suggested Actions: None
Precision Projector Lab Overview
1.3  Data Reduction
1.4  Image Quality
1.4.1  Extra-Focal Imaging
1.4.2  Strehl Map
1.4.3  MTF CurvesInterface Compliance
1.5  Expected Instrument Throughput
1.6  Compliance Matrix
1.7  Outstanding Issues
1.7.1  Detector Offset from Camera FOV
1.7.2  Stray Light
1.7.3  Astigmatic Corrector

References
Smee, S. A., Barkhouser, R. H., Scharfstein, G. A., Meixner, M., Orndorff, J. D. and Miller, T. 2011, ‘Design of the WIYN High Resolution Infrared Camera (WHIRC)’, PASP 123, 87–106

 
System Compliance


As-built Documentation
KAON 890 Camera Opto-Mechanical Design contains detail on the as-built mechanical design of the NIR TTS Camera.  KAON 892 contains detail on the as-built optical design.
[bookmark: _Ref346545639]Thermal Performance [Roger / Hector]
[XXX Add possible introduction to key issues discovered / resolved / or remaining relevant to the readiness of the NIR TTS]
Functional Compliance
Measurements were made in the lab to determine compliance with the following thermal functional requirements calling for experimental verification:
Requirement #XXX

Measured Performance:
We measured…

Suggested Actions: None
Interface Compliance
System Compliance
As-built Documentation
KAON 902 contains detail on the as-built thermal design.  KAON XXX contains detail on the Assembly and Alignment procedures including the thermal connections internal to the NIR TTS cryostat.
[bookmark: _Ref346546428]Electronics Performance [Roger]
[XXX Add possible introduction to key issues discovered / resolved / or remaining relevant to the readiness of the NIR TTS]

Functional Compliance












Interface Compliance
System Compliance
As-built Documentation
KAON 888 contains detail on the as-built electronics design.  KAON XXX contains detail on the Assembly and Alignment procedures including the electronics connections internal and external to the NIR TTS cryostat.
[bookmark: _Ref346545700]Detector Performance [Dave / John]
[XXX Add possible introduction to key issues discovered / resolved / or remaining relevant to the readiness of the NIR TTS]


Functional Compliance
Measurements were made in the lab to determine compliance with the following detector functional requirements calling for experimental verification:
Requirement #XXX










Measured Performance:
We measured…


























	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	

	
	
	
	


[bookmark: _Ref236128634][bookmark: _Ref236471834]



Suggested Actions: None
Interface Compliance
System Compliance
As-built Documentation
KAON 894 describes the extensive inherent detector noise performance evaluation made with the NIR TTS sensor upon receipt in the Caltech Optical Observatories Test Cryostat.  The results presented herein supersede those results, however, as they have been obtained with final electronics, mount, and cabling.



NIR TTS control and detector software has been installed in the XXX version control system as WKMO observatory.  Build procedures have been delivered to WMKO and are available at XXX.
[bookmark: _Ref346545708]Software Performance [Dave / John]
[XXX Add possible introduction to key issues discovered / resolved / or remaining relevant to the readiness of the NIR TTS]

Functional Compliance
Measurements were made in the lab to determine compliance with the following software functional requirements calling for experimental verification:
Requirement #XXX

Measured Performance:
We measured…





Suggested Actions: None
Interface Compliance
System Compliance
As-built Documentation
The Keywords supported by the NIR TTS are described in KAON 857 Keyword Interface Spreadsheet, Tab #4.

NIR TTS control and detector software has been installed in the XXX version control system as WKMO observatory.  Build procedures have been delivered to WMKO and are available at XXX.

OM FR-19. Each opto-mechanical stage shall be provided with an appropriate servo motor and encoder to ensure that the positioning requirements can be met.

Requirements…
The dichroic exchanger positioning requirement is  1 mm.  The focus stage positioning requirement is  0.05 mm (confirmed).

Measured Performance…
The positional repeatability of both stages was better than the measurement resolution of a dial indicator with 2.5 m accuracy when driven under servo control, dramatically exceeding the requirements.
[bookmark: _Ref346547758]Shipping Readiness [Hector]
The NIR TTS Packing and Shipment plan was distributed on XXX to the following persons for review:
Reviewer #1
Reviewer #2
…
We have incorporated feedback from these reviews in version XXX of this document.  Currently, the state of shipping readiness of the equipment described in Section 3 is summarized in Table 2.

[bookmark: _Ref346548353]Table 2.  Shipping Readiness [XXX insert table above] 
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