Science Instrument (SI) Calibration Report for the AXAF CCD Imaging Spectrometer (ACIS)

Version 2.2 mit - September 30, 1998 Copy printed October 2, 1998 Draft Version Submission

Marshall W. Bautz Co-Editor Massachusetts Institute of Technology

John A. Nousek Co-Editor Pennsylvania State University

Approved by:

Gordon P. Garmire ACIS Instrument PI Pennsylvania State University

Prepared for:

George C. Marshall Space Flight Center National Aeronautics and Space Administration Marshall Space Flight Center, AL 35812

Prepared by:

Center for Space Research Massachusetts Institute of Technology Cambridge, MA 02139

Dept. of Astronomy & Astrophysics Pennsylvania State University University Park, PA 16802

Contents

1 CCD Detector Calibration and Modelling 15 1.1 Basic CCD Model Components and Measurement Strategy . . . . . . . . . 16 1.1.1 A Brief Description of ACIS CCDs . . . . . . . . . . . . . . . . . . 16 1.1.2 X-ray CCD Detection Efficiency: Processes, Models and Parameters 17 1.1.3 Spectral Redistribution: Processes, Models and Parameters . . . . . 21 1.1.4 De-coupling Detection Efficiency and Spectral Resolution by Choice of Event Selection Criteria . . . . . . . . . . . . . . . . . . . . . . . 24 1.2 Overview of Detector Calibration Measurements . . . . . . . . . . . . . . . 26 1.3 Energy Scale and Spectral Redistribution Function . . . . . . . . . . . . . 29 1.3.1 Energy Scale and Spectral Resolution . . . . . . . . . . . . . . . . . 29 1.3.2 Physics of low energy tail in the CCD response function . . . . . . 42 1.4 Pileup Measurements and Modelling . . . . . . . . . . . . . . . . . . . . . 55 1.4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 1.4.2 Simple model of pileup for a quasi-monochromatic incident spectrum 57 1.4.3 Pileup experiments and determination of ϵ̂ and ϵ . . . . . . . . . . . 59 1.4.4 Redistribution of X-rays by Pileup . . . . . . . . . . . . . . . . . . 82 1.4.5 Branching Ratio Variation with Flux . . . . . . . . . . . . . . . . . 84 1.4.6 Single Pixel Pileup . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 1.5 CCD Subpixel Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 1.5.1 Introduction and Motivation . . . . . . . . . . . . . . . . . . . . . . 90 1.5.2 Description of Mesh Experiments . . . . . . . . . . . . . . . . . . . 92 1.5.3 First Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 1.5.4 Prospects for sub-pixel resolution . . . . . . . . . . . . . . . . . . . 96 1.6 Measurement of Absolute Quantum Detection Efficiency of Reference De- tectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 1.6.1 Absolute Calibration of Reference Detectors with Undispersed Syn- chrotron Radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 1.6.2 High-Energy Quantum Efficiency from Grade Branching Ratios . . 121

1.6.3 Comparison Betweeen Measured and Modeled Relative Quantum Efficiency at Energies above 5 keV . . . . . . . . . . . . . . . . . . . . 129 1.6.4 Near edge structure of X-ray absorption in the CCD response . . . 130 1.6.5 Validation of High Speed Tap Data Acquired at XRCF . . . . . . . 140 1.6.6 ACIS High Speed Tap Count Rates During XRCF Phase I: Towards Absolute Efficiency Measurements from XRCF Data . . . . . . . . 145 1.7 Quantum Efficiencies of ACIS Flight Detectors Relative to Reference Detectors149 1.7.1 Measurement Method, Analysis Techniques, and Data Products . . 149 1.7.2 Relative Quantum Efficiency Measured at MIT CSR . . . . . . . . 171 1.7.3 Comparison Between MIT and XRCF (Phase I) Measurements of Relative Quantum Efficiency . . . . . . . . . . . . . . . . . . . . . . 191 1.8 Absolute Quantum Efficiency of ACIS Flight Detectors . . . . . . . . . . . 201 1.8.1 Quantum Efficiency Model and Fitting Results . . . . . . . . . . . . 201 1.8.2 Fitting Methods: FI Device Model Parameters. . . . . . . . . . . . 201 1.8.3 Uncertainties in Absolute Quantum Efficiency . . . . . . . . . . . . 205 1.9 Effects of Instrument Configuration and Environment on Detector Calibration217 1.9.1 Effects of Parallel Register Clock Levels on Detection Efficiency . . 217 1.9.2 Effects of Focal Plane and Detector Electronics Temperature . . . . 219 1.9.3 Long Term Gain Stability . . . . . . . . . . . . . . . . . . . . . . . 223 1.9.4 Temperature Dependence on Dark Current . . . . . . . . . . . . . . 226 1.9.5 Effects of CCD Clocking Modes on Detector Peformance . . . . . . 232 1.10 Instrumental Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233 1.10.1 Background Rate Measurements at XRCF . . . . . . . . . . . . . . 233 1.10.2 Dependence of Background Rejection Efficiency on Event Grade Se- lection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237 1.10.3 Predicted On-orbit Background Rates . . . . . . . . . . . . . . . . . 238 1.11 In-flight ACIS Calibration Sources . . . . . . . . . . . . . . . . . . . . . . . 246 1.11.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246 1.11.2 The Internal Contamination Monitor (ICM) . . . . . . . . . . . . . 246 1.11.3 The External Calibration Source (ExtCalSrc) . . . . . . . . . . . . 257 1.12 ACIS Sensitivity to Visible-Band Radiation . . . . . . . . . . . . . . . . . 264 1.13 ACIS CCD Sensitivity Ionizing and Non-Ionizing Radiation . . . . . . . . . 267 1.13.1 Ionizing Dose Effects . . . . . . . . . . . . . . . . . . . . . . . . . . 267 1.13.2 Effects of Energetic Protons . . . . . . . . . . . . . . . . . . . . . . 268 1.13.3 Search for Effects of Short Exposure to Low-Earth Orbit on ACIS CCD Peformance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 268 1.14 The MIT Model of the ACIS CCD . . . . . . . . . . . . . . . . . . . . . . 274 1.15 Unresolved Issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283

1.15.1 Bias Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283 1.15.2 Long-term Gain Stability . . . . . . . . . . . . . . . . . . . . . . . . 283

List of Tables

1.1 Some Characteristics of the ACIS CCD (MIT Lincoln Laboratory CCID17) 17 1.2 Parameters for “Slab and Stop” Model of CCD Gate Structure . . . . . . . 20 1.3 ACIS CCD Response Function Measurement Summary . . . . . . . . . . . 28 1.4 XRCF Phase I ACIS Science Run Descriptions . . . . . . . . . . . . . . . . 30 1.5 Energy Scale for ACIS Flight Devices . . . . . . . . . . . . . . . . . . . . . 31 1.6 Average FWHM (eV) for Front Illuminated Devices . . . . . . . . . . . . . 33 1.7 FWHM (eV) for Back Illuminated Devices . . . . . . . . . . . . . . . . . . 34 1.8 Average Front Illuminated Devices F W HM_0 and F ano × w . . . . . . . . 35 1.9 w203c4r/I0 CSR Spectral Resolution Data Sets . . . . . . . . . . . . . . . 37 1.10 w193c2/I1 CSR Spectral Resolution Data Sets . . . . . . . . . . . . . . . . 37 1.11 w158c4r/I2 CSR Spectral Resolution Data Sets . . . . . . . . . . . . . . . 37 1.12 w215c2r/I3 CSR Spectral Resolution Data Sets . . . . . . . . . . . . . . . 38 1.13 w168c4r/S0 CSR Spectral Resolution Data Sets . . . . . . . . . . . . . . . 38 1.14 w140c4r/S1 CSR Spectral Resolution Data Sets . . . . . . . . . . . . . . . 39 1.15 w182c4r/S2 CSR Spectral Resolution Data Sets . . . . . . . . . . . . . . . 39 1.16 w134c4r/S3 CSR Spectral Resolution Data Sets . . . . . . . . . . . . . . . 39 1.17 w457c4/S4 CSR Spectral Resolution Data Sets . . . . . . . . . . . . . . . . 40 1.18 w201c3r/S5 CSR Spectral Resolution Data Sets . . . . . . . . . . . . . . . 40 1.19 CSR Database Products . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 1.20 HEXS targets, energies, and x-ray penetration depths. . . . . . . . . . . . 60 1.21 Pileup measurement configurations. . . . . . . . . . . . . . . . . . . . . . . 61 1.22 Example of pileup correction factors for typical detection fluxes in w215c2r 63 1.23 Summary of Mesh Measurements . . . . . . . . . . . . . . . . . . . . . . . 99 1.24 Information from Simultaneous Fitting to all Five HEXS Data Sets . . . . 99 1.25 Summary of Adjustments to rspgen required for BESSY data . . . . . . . . 109 1.26 CCD Model Parameters for BESSY absolute measurements . . . . . . . . . 110 1.27 Summary of synchrotron measurements made with PTB beamlines at BESSY.117 1.28 CCD model parameter fit results from synchrotron radiation measurements 117

1.29 Average counting rate (cts/sec/e^− ring current) for w103c4 normalized to CCD position y001. Statistical errors for all measurements are below .002. No pileup corrections have been applied. . . . . . . . . . . . . . . . . . . . 119 1.30 Depletion Depth Estimated from 5.9 keV branching ratio . . . . . . . . . . 127 1.31 Comparison of relative QE measured directly and calculated from the results of depletion depth measurement . . . . . . . . . . . . . . . . . . . . . . . . 129 1.32 Event Position Comparison . . . . . . . . . . . . . . . . . . . . . . . . . . 144 1.33 TRW IDs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146 1.34 Estimated High Speed Tap Flux at ACIS Focal Plane Corrected for Pileup, Filter Efficiency, and CCD Efficiency in photons per second per centimeter squared in the line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147 1.35 High Speed Tap Based Quantum Efficiencies Relative to the s2 Detector . 147 1.36 ACIS Count Rate Divided by SSD 5 Count Rate . . . . . . . . . . . . . . . 148 1.37 Pileup correction factors f for the relative quantum efficiency calibration of ACIS detector I1 (w193c2) versus reference detector w103c4. The correction factors are defined by f =(Corrected count rate)/(Raw count rate). The corrected relative QE is the raw relative QE multiplied by the f ratio of the two CCDs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 1.38 w203c4r/I0 CSR Quantum Efficiency Data Sets . . . . . . . . . . . . . . . 154 1.39 w193c2/I1 CSR Quantum Efficiency Data Sets . . . . . . . . . . . . . . . . 155 1.40 w158c4r/I2 CSR Quantum Efficiency Data Sets - continued on next page . 156 1.41 w158c4r/I2 CSR Quantum Efficiency Data Sets - continued from previous page . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 157 1.42 w215c2r/I3 CSR Quantum Efficiency Data Sets . . . . . . . . . . . . . . . 158 1.43 w168c4r/S0 CSR Quantum Efficiency Data Sets . . . . . . . . . . . . . . . 160 1.44 w140c4r/S1 CSR Quantum Efficiency Data Sets - continued on next page . 161 1.45 w140c4r/S1 CSR Quantum Efficiency Data Sets - continued from previous page . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162 1.46 w182c4r/S2 CSR Quantum Efficiency Data Sets - continued on next page . 163 1.47 w182c4r/S2 CSR Quantum Efficiency Data Sets - continued from previous page . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164 1.48 w134c4r/S3 CSR Quantum Efficiency Data Sets . . . . . . . . . . . . . . . 165 1.49 w457c4/S4 CSR Quantum Efficiency Data Sets . . . . . . . . . . . . . . . 166 1.50 w201c3r/S5 CSR Quantum Efficiency Data Sets . . . . . . . . . . . . . . . 167 1.51 CSR Database Products . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168 1.52 Spatially Averaged Relative Detection Efficiency at CSR . . . . . . . . . . 174 1.53 Pileup Correction Factors Applied to Count Rates from CSR . . . . . . . . 175

1.54 Spatially Averaged Relative Detection Efficiency at CSR—Referenced to w190c3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176 1.55 Mean Relative Detection Efficiencies for FI and BI CCDs at CSR—Referenced to w190c3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176 1.56 Reproducibility of Relative Quantum Efficiency Measurment of Detector I0 178 1.57 Number of CCD Rows Shadowed by the Framestore Covers . . . . . . . . . 180 1.58 Spatially Averaged Relative Detection Efficiency at CSR—Referenced to S2 191 1.59 Spatially Averaged Relative Detection Efficiency from XRCF Telemetry— Referenced to S2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195 1.60 Pileup Correction Factors Applied to Count Rates from XRCF Telemetry . 195 1.61 Fractional Difference (1−XRCF/CSR) between Relative Detection Efficiencies at CSR and XRCF—Referenced to S2 . . . . . . . . . . . . . . . . . . 196 1.62 Model Parameter Determination for Absolute Quantum Efficiency of Frontilluminated Flight Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . 202 1.63 Adopted ACIS Flight Detector Quantum Efficiency Model Parameter Values 203 1.64 Six points on the 90% confidence surface used to determine the uncertainty envelope for FI detector quantum efficiency. . . . . . . . . . . . . . . . . . 208 1.65 Mean gains for ACIS at different operating temperatures . . . . . . . . . . 222 1.66 Gain dependence on chip temperature and DEA temperature . . . . . . . . 222 1.67 Mean Chip Gain determined at XRCF-FF and ISIM-TV1 . . . . . . . . . . 223 1.68 Dark Current Measured at ISIM TV tests during October, 1997. In each column, the number to the left if the dark current (ADU/sec), the number to the right is the width (ADU) of the gaussian fit. . . . . . . . . . . . . . 230 1.69 XRCF Phase I Science Runs Used for the Instrumental Background Analysis 233 1.70 Instrumental Background Fluxes Measured at XRCF in the Passband 0.1– 10 keV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236 1.71 Mean Background Continuum Fluxes Measured at XRCF in the Passband 0.1–10 keV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237 1.72 Fraction of Background Events per Event Grade Measured at XRCF in the Passband 0.1–10 keV for Detectors I0, I1, I2, and I3 . . . . . . . . . . . . . 243 1.73 Fraction of Background Events per Event Grade Measured at XRCF in the Passband 0.1–10 keV for Detectors S0, S2, S4, and S5 . . . . . . . . . . . . 244 1.74 Fraction of Background Events per Event Grade Measured at XRCF in the Passband 0.1–10 keV for Detectors S1 and S3 . . . . . . . . . . . . . . . . 245 1.75 ICM lines in the 0-1 keV band . . . . . . . . . . . . . . . . . . . . . . . . . 249 1.76 ICM lines in the 1-7 keV band . . . . . . . . . . . . . . . . . . . . . . . . . 251 1.77 ICM lines in the 7-15.5 keV band . . . . . . . . . . . . . . . . . . . . . . . 253 1.78 Mn Kα_{1,2}:Mn–Fe L complex ratios . . . . . . . . . . . . . . . . . . . . . . . 257

1.79 The intrinsic strength of the Mn Kα_{1,2} line to the L complex . . . . . . . . 257 1.80 ExtCalSrc lines in the 0-7 keV band . . . . . . . . . . . . . . . . . . . . . . 259 1.81 Observed Counting Rate from the External Cal Source on 23 October 1997 260 1.82 Predicted Count Rate for 01 April 1999 . . . . . . . . . . . . . . . . . . . . 261

List of Figures

1.1 Layout of the ACIS CCID17 detector, showing framestore architecture and four output nodes. Ten such devices comprise the ACIS focal plane. . . . . 16 1.2 Cross-section through a front-illuminated CCD. X-rays are incident from the top. The gate structure poses a deadlayer; only the depletion region region is usefully photosenstive. Calibration data must constrain the physical dimensions of these and other regions shown in the figure. . . . . . . . . . 18 1.3 Principal components of the CCD spectral response function. The (asymmetric) primary photopeaks, silicon K-escape and fluorescence features, and the extended low-energy tail are indicated. Note that the upturn in the tail at very low energies (E< 400 eV) is not due to electronic noise, but is a characteristic of the detector itself. Note that the ordinate is logarithmic. . 22 1.4 ACIS ground calibration flow. . . . . . . . . . . . . . . . . . . . . . . . . 26 1.5 Linear Energy Scale Residuals for the Front Illuminated Devices . . . . . . 32 1.6 Linear Energy Scale Residuals for the Back Illuminated Devices . . . . . . 33 1.7 Average FWHM versus Energy . . . . . . . . . . . . . . . . . . . . . . . . 34 1.8 Histogram of the CCD response to 1700 eV X-rays. . . . . . . . . . . . . . 43 1.9 Centroid of the low energy peak as a function of energy. . . . . . . . . . . 44 1.10 Ratio of number of counts in low energy peak and in the primary peak as a function of energy, calculated (dashed line), and measured (triangles). . . 45 1.11 Potential distribution in the buried channel CCD. . . . . . . . . . . . . . . 46 1.12 Histogram of the CCD response to 5414 eV X-rays. . . . . . . . . . . . . . 47 1.13 Scheme of forming low energy tail from the electron clouds generated close to Si − SiO_2 interface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 1.14 Fraction of single pixel events in tail as a function of characteristic absorption length in silicon. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 1.15 Cloud radius in silicon as a function of energy. . . . . . . . . . . . . . . . 50 1.16 Response of the CCD to the 1700 eV photons and the model prediction. . 51 1.17 Response of the CCD to the 1870 eV photons and the model prediction. . 52 1.18 Response of the CCD to the 2015 eV photons and the model prediction. . 53

1.19 Response of the CCD to the 4510 eV photons and the model prediction. . 54 1.20 Possible redistributions of detected x-rays due to pileup . . . . . . . . . . . 56 1.21 Regions of CCD for pileup model . . . . . . . . . . . . . . . . . . . . . . . 58 1.22 Predicted relationship between detected and incident flux parameterized by the assumed value of ϵ × 10^5. For example, the curve labeled 4 is the prediction for ϵ = 4 × 10^{−5} = 10.5 pixels. . . . . . . . . . . . . . . . . . . . . 65 1.23 Raw HEXS pileup data for for detector w203c2 with a 7 second exposure for characteristic K lines from Al,Si, and P targets, with best-fit model for various ASCA event grade sets. triangles:G0; stars:G0234; squares: G02346; G01234567: diamonds. Points for each detector quadrant are shown. Best-fit model parameters are shown in each panel. See text for details. . . . . . . 66 1.24 Raw HEXS pileup data for K_α for detector w203c2 with a 7 second exposure for characteristic K lines from Cl,Ti, and V targets, with best-fit model for various ASCA event grade sets. triangles:G0; stars:G0234; squares: G02346; G01234567: diamonds. Points for each detector quadrant are shown. Best-fit model parameters are shown in each panel. See text for details. . . . . . . 67 1.25 Raw HEXS pileup data for K_α for w203c2 with a 7 second exposure for Fe,Co, and Ni targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68 1.26 Raw HEXS pileup data for K_α for w203c2 with a 7 second exposure for Cu ,Zn, and Ge targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 1.27 Raw HEXS pileup data for entire spectrum for w203c2 with a 7 second exposure for Al, Si, P, Cl,Ti, and V targets . . . . . . . . . . . . . . . . . . 70 1.28 Raw HEXS pileup data for entire spectrum for w203c2 with a 7 second exposure for Fe, Co, Ni, Cu, Zn, and Ge targets . . . . . . . . . . . . . . . 71 1.29 Mean g02346 epsilon for all data sets with no spectral correction (Al - V) . 72 1.30 Mean g02346 epsilon for all data sets with no spectral correction (Fe - Ge) 73 1.31 Variation of epsilon with for raw HEXS data . . . . . . . . . . . . . . . . . 74 1.32 Variation of alpha, the ratio of bad to good x-ray events, for Al to V . . . 75 1.33 Variation of alpha, the ratio of bad to good x-ray events for Fe to Ge . . . 76 1.34 Variation of spectrally averaged epsilon (ϵ^′ ) for Al to V . . . . . . . . . . . 77 1.35 Variation of spectrally averaged epsilon (ϵ^′ ) for Fe to Ge . . . . . . . . . . 78 1.36 Mean g02346 epsilon for all data sets including a spectral correction . . . . 79 1.37 Mean g02346 epsilon for all data sets including a spectral correction . . . . 80 1.38 Variation of epsilon including corrections for spectral impurities . . . . . . 81 1.39 Redistribution of G02346 events in w203c2 during 7 second exposures due to pileup for Al, Si, P, Cl, Ti, and V HEXS targets . . . . . . . . . . . . . 85 1.40 Redistribution of G02346 events in w203c2 during 7 second exposures due to pileup for Fe, Co, Ni, Cu, Zn, Ge HEXS targets . . . . . . . . . . . . . . 86

1.41 Branching ratio epsilons from data set for elements Al - V . . . . . . . . . 87 1.42 Branching ratio epsilons from data set for elements Fe - Ge . . . . . . . . . 88 1.43 Gate structure of a CCD. . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 1.44 SEM photo of the CCD gate structure. Gate B is shown overlapping gate A. The bar above the text in the photo is 1 μm. . . . . . . . . . . . . . . . 91 1.45 Schematic of a 2 × 2 array of pixels showing the orientation of the gates and channel stops. The channel stops are beneath the gates. . . . . . . . . . . . 91 1.46 SEM measurement of a channel stop . . . . . . . . . . . . . . . . . . . . . 92 1.47 Schematic of the mesh showing its orientation to the CCD . . . . . . . . . 93 1.48 Fixture used to hold the mesh close to the CCD surface . . . . . . . . . . . 98 1.49 Left: Raw data showing the moiré cells. Right: The representative pixel (RP) repeated in a 3 × 3 array. . . . . . . . . . . . . . . . . . . . . . . . . 98 1.50 Five parameter channel stop model. . . . . . . . . . . . . . . . . . . . . . . 99 1.51 Variation in detection efficiency due to the channel stop . . . . . . . . . . . 100 1.52 χ^2 contour plots for box width vs. wing width and Si p^+ depth vs. SiO_2 depth. Contours are the 68%, 90%, and 99% confidence levels. . . . . . . . 101 1.53 Best-fit HEXS channel stop model compared to experimental data. . . . . 102 1.54 Intensity of grade 0 events at O Kα. Left: Results from the 4μm mesh.

Right: Results from the 1.4μm mesh. Data has been smoothed with a boxcar function approximating the mesh aperture. The new mesh provides significant resolution of the sub-pixel structures. . . . . . . . . . . . . . . . 103 1.55 O Kα Representative Pixels for grade 0, grade 2, grades 3 and 4, and grade 6events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 1.56 HRMA encircled energy surfaces projected onto a schematic of sub-pixel locations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 1.57 Sketch of the PTB laboratory . . . . . . . . . . . . . . . . . . . . . . . . . 116 1.58 White Light and WLS BESSY spectra as a function of height above the orb ital plane . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 1.59 w190c3, quad B: BESSY data vs. model . . . . . . . . . . . . . . . . . . . 118 1.60 w190c1,quad A: BESSY data vs. model . . . . . . . . . . . . . . . . . . . . 118 1.61 w103c4, quad B: BESSY data vs. model . . . . . . . . . . . . . . . . . . . 119 1.62 BESSY absolute efficiencies vs. MIT CSR relative efficiencies for reference detectors w190c3 and w103c4. . . . . . . . . . . . . . . . . . . . . . . . . . 120 1.63 Schematic of the CCD depleted layers. . . . . . . . . . . . . . . . . . . . . 121 1.64 Exponential distribution of the number of interacting photons as a function of distance from the surface. . . . . . . . . . . . . . . . . . . . . . . . . . 123 1.65 Histograms of different grades for F e^{55} X-rays. Eight panels (from top to bottom) correspond to ASCA grades 0 through 7. . . . . . . . . . . . . . 128

1.66 Charge collected in the center pixel from the F e^{55} photon landing in the neutral bulk as a function of distance from depletion region boundary. . . . 128 1.67 Cross section of the thin film sample. . . . . . . . . . . . . . . . . . . . . 131 1.68 Transmission of the thin SiO_2 film as a function of energy (solid line). Dotted line represents standard Henke data. . . . . . . . . . . . . . . . . . . . . . 135 1.69 Transmission of the sandwich (solid line). . . . . . . . . . . . . . . . . . . 135 1.70 Absorption of the thin films of polysilicon (solid line), silicon dioxide (dotted line) , and SiO_2 − Si_3N_4 (dashed line) sandwich. . . . . . . . . . . . . . . 136 1.71 Transmission of the oxidized polysilicon film (solid line) and result of the best fit to it of the product of the polysilicon and SiO_2 transmissions (dotted line). 137 1.72 Quantum efficiency of the frontside illuminated CCD. Dashed line is the result of the QE measurement at SX700 line at BESSY. . . . . . . . . . . 138 1.73 Quantum efficiency of the backside illuminated CCD. Triangles mark experimental results from SX700 at BESSY. . . . . . . . . . . . . . . . . . . . . 139 1.74 Telemetry and High Speed Tap Spectra . . . . . . . . . . . . . . . . . . . . 142 1.75 Telemetry, High Speed Tap, and Difference Light Curves . . . . . . . . . . 143 1.76 Relative detection efficiencies of front-illuminated (upper panel) and backilluminated (lower panel) ACIS flight CCDs as a function of energy—referenced to w190c3. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177 1.77 Uniformity maps and histograms showing the spatial uniformity of the quantum efficiency of ACIS flight device I0 (w203c4r) relative to reference device w190c3 at seven energies. Each pixel value is the ratio of the raw count rate (i.e. uncorrected for pileup) in a 32 × 32 pixel subarray of the flight device to the count rate in the corresponding subarray of the reference device. . . 181 1.78 Uniformity maps and histograms showing the spatial uniformity of the quantum efficiency of ACIS flight device I1 (w193c2) relative to reference device w103c4 at seven energies. Each pixel value is the ratio of the raw count rate (i.e. uncorrected for pileup) in a 32 × 32 pixel subarray of the flight device to the count rate in the corresponding subarray of the reference device. . . 182 1.79 Uniformity maps and histograms showing the spatial uniformity of the quantum efficiency of ACIS flight device I2 (w158c4r) relative to reference device w103c4 at seven energies. Each pixel value is the ratio of the raw count rate (i.e. uncorrected for pileup) in a 32 × 32 pixel subarray of the flight device to the count rate in the corresponding subarray of the reference device. . . 183

1.80 Uniformity maps and histograms showing the spatial uniformity of the quantum efficiency of ACIS flight device I3 (w215c2r) relative to reference device w190c3 at seven energies. Each pixel value is the ratio of the raw count rate (i.e. uncorrected for pileup) in a 32 × 32 pixel subarray of the flight device to the count rate in the corresponding subarray of the reference device. . . 184 1.81 Uniformity maps and histograms showing the spatial uniformity of the quantum efficiency of ACIS flight device S0 (w168c4r) relative to reference device w190c3 at seven energies. Each pixel value is the ratio of the raw count rate (i.e. uncorrected for pileup) in a 32 × 32 pixel subarray of the flight device to the count rate in the corresponding subarray of the reference device. . . 185 1.82 Uniformity maps and histograms showing the spatial uniformity of the quantum efficiency of ACIS flight device S2 (w182c4r) relative to reference device w103c4 at seven energies. Each pixel value is the ratio of the raw count rate (i.e. uncorrected for pileup) in a 32 × 32 pixel subarray of the flight device to the count rate in the corresponding subarray of the reference device. . . 186 1.83 Uniformity maps and histograms showing the spatial uniformity of the quantum efficiency of ACIS flight device S4 (w457c4) relative to reference device w190c3 at seven energies. Each pixel value is the ratio of the raw count rate (i.e. uncorrected for pileup) in a 32 × 32 pixel subarray of the flight device to the count rate in the corresponding subarray of the reference device. . . 187 1.84 Uniformity maps and histograms showing the spatial uniformity of the quantum efficiency of ACIS flight device S5 (w201c3r) relative to reference device w190c3 at seven energies. Each pixel value is the ratio of the raw count rate (i.e. uncorrected for pileup) in a 32 × 32 pixel subarray of the flight device to the count rate in the corresponding subarray of the reference device. . . 188 1.85 Uniformity maps and histograms showing the spatial uniformity of the quantum efficiency of ACIS flight device S1 (w140c4r) relative to reference device w103c4 at seven energies. Each pixel value is the ratio of the raw count rate (i.e. uncorrected for pileup) in a 32 × 32 pixel subarray of the flight device to the count rate in the corresponding subarray of the reference device. . . 189 1.86 Uniformity maps and histograms showing the spatial uniformity of the quantum efficiency of ACIS flight device S3 (w134c4r) relative to reference device w203c2 at seven energies. Each pixel value is the ratio of the raw count rate (i.e. uncorrected for pileup) in a 32 × 32 pixel subarray of the flight device to the count rate in the corresponding subarray of the reference device. . . 190 1.87 O-K spectra for S3 (upper panel) and S2 (lower panel) from XRCF Phase I.

The bar in each plot marks the range of channels within 3 sigma of the peak. 197

1.88 O-K spectra for S3 (upper panel) and w203c2 (lower panel) from CSR Subassembly Calibration. The bar in each plot marks the range of channels within 3 sigma of the peak. . . . . . . . . . . . . . . . . . . . . . . . . . . 198 1.89 Ti-K spectra for S3 (upper panel) and S2 (lower panel) from XRCF Phase I.

The bar in each plot marks the range of channels within 3 sigma of the peak. 199 1.90 Ti-K spectra for S3 (upper panel) and w203c2 (lower panel) from CSR Subassembly Calibration. The bar in each plot marks the range of channels within 3 sigma of the peak. . . . . . . . . . . . . . . . . . . . . . . . . . . 200 1.91 Best-estimates for ACIS S2 (Front-illuminated) Detector Quantum Efficiency Model and 90% Confidence Envelope. See text for interpretation of the error envelope. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204 1.92 Best-fit model quantum efficiency for all ACIS FI Detectors . . . . . . . . 205 1.93 Adopted ACIS S1 (Back-illuminated) Detector Quantum Efficiency Model 206 1.94 Adopted ACIS S3 (Back-illuminated) Detector Quantum Efficiency Model 207 1.95 Comparison of XRCF Phase I relative quantum efficiency measurements to Model Predictions for front-illuminated detectors. Points are deviations between XRCF quantum efficiency measurements, relative to S2, and lines are estimated 90% confidence intervals for model predictions. Note that the models are based entirely on relative QE measurements made at MIT; the points shown were NOT used to constrain the models. The RMS of the residuals for energies ≥ 525 eV is 1.3%. . . . . . . . . . . . . . . . . . . . . 209 1.96 The ratio of quantum efficiencies for the device w193c2 with the standard clock levels and the reduced clock levels. . . . . . . . . . . . . . . . . . . . 218 1.97 ACIS gain variation as a function of DEA temperature. . . . . . . . . . . . 220 1.98 The difference in gain measured at XRCF-FF and ISIM-TV1. The figure plots d(ln Gain)=ΔGain/Gain, where the gain from XRCF-FF is taken as a base line. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225 1.99 ACIS dark current data at T = -40^∘ C. . . . . . . . . . . . . . . . . . . . . 227 1.100ACIS dark current data at T = -60^∘ C. . . . . . . . . . . . . . . . . . . . . 228 1.101ACIS dark current data at T = -90^∘ C. . . . . . . . . . . . . . . . . . . . . 229 1.102Post cold soak ACIS dark current data at T = -90^∘ C. . . . . . . . . . . . 231

1.103Background spectra measured at XRCF in the ACIS front-illuminated flight devices. The spectra have been summed over the four quadrants of all eight front-illuminated flight devices. The upper and lower panels show the spectra of the rejected (ASCA grades 157) and the unrejected (ASCA grades 02346) background events, respectively, in the passband 0.1–10 keV. The lower panel shows Mn K_α line emission due to scattered X-rays from the internal contamination monitor. The Au L_α line is caused by particle-induced fluorescence in the framestore covers. . . . . . . . . . . . . . . . . . . . . . 240 1.104Background spectra measured at XRCF in the ACIS back-illuminated flight device S3. The spectra have been summed over all four quadrants. The upper and lower panels show the rejected (ASCA grades 157) and the unrejected (ASCA grades 02346) background spectra, respectively, in the pass- band 0.1–10 keV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241 1.105Cross-section through the ACIS detector housing showing the internal contamaination monitor (ICM) X-ray source, its intended illumination pattern, and the ACIS focal plane. In the drawing the Observatory X-axis is up and the Z axis points to the right. Scattered X-ray flux from the ICM is detected on chips I0 and I1, as well as on high-Z quadrants of chips I2 and I3. The scattering path is unknown. The two dimensions shown are in inches. . . . 242 1.106FI chip response to the ICM spectrum in the range 0-1 keV. . . . . . . . . 248 1.107BI chip response to the ICM spectrum in the range 0-1 keV. . . . . . . . . 249 1.108FI chip response to the ICM spectrum in the range 1-7 keV. . . . . . . . . 250 1.109BI chip response to the ICM spectrum in the range 1-7 keV. . . . . . . . . 251 1.110FI chip response to the ICM spectrum in the range 7-15.5 keV . . . . . . . 252 1.111BI chip response to the ICM spectrum in the range 7-18 keV . . . . . . . . 254 1.112Illumination pattern of Mn Kα_{1,2} events from the ICM as measured at XRCF-I . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255 1.113Contour map of ICM Mn Kα_{1,2} events from three different measurements. . 256 1.114ExtCalSrc spectrum (0-7 keV) on S2 from a 4 × 9.2 ks integration . . . . . 258 1.115Relative intensity map of ExtCalSrc Al Kα. Quantum efficiencies have been normalized with respect to S2. Intensities were then normalized with resepct to S2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262 1.116Relative intensity map of ExtCalSrc Ti Kα. Quantum efficiencies have been normalized with respect to S2. Intensities were then normalized with resepct to S2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263 1.117Relative intensity map of ExtCalSrc Mn Kα. Quantum efficiencies have been normalized with respect to S2. Intensities were then normalized with resepct to S2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 263

1.118ACIS Responsivity at 660nm as measured at the Lincoln Laboratory Ther- mal Vacuum Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 264 1.119Focal plane composite images for various light leak tests. Color scale is for qualitative comparison only. Note similarity of all 660 nm led images (both external and internal mounted sources). . . . . . . . . . . . . . . . . . . . . 266 1.120Dark current map showing circular area of exposure to 5.9 keV photons.

Total dose was 900 rads (Si); this map was obtained with the device at - 60C. At nominal operating temperature (-120C) no increase in dark current is measurable. Device quadrants 0-3 are from left to right; the serial register is toward the top of the picture. . . . . . . . . . . . . . . . . . . . . . . . . 270 1.121Charge transfer inefficiency (CTI) vs. accumulated ionizing dose of 40 MeV protons for a front-illuminated ACIS CCD. The curves labelled c0,c1, and c2 pertain to exposed areas of the device. The curve labelled c3 pertains to an area well-shielded from proton radiation. . . . . . . . . . . . . . . . . . 271 1.122Dark current for the front-illuminated device w157c1 before (top) and after (bottom) its flight on STS-85. The preflight image was obtained at -60C and the postflight image at -120C. The bright defect was invisible at any temperature after the shuttle flight. The images are shown with identical colors scales; the signal level, in electrons per pixel per 18 s, is shown. Quadrant C was defective before and after the flight. . . . . . . . . . . . . . . . . . . 272 1.123Dark current for the back-illuminated device w147c3 before (top) and after (bottom) its flight on STS-85. There is no apparent increase in the dark current. Both images were obtained at -120C. The same color scale is used for the two images; the signal level, in electrons per pixel per 18 s, is shown on the color bar. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 273 1.124Cross section of the gate structure of the CCD along the transfer channel. 274 1.125Cross section of the gate structure of the CCD perpendicular to the transfer channel. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 275 1.126Number of detected events as a function of coordinate inside a single pixel.

Energy of the incident photons is 525 eV. . . . . . . . . . . . . . . . . . . 279 1.127Number of detected events as a function of coordinate inside a single pixel.

Energy of the incident photons is 539 eV, right above oxygen K edge. Notice a different behavior inside overlap regions . . . . . . . . . . . . . . . . . . 279 1.128Intensities of experimentally measured escape (*) and fluorescence (+) features as a function of energy. Solid lines are the model predictions. . . . . 280 1.129Histogram of the horizontally split events at 1487 eV . . . . . . . . . . . . 281

1.130Ratio of the number of events in the shoulder to the total number of events in the horizontally split event histogram (triangles). Dotted line shows the calculated ratio assuming these events come from a layer of silicon 0.3 microns thick. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281 1.131Standard graded histograms for experimental data taken with a monochromatic source at 4510 eV. . . . . . . . . . . . . . . . . . . . . . . . . . . . 282 1.132Standard graded histograms showing simulated response to 4510 eV X-rays. 282