Contents

Summary xix

1 Introduction 1 1.1 The HETG on AXAF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1.2 The HETG Itself . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 1.3 HETGS Calibration Definition and Goals . . . . . . . . . . . . . . . . . . . . . . 6 1.3.1 Effective Area and Efficiency Definitions . . . . . . . . . . . . . . . . . . . 6 1.3.2 Effective Area Calibration Goals . . . . . . . . . . . . . . . . . . . . . . . 7 1.3.3 LRF Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 1.3.4 LRF Calibration Goals . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 1.4 Ground Calibration Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 1.5 HETG Documentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

I Physics, Models, and Laboratory Measurements 13

2 LRF Physics and Model 15 2.1 Rowland Geometry and Astigmatism . . . . . . . . . . . . . . . . . . . . . . . . . 15 2.2 LRF Approximation: Resolving Power Error Budget . . . . . . . . . . . . . . . . 18 2.2.1 HRMA PSF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 2.2.2 Rowland Astigmatism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 2.2.3 Grating Period and Roll Variations . . . . . . . . . . . . . . . . . . . . . . 23

2.2.4 Aspect and Dither Blurs . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 2.2.5 Detector Blur . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 2.3 Ray-trace Software: MARX . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 2.3.1 XRCF Simulations with MARX . . . . . . . . . . . . . . . . . . . . . . 25

3 Efficiency Physics and Model 27 3.1 Diffraction Theory and Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 3.1.1 Scalar Diffraction Theory . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 3.1.2 Rectangular Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 3.1.3 Vertex Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 3.1.4 Tilted Grating Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 3.1.5 Trapezoidal Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 3.2 Synchrotron Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 3.2.1 Synchrotron Measurements Summary . . . . . . . . . . . . . . . . . . . . 32 3.2.2 Synchrotron Data Analysis Techniques . . . . . . . . . . . . . . . . . . . . 32 3.2.3 Gold Optical Constants and Edge Structure . . . . . . . . . . . . . . . . . 32 3.2.4 Polyimide and Chromium Optical Constants and Edge Structure . . . . . 36 3.2.5 Reference Grating Measurements . . . . . . . . . . . . . . . . . . . . . . . 40 3.2.6 Error Estimates for X-GEF Predictions of Grating Efficiency . . . . . . . 44 3.2.7 Synchrotron Analysis Status . . . . . . . . . . . . . . . . . . . . . . . . . 46 3.3 Scattering Model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 3.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 3.3.2 General Formulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 3.3.3 Displacement Variations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 3.3.4 Bar Geometry Variations . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 3.3.5 Correlations in the Rectangular Model . . . . . . . . . . . . . . . . . . . . 54 3.3.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.3.7 Conclusion and Next Steps . . . . . . . . . . . . . . . . . . . . . . . . . . 59 3.4 Efficiency Software . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4 Laboratory Measurements and Predictions 63 4.1 LR Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 4.1.1 LR Period and Roll Variations . . . . . . . . . . . . . . . . . . . . . . . . 64 4.1.2 LR Calibration using NIST Samples . . . . . . . . . . . . . . . . . . . . . 69 4.2 X-GEF Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 4.2.1 Order Assymmetry and Tilt . . . . . . . . . . . . . . . . . . . . . . . . . . 75 4.2.2 Laboratory Efficiency Predictions . . . . . . . . . . . . . . . . . . . . . . . 75 4.3 Alignment Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 4.4 Long-term: Vacuum Storage Gratings . . . . . . . . . . . . . . . . . . . . . . . . 80 4.5 Optical Transmission of the Gratings . . . . . . . . . . . . . . . . . . . . . . . . . 80

II X-Ray Calibration Facility Measurements and Analysis 81

5 XRCF and the HETG 83 5.1 XRCF Harware Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 5.1.1 XSS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 5.1.2 Double Crystal Monochromator (DCM) . . . . . . . . . . . . . . . . . . . 84 5.1.3 BNDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 5.1.4 HRMA, Gratings, and Shutters . . . . . . . . . . . . . . . . . . . . . . . . 86 5.1.5 HXDS Focal Plane System . . . . . . . . . . . . . . . . . . . . . . . . . . 86 5.1.5.1 HXDS Axes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 5.1.5.2 HSI in the Focal Plane . . . . . . . . . . . . . . . . . . . . . . . 86 5.1.5.3 FPC and SSD in the Focal Plane . . . . . . . . . . . . . . . . . . 87 5.1.6 ACIS-2C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 5.1.7 ACIS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5.1.8 HRC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 5.2 Differences between XRCF and Flight . . . . . . . . . . . . . . . . . . . . . . . . 88 5.2.1 HETG Location at XRCF . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 5.2.2 Rowland Spacing Mystery . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 5.2.3 HETG Orientation at XRCF . . . . . . . . . . . . . . . . . . . . . . . . . 89 5.3 Overview of HETG XRCF Measurements . . . . . . . . . . . . . . . . . . . . . . 91 5.3.1 Measurements and the CMDB . . . . . . . . . . . . . . . . . . . . . . . . 91 5.3.2 Efficiency Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 5.3.3 LRF Measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 5.4 HETG-ACIS-S Data at XRCF . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 5.5 Examples of XRCF Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 5.6 Status of the HETG XRCF Analysis . . . . . . . . . . . . . . . . . . . . . . . . . 100

6 XRCF LRF Measurements 101 6.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101 6.2 Periods and Angles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 6.2.1 Analysis Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 6.2.2 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 6.3 LRF Core: Period and Roll Variations . . . . . . . . . . . . . . . . . . . . . . . . 108 6.3.1 Zero-order effects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 6.3.2 Focus tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 6.3.3 1D Scans of Mg-K LRF . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 6.3.4 LRF Measurements with the Flight Detectors . . . . . . . . . . . . . . . . 114 6.3.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 6.4 MEG Mis-Aligned Gratings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 6.4.1 Mis-aligned grating identification . . . . . . . . . . . . . . . . . . . . . . . 117 6.4.2 Mis-aligned grating angles . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.5 Between Core and Scatter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 6.6 Scatter Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 6.6.1 Scattering Data and Results Overview . . . . . . . . . . . . . . . . . . . . 123 6.6.2 Phase I HSI Scattering Tests . . . . . . . . . . . . . . . . . . . . . . . . . 126 6.6.3 ACIS-2C Scattering Tests: G-H2C-SC-88.00{1-5} . . . . . . . . . . . . . . 128 6.6.4 ACIS-S Scattering Tests: H-HAS-SC-7.002, 7.004, and 17.006 . . . . . . . 137 6.7 Offaxis and Defocus Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138 6.8 ACIS-S Rowland Conformance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 6.8.1 Shutter Determination of Defocus . . . . . . . . . . . . . . . . . . . . . . 139 6.8.2 System Effects and Effective f-ratios . . . . . . . . . . . . . . . . . . . . . 141 6.8.3 XRCF Data & Coordinate Systems . . . . . . . . . . . . . . . . . . . . . . 142 6.8.3.1 Calculation of Centroids . . . . . . . . . . . . . . . . . . . . . . . 142 6.8.3.2 Fitting Imaged Order Defocuses . . . . . . . . . . . . . . . . . . 143 6.8.3.3 Tests of Robustness . . . . . . . . . . . . . . . . . . . . . . . . . 146 6.8.4 Discussion of Geometrical Approximations . . . . . . . . . . . . . . . . . . 147 6.8.5 MARX Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147 6.8.6 Monte Carlo Simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 6.8.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

7 XRCF Efficiency and Effective Area Measurements 157 7.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157 7.1.1 Diffracted Order Sign Convention . . . . . . . . . . . . . . . . . . . . . . . 157 7.1.2 Effective Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157 7.1.3 Divide and Conquer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160 7.1.4 Order Ratios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161 7.1.5 Test Strategy and Overview . . . . . . . . . . . . . . . . . . . . . . . . . . 161 7.2 Alignment Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

7.3 XRCF Source Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 7.3.1 Source Spectra and Efficiency Measurements . . . . . . . . . . . . . . . . 165 7.3.2 Beam Uniformity Effects on Efficiency Measurements . . . . . . . . . . . 168 7.4 Efficiency: Phase 1, EIPS Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169 7.4.1 Introduction and Overview . . . . . . . . . . . . . . . . . . . . . . . . . . 169 7.4.2 Measurements and Example Data . . . . . . . . . . . . . . . . . . . . . . 169 7.4.3 Problems with Effective Area Analysis . . . . . . . . . . . . . . . . . . . . 170 7.4.4 Ray-trace Simulation of Phase 1 Measurements . . . . . . . . . . . . . . . 173 7.4.5 Analysis Formalism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175 7.4.6 Count Rate Corrections . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175 7.4.7 Region-of-interest (ROI) Analysis . . . . . . . . . . . . . . . . . . . . . . . 176 7.4.8 JMKMOD “counts-in-bump” Analysis . . . . . . . . . . . . . . . . . . . . 176 7.4.9 JMKMOD “counts-in-line” Analysis . . . . . . . . . . . . . . . . . . . . . 178 7.4.10 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179 7.5 Efficiency: Phase 1, Monochromator Data . . . . . . . . . . . . . . . . . . . . . . 183 7.6 Efficiency: ACIS-2C Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184 7.7 Absolute Effective Area with ACIS-S . . . . . . . . . . . . . . . . . . . . . . . . . 185 7.7.1 Approach and Data Sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185 7.7.1.1 Effective Area Measurement Approach . . . . . . . . . . . . . . 185 7.7.1.2 DCM Measurement Set . . . . . . . . . . . . . . . . . . . . . . . 186 7.7.1.3 Beam Normalization Data . . . . . . . . . . . . . . . . . . . . . 187 7.7.2 ACIS-S/HETG Data Reduction . . . . . . . . . . . . . . . . . . . . . . . . 187 7.7.3 Pileup in the Data Sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188 7.7.3.1 Pileup Basics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188 7.7.3.2 Demonstration: the Zero-order Data . . . . . . . . . . . . . . . . 189 7.7.3.3 Pileup in diffracted orders . . . . . . . . . . . . . . . . . . . . . . 190

7.7.4 Effective Area Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190 7.7.4.1 Zero-order Effective Area . . . . . . . . . . . . . . . . . . . . . . 190 7.7.4.2 Plus-Minus Order Asymetry . . . . . . . . . . . . . . . . . . . . 190 7.7.4.3 1st and 3rd order effective areas for the MEG . . . . . . . . . . 191 7.7.4.4 1st and 2nd order effective areas for the HEG . . . . . . . . . . 192 7.7.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192 7.8 Relative Effective Area: Molecular Contamination . . . . . . . . . . . . . . . . . 200 7.8.1 Observations and Data Reduction . . . . . . . . . . . . . . . . . . . . . . 200 7.8.1.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200 7.8.1.2 Event Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . 201 7.8.2 Formation and Interpretation of the Continuum Spectra . . . . . . . . . . 203 7.8.3 Comparison of Positive and Negative Sides . . . . . . . . . . . . . . . . . 207 7.8.4 Conclusion and Further Investigations . . . . . . . . . . . . . . . . . . . . 210 7.9 Effective Area with HRC-I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212 7.9.1 HETG/HRC-I Tests at XRCF . . . . . . . . . . . . . . . . . . . . . . . . 212 7.9.2 Processing the HRC-I Data . . . . . . . . . . . . . . . . . . . . . . . . . . 212 7.9.2.1 Event selection criteria . . . . . . . . . . . . . . . . . . . . . . . 214 7.9.2.2 Background Subtraction . . . . . . . . . . . . . . . . . . . . . . . 215 7.9.2.3 Detector Uniformity . . . . . . . . . . . . . . . . . . . . . . . . . 215 7.9.3 Plus/minus First Order Asymetry . . . . . . . . . . . . . . . . . . . . . . 216 7.10 Efficiency: High-Order Efficiency Measurements . . . . . . . . . . . . . . . . . . . 217 7.10.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217 7.10.2 HRC-I Data Sets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217 7.10.3 Discussion of HRC Order Ratios . . . . . . . . . . . . . . . . . . . . . . . 219 7.10.4 ACIS-S/HETG Order Ratios . . . . . . . . . . . . . . . . . . . . . . . . . 222 7.10.5 Discussion of ACIS-S/HETG Order Ratios . . . . . . . . . . . . . . . . . 225

7.10.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226

III Calibration Data and Products 227

8 Calibration Data 229 8.1 Synchrotron Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229 8.2 HETG Facet Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230 8.3 LR Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230 8.4 X-GEF Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230 8.5 HESS Design and Metrology Data . . . . . . . . . . . . . . . . . . . . . . . . . . 230 8.6 Alignment Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230 8.7 XRCF Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230

9 Calibration Products 231 9.1 Overview of Products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231 9.2 Fundamental Calibration Products for HETG . . . . . . . . . . . . . . . . . . . . 233 9.3 HETG Calibration Interface Products . . . . . . . . . . . . . . . . . . . . . . . . 234 9.3.1 Basic Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 234 9.3.2 Periods, Angles, and Spacing . . . . . . . . . . . . . . . . . . . . . . . . . 236 9.3.3 Period and Roll Variation Parameters . . . . . . . . . . . . . . . . . . . . 237 9.3.4 Efficiency Products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238 9.3.5 MARX Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241 9.3.5.1 MARX HETG LRF Parameters . . . . . . . . . . . . . . . . . 241 9.3.5.2 MARX Rectangular Efficiency Parameters . . . . . . . . . . . . 242 9.3.5.3 MARX Efficiency Files . . . . . . . . . . . . . . . . . . . . . . . 245 9.4 HETGS Calibration Interface Products . . . . . . . . . . . . . . . . . . . . . . . . 245 9.4.1 Resolving Power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245 9.4.2 Effective Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 245

9.4.3 XSPEC Response Matrices . . . . . . . . . . . . . . . . . . . . . . . . . . 246

Acronyms 248

Mathematical Symbols 251

Bibliography 253

List of Figures

1.1 Schematic of the HETGS Configuration (hetgs diagram.ps) . . . . . . . . . . . 2 1.2 Image from the HETGS at XRCF (H-HAS-MC-20.001 xyeImage06.ps) . . . . . . 2 1.3 Cross-section schematic of the HETG gratings (grat cross secs.ps) . . . . . . 3 1.4 HETG drawing with facet IDs (HETGdiag.eps) . . . . . . . . . . . . . . . . . . . 4 1.5 Photograph of the HETG assembly (HETG.ps) . . . . . . . . . . . . . . . . . . . . 5 1.6 PSF and LRF Example (mis aligned.eps) . . . . . . . . . . . . . . . . . . . . . 8

2.1 Rowland torus ray geometry (hetg-rowland dd.eps) . . . . . . . . . . . . . . . . 16 2.2 HETGS Resolving Power vs. Energy Curves (res power.eps) . . . . . . . . . . . 19 2.3 Fitting the MARX MEG HRMA Effective Blur (marx hrma meg.eps) . . . . . . 22 2.4 Fitting the MARX HEG HRMA Effective Blur (marx hrma heg.eps) . . . . . . 22

3.1 Asymetry parameter for a trapezoidal grating (trap assym.ps1) . . . . . . . . . 31 3.2 Trapezoidal bar shape (trap shape.ps1) . . . . . . . . . . . . . . . . . . . . . . 31 3.3 Synchrotron-derived and Henke optical constants (au optical constants.ps) . 33 3.4 First order synchrotron data and model of HA2021 (HA2021 p1.ps) . . . . . . . 34 3.5 Residuals from the first order fit of HA2021. (HA2021 resid.ps) . . . . . . . . . 34 3.6 First order synchrotron data and model for MA1047 (MA1047 p1.ps) . . . . . . . 35 3.7 Residuals from the first order fit of grating MA1047 (MA1047 resid.ps) . . . . . 35 3.8 HEG grating at polyimide and Cr edges, Henke constants (HA2021edges better.ps) 36 3.9 Residuals for HEG grating at polyimide edges (HA2021 edge resid.ps1) . . . . 37 3.10 Comparison of absorption coefficents at nitrogen edge (blake compare.ps) . . . 38 3.11 HEG at polyimide and Cr edges, 10/98 constants (HA2021 edge 981023.ps) . . . 39 3.12 Residuals at polyimide and Cr edges, 10/98 constants (HA2021 edge resid 981023.ps) 39 3.13 Data and best-fit model of reference grating HX220 (hx220 p1.ps) . . . . . . . . 41 3.14 Residuals for reference grating HX220 (hx220 p1 resid.ps) . . . . . . . . . . . . 41

3.15 Data and best-fit model of reference grating MX078 (mx078 p1.ps) . . . . . . . . 42 3.16 Residuals for reference grating MX078 (mx078 p1 resid.ps) . . . . . . . . . . . 42 3.17 Tilt data for reference grating MX078 (mx078 asym.ps) . . . . . . . . . . . . . . 43 3.18 Tilt data for reference grating HX220 (hx220 asym2.ps) . . . . . . . . . . . . . . 43 3.19 X-GEF/Synchrotron Residuals in First Order (xgef sync1.ps1) . . . . . . . . . 44 3.20 X-GEF/Synchrotron Residuals in Zero Order (xgef sync0.ps1) . . . . . . . . . 45 3.21 Measured HEG scatter at 1.775 keV (1-3nocorr-1.775.ps) . . . . . . . . . . . . 48 3.22 Geometric parameters for a rectangular grating bar (bar.eps) . . . . . . . . . . 54 3.23 Global fit to the scattering data (1-3wh-en0-2.ps) . . . . . . . . . . . . . . . . . 56 3.24 Predictions of the correlation scattering model (1-3wh-en3-6.ps) . . . . . . . . . 57 3.25 Plot of the correlation functions (1-3wh-corr.ps) . . . . . . . . . . . . . . . . . 58 3.26 Electron micrograph of HEG bars (F06H030b cropped.ps) . . . . . . . . . . . . 59

4.1 LR Period Contour Plot (lr contour.eps) . . . . . . . . . . . . . . . . . . . . . 65 4.2 Period-dp/p scatter plot for the HETG flight gratings (period plot.eps) . . . . 66 4.3 Period Histogram of the MEG Flight Gratings (Flight MEGs.lst.active.hist.ps) 67 4.4 Period Histogram of the HEG Flight Gratings (Flight HEGs.lst.active.hist.ps) 68 4.5 X-GEF Schematic (xgef config.eps) . . . . . . . . . . . . . . . . . . . . . . . . 70 4.6 X-GEF Example Measurements and Derived Model: MEG (meg jfit compare.ps) 72 4.7 X-GEF Example Measurements and Derived Model: HEG (heg jfit compare.ps) 73 4.8 X-GEF Vertex Model Example: MEG (meg jfit shape.eps) . . . . . . . . . . . 74 4.9 X-GEF Vertex Model Example: HEG (heg jfit shape.eps) . . . . . . . . . . . 74 4.10 X-GEF Tilt Plots for an MEG (meg tilt plots.ps) . . . . . . . . . . . . . . . . 76 4.11 X-GEF Tilt Plots for an HEG (heg tilt plots.ps) . . . . . . . . . . . . . . . . 77 4.12 Measured roll errors for the 336 flight gratings (roll plot.eps) . . . . . . . . . 79 4.13 Measured optical transmission for facets (optical trans.ps) . . . . . . . . . . . 80

5.1 XRCF hardware schematic (xrcfsetup.eps) . . . . . . . . . . . . . . . . . . . . 85

5.2 Phase 1 Hardware Schematic (phase1 effic.ps) . . . . . . . . . . . . . . . . . . 85 5.3 HSI image of 3rd-order MEG Al-K line (alkmeghsi.eps) . . . . . . . . . . . . . 97 5.4 Example Phase 1 PHA spectra (phamegexample.eps) . . . . . . . . . . . . . . . 98 5.5 ACIS-2C defocussed image of Al-K line (alkheg2c.eps) . . . . . . . . . . . . . . 99 5.6 ACIS-S defocussed image of Al-K line (aciseaalk.eps) . . . . . . . . . . . . . . 99

6.1 Beam center example plot (beam cen example plot.eps) . . . . . . . . . . . . . 103 6.2 Period and angle analysis output . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 6.3 Beam center results file . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 6.4 Measured Grating Periods (beam cen periods.ps) . . . . . . . . . . . . . . . . . 106 6.5 Measured Dispersion Angles (beam cen angles.ps) . . . . . . . . . . . . . . . . . 107 6.6 MEG, HEG Zero-order effects not seen (zoe MEG.ps, zoe HEG.ps) . . . . . . . . 108 6.7 Mg-K HSI images: data and MARX (p1d cute images.ps) . . . . . . . . . . . 110 6.8 FPC 1D slit scans: Mg-K, HEG 1st and 2nd orders (mgk psf1d.eps) . . . . . . . 112 6.9 FPC 1D slit scans: Mg-K, MEG 1st and 3rd orders (mgk meg psf1d.eps) . . . . 112 6.10 Mg-K cross-dispersion scans: data and MARX (p1d 10h plots.ps) . . . . . . . 113 6.11 Mg-K dispersion scans: data and MARX (p1d 10v plots.ps) . . . . . . . . . . 113 6.12 XRCF E/dE Measurements (xrcf res power.eps) . . . . . . . . . . . . . . . . . 115 6.13 Mis-aligned MEGs: HSI defocused image (mis align defocus.eps) . . . . . . . 116 6.14 Shell 3 sector FF Events (mis align 3 FFps.ps) . . . . . . . . . . . . . . . . . . 117 6.15 FC-28.001: Shell 1 MEG +3 order quadrant images (fc 28.001.ps) . . . . . . . 120 6.16 FC-28.002: Shell 3 MEG +3 order quadrant images (fc 28.002.ps) . . . . . . . 121 6.17 MEG and HEG Mg-K PSF/1D wing scans (twoMEG80v.ps, twoHEG80v.ps) . . . 122 6.18 ACIS-S Scatter: H-HAS-SC-7.002 image (H-HAS-SC-7.002.gif.ps) . . . . . . . 123 6.19 Measured HEG scatter at 1.775 keV (1.775.ps) . . . . . . . . . . . . . . . . . . 124 6.20 1.775 keV scattering results (frac scat vs nrg half.ps) . . . . . . . . . . . . . 125 6.21 HSI cusp HEG scatter at 1.775 keV (scatter.eps) . . . . . . . . . . . . . . . . . 126

6.22 ACIS-2C image showing HEG scatter at 1.775 keV (scat 2c image2.ps) . . . . 128 6.23 Pulse Height Distribution for ’2C HEG Scatter Data (scat pha.ps) . . . . . . . 130 6.24 ACIS-2C HEG scatter composite image (phot05 tot.ps) . . . . . . . . . . . . . 131 6.25 ACIS-2C MEG scatter composite image (phot1 tot meg2.ps) . . . . . . . . . . . 132 6.26 Fitting Gaussians to the HEG scattered light cross-dispersion profiles (scat fit.ps)133 6.27 Estimated “background” for the scatter analysis (scat bg.ps) . . . . . . . . . . 135 6.28 Exposure function for ACIS-2C scatter tests (exposure.ps) . . . . . . . . . . . . 135 6.29 Profile of the zeroth order image in test G-H2C-SC-88.001 (profile fit submodel.ps)136 6.30 Quadrant shutter test schematic (quadrant fig.eps) . . . . . . . . . . . . . . . 140 6.31 ACIS-S image and selected order histograms (spectraim.ps) . . . . . . . . . . . 143 6.32 ACIS-S quadrant shutter test result plots (paper1.001.foc.ps, paper1.003.foc.ps)145 6.33 MARX quadrant shutter simulation results (mmcfullset.marx.2.ps) . . . . . . 150 6.34 ’1.003 Data results (1.003.stat.1.ps, 1.003.comb.1.ps) . . . . . . . . . . . . 155

7.1 HRMA effective areas (hrma effarea.ps) . . . . . . . . . . . . . . . . . . . . . . 158 7.2 MEG and HEG efficiencies (meg effic.ps, heg effic.ps) . . . . . . . . . . . . 159 7.3 ACIS-S Efficiencies (acis effic.ps) . . . . . . . . . . . . . . . . . . . . . . . . . 160 7.4 “Alignment” test results, shells 1 and 6 . . . . . . . . . . . . . . . . . . . . . . . 164 7.5 Ti-K : HEG-HSI spectrum and model (E-HXH-3D-10.007 compare.ps) . . . . . . 166 7.6 Fe-L line: LEG-HSI Spectrum (D-LXH-3D-11.030 compare.ps) . . . . . . . . . . 167 7.7 Ti-K FPC Spectra (TiK phas.ps) . . . . . . . . . . . . . . . . . . . . . . . . . . 171 7.8 Fe-L FPC Spectra (FeL phas.ps) . . . . . . . . . . . . . . . . . . . . . . . . . . . 172 7.9 Simple first-order effective areas (simple first orders.ps) . . . . . . . . . . . . 172 7.10 Ti-K and Fe-L simulated first-order images (tikfel images.ps) . . . . . . . . . 174 7.11 JMKMOD fit to Ti-K BND Spectrum (tik fpc 5 uf.ps) . . . . . . . . . . . . . 177 7.12 JMKMOD fit to Fe-L Spectrum (fel fpc x2 uf.ps) . . . . . . . . . . . . . . . . 178 7.13 Phase 1 XRCF MEG and HEG Efficiencies: 1st order (effmegheg1st.ps) . . . . 180

7.14 Phase 1 XRCF MEG and HEG Efficiencies: 0 order (effmegheg0.ps) . . . . . . 181 7.15 HETGS image from H-HAS-EA-8.006 (H-HAS-EA-8.006 image.ps) . . . . . . . . 187 7.16 BND flux at HRMA as a function of energy (bnd low.ps, bnd high.ps) . . . . 194 7.17 Measured and predicted HETGS 0-order effective area (zero effarea.ps) . . . . 195 7.18 Ratio of HETGS plus/minus first orders (acis heg asym.ps) . . . . . . . . . . . 195 7.19 ACIS-S-MEG 1^{st}-order effective area (effarea m1 meg.ps, effarea p1 meg.ps) 196 7.20 ACIS-S-MEG 3^{rd}-order effective area (effarea m3 meg.ps, effarea p3 meg.ps) 197 7.21 ACIS-S-HEG 1^{st}-order effective area (effarea m1 heg.ps, effarea p1 heg.ps) 198 7.22 ACIS-S-HEG 2^{nd}-order effective area (effarea m2 heg.ps, effarea p2 heg.ps) 199 7.23 Exposure vs wavelength for the MC tests (exposure.ps) . . . . . . . . . . . . . . 202 7.24 Centroid of the Cu-Lα line (shift.ps) . . . . . . . . . . . . . . . . . . . . . . . . 203 7.25 HEG-ACIS-S measurement of the Cu target spectrum (heg spec.ps) . . . . . . . 205 7.26 MEG-ACIS-S measurement of the Cu target spectrum (meg spec.ps) . . . . . . 206 7.27 LEG-ACIS-S measurement of the Cu target spectrum (leg spec.ps) . . . . . . . 207 7.28 Detailed view of HEG-Cu spectrum and model features (obs vs model.ps) . . . 208 7.29 FI-to-FI count rate comparison (fifi.ps) . . . . . . . . . . . . . . . . . . . . . . 209 7.30 BI-to-FI count rate comparison (bifi.ps) . . . . . . . . . . . . . . . . . . . . . . 210 7.31 Pulse height distribution for CC data (mc s3 pha.ps) . . . . . . . . . . . . . . . 211 7.32 HETG-HRC-I image from test at 7 keV (hrcdata.ps) . . . . . . . . . . . . . . . 214 7.33 Ratio of HETG-HRC-I plus/minus first orders (hrc heg asym.ps) . . . . . . . . 216 7.34 Predicted HEG and MEG high-order ratios (fig3a.ps, fig3b.ps) . . . . . . . . 218 7.35 HRC-HEG high-order ratios (fig4X.ps) . . . . . . . . . . . . . . . . . . . . . . . 220 7.36 HRC-MEG high-order ratios (fig5X.ps) . . . . . . . . . . . . . . . . . . . . . . . 221 7.37 ACIS-S-HEG high-order ratios (fig7X.ps) . . . . . . . . . . . . . . . . . . . . . . 223 7.38 ACIS-S-MEG high-order ratios (fig8X.ps) . . . . . . . . . . . . . . . . . . . . . 224

9.1 Schematic Diagram of the Types of Calibration Products (cip figure.eps) . . . 232

9.2 Basic Geometry for HETG Facet Location (facet figure.eps) . . . . . . . . . . 234 9.3 Effective Efficiency for First-order MEG and HEG (pairs cip ee.eps) . . . . . 239 9.4 Effective Efficiency for HETG 1st and 0 orders (hetg cip ee.eps) . . . . . . . . 240 9.5 Comparing MEG Rectangular and CIP Efficiencies (orders 1, 0). . . . . . . . . . 243 9.6 Comparing MEG Rectangular and CIP Efficiencies (orders 2, 3). . . . . . . . . . 243 9.7 Comparing HEG Rectangular and CIP Efficiencies (orders 1, 0). . . . . . . . . . 244 9.8 Comparing HEG Rectangular and CIP Efficiencies (orders 2, 3). . . . . . . . . . 244

List of Tables

1.1 HETG Documentation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.1 Simplified Resolving Power Error Budget Equations . . . . . . . . . . . . . . . . 20

3.1 Summary of HETG synchrotron radiation tests . . . . . . . . . . . . . . . . . . . 32 3.2 Best fit scatter correlation parameters . . . . . . . . . . . . . . . . . . . . . . . . 55

4.1 HETG laboratory setups and the parameters measured . . . . . . . . . . . . . . . 63 4.2 NIST samples for LR calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 4.3 Correction of the LR Period Measurements . . . . . . . . . . . . . . . . . . . . . 69

5.1 XRCF Documents and References . . . . . . . . . . . . . . . . . . . . . . . . . . 83 5.2 XRCF Phases and Detectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 5.3 Table of useful XRCF HETG parameters . . . . . . . . . . . . . . . . . . . . . . 86 5.4 Axial references for HETG and HRMA . . . . . . . . . . . . . . . . . . . . . . . . 88 5.5 Summary of HETG XRCF Measurements in Phase 1 . . . . . . . . . . . . . . . . 93 5.6 Summary of HETG XRCF Measurements in Phase 2 . . . . . . . . . . . . . . . . 93 5.7 HETG-ACIS-S LRF Measurements at XRCF . . . . . . . . . . . . . . . . . . . . 94 5.8 HETG-ACIS-S Effective Area Measurements at XRCF . . . . . . . . . . . . . . . 95 5.9 Analysis Status Code . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 5.10 Status of HETG XRCF analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

6.1 Beam Center Measurements of Diffracted Order Locations . . . . . . . . . . . . . 102 6.2 HSI data sets for zero-order image comparisons . . . . . . . . . . . . . . . . . . . 109 6.3 Mg-K PSF/1D slit scan measurements summary . . . . . . . . . . . . . . . . . . 110 6.4 LRF data sets with the flight detectors . . . . . . . . . . . . . . . . . . . . . . . . 114 6.5 Results of some XRCF LRF core measurements . . . . . . . . . . . . . . . . . . . 114 6.6 Mis-aligned MEGs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

6.7 MEG and HEG High-order Focus Checks w/HSI . . . . . . . . . . . . . . . . . . 119 6.8 Scattering tests used for data analysis . . . . . . . . . . . . . . . . . . . . . . . . 124 6.9 Quadrant Interpretation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140 6.10 Adjusted Radii of HETG Rings . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141 6.11 Number of Events per Order/Quadrant . . . . . . . . . . . . . . . . . . . . . . . 144 6.12 Linear Fit Results for 1.001 and 1.003 . . . . . . . . . . . . . . . . . . . . . . . . 146 6.13 Detector defocus and tilt values for MARX simulation . . . . . . . . . . . . . . 148 6.14 MARX simulation cross dispersion quadratic fit coefficients . . . . . . . . . . . 149 6.15 MARX simulation cross dispersion quadratic fit results . . . . . . . . . . . . . . 149 6.16 Standard deviations in primary defocus . . . . . . . . . . . . . . . . . . . . . . . 152 6.17 1.003 Linear Fit Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152 6.18 Cross dispersion quadratic fit derived values . . . . . . . . . . . . . . . . . . . . . 152

7.1 Phase 1 Grating Effective Area Measurements at Ti-K and Fe-L . . . . . . . . . 170 7.2 DCM-HETG-ACIS-SHETGS DCM Effective Area Measurements . . . . . . . . . 186 7.3 Norbert’s famous HETGS effective area table! . . . . . . . . . . . . . . . . . . . . 193 7.4 Test used in the MC data analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 200 7.5 Summary of all HETG-HRC-I data sets at XRCF . . . . . . . . . . . . . . . . . . 213 7.6 Corrections, systematic effects and errors in HETG-HRC-I analysis . . . . . . . . 215 7.7 Energy ranges of the measured HETG-HRC-I higher orders . . . . . . . . . . . . 217 7.8 Comparison of Predictions with Measured ratios for HETG + HRC-I higher orders. . . 219

8.1 Summary of HETG Synchrotron Tests and Archive of Data . . . . . . . . . . . . 230

9.1 Basic HETG Design Parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . 235 9.2 HETG Period, Angle, and Spacing Parameters . . . . . . . . . . . . . . . . . . . 236 9.3 Parameters Effecting the HETG LRF Core . . . . . . . . . . . . . . . . . . . . . 237 9.4 CIP Efficiency Files for the HETG . . . . . . . . . . . . . . . . . . . . . . . . . . 238

9.5 Flight HETG LRF parameters for MARX. . . . . . . . . . . . . . . . . . . . . . 241 9.6 MARX Parameters for Rectangular approximation to HETG efficiency. . . . . . 242 9.7 MARX Parameters for Table-lookup HETG Efficiencies . . . . . . . . . . . . . 245

Summary xix

Summary

The results reported here demonstrate that the HETG is performing essentially as designed and predicted. This is a significant conclusion that could only come from the full system (HRMA-HETG-ACIS-S) testing carried out at XRCF. See, for example, the measured absolute HETGS effective area curves in Section 7.7, the detailed agreement between the predicted effective area “bumps and wiggles” and those measured in Figure 7.28, and the ability of MARX to accurately model the LRF as in Figures 6.10 and 6.11.

The XRCF testing also proved valuable in identifying two minor effects, due to fabrication non-idealities, that were not predicted and would have been confusing or impossible to diagnose in flight; these are the MEG misaligned gratings (Section 6.4) and the HEG scattering (Section 6.6). Using XRCF data the mis-aligned gratings have been measured and included in MARX 2.20, Figure 6.7. Theoretical work has quite satisfyingly explained the measured HEG scatter, Figures 3.23 and 3.24.

There remains a small (“5mm”) discrepancy between XRCF measurements and expectations based on the subassembly periods and locations of the HETG and LETG at XRCF, Section 5.2.2. Flight data will either confirm the discrepency (indicating the offset is in the flight-hardware) or not show the discrepency (suggesting an XRCF placement error.) In either case, AXAF will be able to provide an accurate absolute wavelength scale for astrophysical lines.

A final digesting of all the results presented here and in other calibration reports is underway. The main outcome of this process will be a fine tuning of the HETG Calibration Products, for example by including the detailed polyimide edge structure around the O-K edge, Figure 3.11, and updating error estimates for the efficiency values.

The information and results presented here are the work of both the HETG Science Team and the ASC.

- Dan Dewey, October 26, 1998

HETG ground calibration information and post-publication updates are available on-line at:

http://space.mit.edu/HETG/xrcf.html .