XMM-Newton

XMM-Newton Users’ Handbook

Issue 2.0 Edited by: M. Ehle, M. Breitfellner, M. Dahlem, M. Guainazzi, P. Rodriguez, M. Santos-Lleo, N. Schartel, L. Tomas

Based on input from the entire XMM-Newton SOC Team

15.08.2001

Extensive contributions from the members of the XMM-Newton Science Working Team, the SSC, the Instrument Teams and NASA’s XMM-Newton Guest Observer Facility are gratefully acknowledged.

Revision history

Revision number Date Revision author Comments

Draft 3.0 August 1998 M. Dahlem Complete draft Issue 1.0 23.09.1998 M. Dahlem Official release Issue 1.1 19.01.1999 M. Dahlem Release of Cal/PV/GT target tables Issue 1.2 31.03.2000 M. Ehle Minor updates Issue 2.0 15.08.2001 M. Ehle Release for AO2

i

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: ii

Contents

1 Glossary 1

2 Introduction 4 2.1 Scope of this document . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 2.2 Structure and contents of the Users’ Handbook . . . . . . . . . . . . . . . . 4 2.3 Location . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 2.4 Sources of information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 2.5 Updates on this document . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 2.6 How to obtain further help and information . . . . . . . . . . . . . . . . . . 5 2.7 Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

3 XMM-Newton – a concise overview 7 3.1 Basic characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 3.2 X-ray Telescopes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 3.2.1 X-ray point-spread function . . . . . . . . . . . . . . . . . . . . . . . 11 3.2.1.1 On-axis PSF . . . . . . . . . . . . . . . . . . . . . . . . . . 11 3.2.1.2 Off-axis PSF . . . . . . . . . . . . . . . . . . . . . . . . . . 13 3.2.2 X-ray effective area . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 3.2.2.1 On-axis effective area . . . . . . . . . . . . . . . . . . . . . 17 3.2.2.2 Off-axis effective area . . . . . . . . . . . . . . . . . . . . . 19 3.2.3 Response matrices used in the SAS data analysis . . . . . . . . . . . 21 3.2.4 Straylight rejection . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 3.3 EUROPEAN PHOTON IMAGING CAMERA (EPIC) . . . . . . . . . . . . 23 3.3.1 Two types of EPIC cameras: MOS and pn . . . . . . . . . . . . . . 23 3.3.1.1 EPIC MOS chip geometry . . . . . . . . . . . . . . . . . . 24 3.3.1.2 EPIC pn chip geometry . . . . . . . . . . . . . . . . . . . . 24 3.3.2 Science modes of the EPIC cameras . . . . . . . . . . . . . . . . . . 25 3.3.3 EPIC imaging – angular resolution . . . . . . . . . . . . . . . . . . . 34 3.3.4 Intrinsic energy resolution of EPIC . . . . . . . . . . . . . . . . . . . 34 3.3.5 EPIC quantum efficiencies . . . . . . . . . . . . . . . . . . . . . . . . 34 3.3.6 EPIC filters and effective area . . . . . . . . . . . . . . . . . . . . . . 37 3.3.7 EPIC background . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 3.3.7.1 EPIC external ‘flaring’ background . . . . . . . . . . . . . 41 3.3.7.2 EPIC internal ‘quiescent’ background . . . . . . . . . . . . 43 3.3.7.3 EPIC Detector Noise . . . . . . . . . . . . . . . . . . . . . 45 3.3.8 EPIC’s sensitivity limits . . . . . . . . . . . . . . . . . . . . . . . . . 46 3.3.9 EPIC photon pile-up . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 3.3.10 EPIC event grade selection . . . . . . . . . . . . . . . . . . . . . . . 52 3.3.11 EPIC-specific proposal submission information . . . . . . . . . . . . 53 3.3.11.1 EPIC spectral quality . . . . . . . . . . . . . . . . . . . . . 53 3.3.11.2 EPIC flux to count rate conversion . . . . . . . . . . . . . . 56 3.3.11.3 Count rate conversion from other X-ray satellite missions . 56 3.4 REFLECTION GRATING SPECTROMETER (RGS) . . . . . . . . . . . . 63 3.4.1 Diffraction geometry . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 3.4.2 RFC chip arrays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 3.4.3 RGS grating orders . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: iii

3.4.4 RGS spectral resolution . . . . . . . . . . . . . . . . . . . . . . . . . 68 3.4.4.1 RGS spectral resolution for extended sources . . . . . . . . 71 3.4.5 RGS effective area for dispersive spectroscopy . . . . . . . . . . . . . 72 3.4.6 RGS sensitivity limits . . . . . . . . . . . . . . . . . . . . . . . . . . 75 3.4.7 RGS response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 3.4.8 Operating modes of the RGS . . . . . . . . . . . . . . . . . . . . . . 80 3.4.9 RGS specific proposal submission information . . . . . . . . . . . . . 81 3.4.9.1 RGS avoidance angles . . . . . . . . . . . . . . . . . . . . . 82 3.4.9.2 RGS spectral quality . . . . . . . . . . . . . . . . . . . . . 82 3.4.9.3 RGS flux to count rate conversion . . . . . . . . . . . . . . 82 3.5 OPTICAL MONITOR (OM) . . . . . . . . . . . . . . . . . . . . . . . . . . 89 3.5.1 OM telescope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 3.5.2 OM detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 3.5.2.1 Imaging with OM . . . . . . . . . . . . . . . . . . . . . . . 90 3.5.3 OM windows and field of view . . . . . . . . . . . . . . . . . . . . . 91 3.5.3.1 OM operating modes . . . . . . . . . . . . . . . . . . . . . 91 3.5.3.2 OM default configurations . . . . . . . . . . . . . . . . . . 92 3.5.3.3 Integration time for exposures . . . . . . . . . . . . . . . . 94 3.5.3.4 Filter choice . . . . . . . . . . . . . . . . . . . . . . . . . . 94 3.5.3.5 Some examples . . . . . . . . . . . . . . . . . . . . . . . . . 94 3.5.4 Optical/UV point spread function of the OM and tracking . . . . . . 95 3.5.5 OM optical elements . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 3.5.5.1 OM filter bandpasses . . . . . . . . . . . . . . . . . . . . . 96 3.5.5.2 OM grisms . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 3.5.6 OM sensitivity and detection limits . . . . . . . . . . . . . . . . . . . 97 3.5.7 OM Field Acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . 99 3.5.8 OM distortion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 3.5.9 OM brightness and dose limits . . . . . . . . . . . . . . . . . . . . . 100 3.5.10 OM specific proposal submission information . . . . . . . . . . . . . 100 3.5.10.1 OM star tracking windows . . . . . . . . . . . . . . . . . . 100 3.5.10.2 Choice of non-default OM science windows . . . . . . . . . 101 3.6 XMM-Newton support instruments . . . . . . . . . . . . . . . . . . . . . . . 114 3.6.1 EPIC Radiation Monitor Subsystem (ERMS) . . . . . . . . . . . . . 114 3.6.2 Attitude & Orbit Control Subsystem (AOCS) . . . . . . . . . . . . . 114 3.7 Comparison with other X-ray satellites . . . . . . . . . . . . . . . . . . . . . 116 3.7.1 A comparison of XMM-Newton vs. Chandra . . . . . . . . . . . . . 116 3.7.1.1 Effective area for dispersive spectroscopy . . . . . . . . . . 117 3.7.1.2 Non-dispersive spectroscopy: an example . . . . . . . . . . 117 3.7.1.3 XMM-Newton EPIC vs. Chandra ACIS-I pile-up comparison118

4 Observing with XMM-Newton 120 4.1 XMM-Newton orbit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120 4.2 XMM-Newton observing constraints . . . . . . . . . . . . . . . . . . . . . . 121 4.2.1 Radiation belts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 4.2.2 Bright source avoidance . . . . . . . . . . . . . . . . . . . . . . . . . 121 4.2.3 Celestial constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 4.2.4 Position angle constraints . . . . . . . . . . . . . . . . . . . . . . . . 123 4.2.5 Raster observing mode . . . . . . . . . . . . . . . . . . . . . . . . . . 124

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: iv

4.2.6 Dithering mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124 4.2.7 Tracking mode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 124 4.3 Sky visibility during the XMM-Newton mission . . . . . . . . . . . . . . . . 124 4.4 Position angle determination for XMM-Newton observations . . . . . . . . . 126 4.5 XMM-Newton observation overheads . . . . . . . . . . . . . . . . . . . . . . 127 4.5.1 Operational overheads . . . . . . . . . . . . . . . . . . . . . . . . . . 127 4.5.2 Instrument and setup overheads . . . . . . . . . . . . . . . . . . . . 127 4.5.3 Special science exposures . . . . . . . . . . . . . . . . . . . . . . . . 128 4.6 Instrument alignment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128 4.7 Absolute and relative pointing accuracy . . . . . . . . . . . . . . . . . . . . 129 4.8 Points of concern . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 4.9 XMM-Newton slew observations . . . . . . . . . . . . . . . . . . . . . . . . 131

5 XMM-Newton Guest Observer Program (AO-2) 132 5.1 XMM-Newton proposal preparation and submission . . . . . . . . . . . . . 132 5.1.1 XMM-Newton proposal preparation . . . . . . . . . . . . . . . . . . 132 5.1.2 XMM-Newton proposal submission . . . . . . . . . . . . . . . . . . . 132 5.1.2.1 XMM-Newton Remote Proposal Submission (XRPS) . . . 132 5.1.2.2 How to fill out the RPS online forms . . . . . . . . . . . . . 133 5.2 Technical proposal optimisation . . . . . . . . . . . . . . . . . . . . . . . . . 133

6 Analysing XMM-Newton data 136 6.1 XMM-Newton analysis software – the Science Analysis Subsystem (SAS) . 136 6.1.1 XMM-Newton data: the Observation/Slew Data Files (ODF/SDF) . 136 6.1.2 The Science Analysis System (SAS) . . . . . . . . . . . . . . . . . . 136 6.1.3 XMM-Newton data: the Processing Pipeline Subsystem (pipeline) products (PPS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136 6.2 XMM-Newton Calibration data . . . . . . . . . . . . . . . . . . . . . . . . . 137 6.3 The XMM-Newton data CD-ROM . . . . . . . . . . . . . . . . . . . . . . . 137 6.4 The XMM-Newton Science Archive (XSA) . . . . . . . . . . . . . . . . . . . 137

7 Documentation 138

A XMM-Newton Science Simulator (SciSim) 142 A.1 SciSim – a brief general introduction . . . . . . . . . . . . . . . . . . . . . . 142 A.2 SciSim Graphical User Interface . . . . . . . . . . . . . . . . . . . . . . . . . 142 A.2.1 SciSim configuration GUI . . . . . . . . . . . . . . . . . . . . . . . . 144 A.3 SciSim components . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 A.3.1 CSim – The Cosmic Simulator . . . . . . . . . . . . . . . . . . . . . 145 A.3.1.1 The SPSim GUI . . . . . . . . . . . . . . . . . . . . . . . . 146 A.3.1.2 The GSim GUI . . . . . . . . . . . . . . . . . . . . . . . . . 146 A.3.2 MSim – The Mirror Simulator . . . . . . . . . . . . . . . . . . . . . 147 A.3.3 ESim – The EPIC Simulator . . . . . . . . . . . . . . . . . . . . . . 149 A.3.4 RSim – The RGS Simulator . . . . . . . . . . . . . . . . . . . . . . . 149 A.3.5 OSim – The OM Simulator . . . . . . . . . . . . . . . . . . . . . . . 150 A.4 SciSim tools . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 A.5 Examples for the use of SciSim for proposal preparation . . . . . . . . . . . 152 A.5.1 Example for simulating EPIC observations . . . . . . . . . . . . . . 152 A.5.2 Example for an RGS simulation . . . . . . . . . . . . . . . . . . . . . 154

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: v

A.6 SciSim performance issues . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

B XMM-Newton Survey Science Centre (SSC) 157 B.1 The SSC Follow-up Programme: the XID Programme . . . . . . . . . . . . 157 B.2 Pipeline processing of XMM-Newton science data . . . . . . . . . . . . . . . 159 B.3 Science analysis software development . . . . . . . . . . . . . . . . . . . . . 159

C XMM-Newton Routine Calibration Program 160

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: vi

List of Figures

1 Sketch of the XMM-Newton payload. The mirror modules, two of which are equipped with Reflection Grating Arrays, are visible at the lower left. At the right end of the assembly, the focal X-ray instruments are shown: The EPIC MOS cameras with their radiators (black/green “horns”), the radiator of the EPIC pn camera (violet) and those of the (light blue) RGS detectors (in pink). The OM telescope (orange) is obscured by the lower mirror module. Figure courtesy of Dornier Satellitensysteme GmbH. . . . . 7 2 The light path in XMM-Newton’s open X-ray telescope with the pn camera in focus (not to scale). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 3 The light path in the two XMM-Newton telescopes with grating assemblies (not to scale). Note that the actual fraction of the non-intercepted light that passes to the primary MOS focus is 44%, while 40% of the incident light is intercepted by grating plates of the RGA. . . . . . . . . . . . . . . . . . . . . 11 4 On axis point spread function of the MOS1, MOS2 and pn X-ray telescopes (left to right) registered on the same source with each MOS camera in Small Window Mode, and the pn camera in Large Window mode. The pixel size is 1.1 arcsec square for the MOS, and 4.1 arcsec square for the pn. The images are 110 arcsec wide. A logarithmic scale has been used to visualize the wings of the point spread function. The core of the PSF is piled-up for this source, with a different factor for the MOS and the pn. The starlike pattern is created by the spider which supports the 58 co-axial Wolter I mirrors of the telescope. The shape of the point spread function core is slightly different for all cameras, with MOS2 having a somewhat triangular shape. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 5 Radial count distribution for the on-axis PSF of the MOS1 X-ray telescope in the 0.75-2.25 keV energy range. A King profile (solid black line) best fit to the in-orbit measurement (red crosses) is shown for comparison. . . . . . 13 6 The pn fractional encircled energy as a function of angular radius (onaxis) at different energies. The curves were calculated assuming a fractional encircled energy of 100% at a radial distance of 5 arcmin. . . . . . . . . . . 14 7 The MOS1 fractional encircled energy as a function of angular radius (onaxis) at different energies. The curves were calculated assuming a fractional encircled energy of 100% at a radial distance of 5 arcmin. . . . . . . . . . . 14 8 The dependence of the X-ray PSF’s shape on the position in the field of view. This image was made from Panter measurements, thus not under flight conditions, but the PSFs are representative. Measurements were taken at off-axis angles of 7^′ and 14^′, at 4 (6) different azimuthal positions. The intensity scale is logarithmic. . . . . . . . . . . . . . . . . . . . . . . . . . . 15 9 The W 90 radius of a point source as a function of off-axis angle at different energies. The curves were calculated assuming a fractional encircled energy of 100% at a radial distance of 5 arcmin, independent of the off-axis angle. 16 10 The net effective area of all XMM-Newton X-ray telescopes, combined with the response characteristics of the focal X-ray instruments, EPIC and RGS (linear scale). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: vii

11 The net effective area of all XMM-Newton X-ray telescopes, combined with the response characteristics of the focal X-ray instruments, EPIC and RGS (logarithmic scale). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18 12 Vignetting function as a function of off-axis angle (0^′–15^′, based on simulations), at a few selected energies, of the X-ray telescope 2 in front of the pn camera . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 13 Vignetting function as a function of azimuth angle of the X-ray telescope 3 in front of the MOS1 camera. The curves are given for an off-axis angle of 10 arcmin. Due to the presence of reflection grating assemblies in the exit beams of the X-ray telescopes 3 and 4, the vignetting functions measured in the MOS cameras are modulated azimuthally. . . . . . . . . . . . . . . . . . 20 14 EPIC pn image of GRS1758-258 (a black hole candidate near the Galactic center) observed in the large window readout mode demonstrating the effect of straylight: in the upper part of the image, sharp arcs appear that are caused by single mirror reflections of photons possibly from GX 5-1 which is ∼ 40 arcmin offaxis to the north and outside the FOV. . . . . . . . . . . 22 15 A rough sketch of the field of view of the two types of EPIC cameras; MOS (left) and pn (right). The shaded circle depicts a 30^′ diameter area. For the alignment of the different cameras with respect to each other in the XMM-Newton focal plane refer to the text. . . . . . . . . . . . . . . . . . 24 16 The field of view of the EPIC MOS cameras: MOS1 (here) and MOS2 (next figure). The two MOS cameras view the same field as displayed in sky co-ordinates. In each case the camera detector co-ordinate frames are noted. 25 17 The field of view of the EPIC MOS cameras (cntd. from previous figure):

MOS2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 18 The field of view of the EPIC pn camera; The pn camera views the same field as displayed in Fig. 16 in sky co-ordinates. Again the camera detector co-ordinate frame is noted. The current prime boresight is marked with a small box. Position ’X’ shows the preferred location to centre on an object in the pn small window mode, however, the user is advised that this requires a knowledge of the position angle of the observation, and will also place the target outside the EPIC MOS small window. In the time frame of AO–2, it is intended to move the boresight towards position ’R’ in order to maximize the coverage of important emission lines in RGS while EPIC is the prime instrument. A compromise boresight is expected to be used which will be located close to the geometric centre of the three locations marked on this figure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 19 The layout of the EPIC MOS cameras as presented in SAS: MOS1 (here) and MOS2 (next figure). The orientation of the detX/detY axes are shown, to highlight that the RGS dispersion axes are parallel within spacecraft physical co-ordinates, but the EPIC MOS cameras are orthogonally aligned. The readout node of each CCD is located with a small box, the rawY co-ordinate in each CCD decreases from the centre towards the node with the 3 CCDs on each side of the focal plane being read in the same direction. The rawX then decreases towards the readout node in the orthogonal direction. . . . . . 28 20 The layout of the EPIC MOS cameras as presented in SAS (cntd. from previous figure): MOS2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: viii

21 The layout of the EPIC pn camera as presented in SAS. The orientation of the rawX/rawY (CCD specific) and of the detX/detY axes are shown, to highlight that the RGS dispersion axes are parallel within spacecraft physical co-ordinates. The readout CAMEX of each CCD is located at rawY = 0, i.e. at the top (for CCDs 1 – 6) or bottom (for CCDs 7 – 12) of the displayed array. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30 22 Operating modes for the pn-CCD camera: top left: Full frame and extended full frame mode, top right: Large window mode, bottom left: Small window mode and bottom right: Timing mode. The burst mode is different from the timing mode as the source position is not read out, i.e. rows 181-200 will be dark. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 23 Operating modes for the MOS-CCD cameras: top left: Full frame mode, top right: Large window mode, bottom left: Small window mode and bottom right: Timing mode. In timing mode, the X axis of the central CCD is the projected image of the source, and has thus true spatial information; the Y axis does not carry any spatial information, but is a measure of time, with roll-over of 1024 time-units in the figure shown. . . . . . . . . . . . . . . . . 33 24 The EPIC MOS energy resolution (FWHM) as a function of energy. The solid curve is a best-fit E^{0.5} function to ground calibration data between 0.1 – 12.0 keV, all events with pattern 0 – 12 were included in the analysis (EPIC patterns are similar to Chandra “event grades”, see § 3.3.10). Below around 0.6 keV (shown by the dotted region) surface charge loss effects distort the main photopeak significantly from a Gaussian form and, hence the effective energy resolution. Also plotted is the measured in-flight FWHM of the Al Kα (1.487 keV) and Mn Kα (5.893 keV) lines (using an extraction radius of 130 arcsec) during orbits 85, 166 and 262. . . . . . . . . . . . . . . . . . 35 25 The EPIC pn energy resolution (FWHM) as a function of energy as present in the most recent version of the response matrices. Curves are given for singles and double events (full frame mode) at the focus position as well as at a position 10 pixels away from the readout node. In the case of line 190 the FWHM of the double events diverges from that of the singles because their CTI correction is still insufficient. This will be improved in a later version of the correction programs. . . . . . . . . . . . . . . . . . . . . . . . 35 26 Quantum efficiency of the EPIC MOS CCD chips as a function of photon energy (Turner et al., 2001, A&A 365, L27, Fig. 6). . . . . . . . . . . . . . 36 27 Quantum efficiency of the EPIC pn CCD chips as a function of photon energy (Strüder et al., 2001, A&A 365, L18, Fig. 5). . . . . . . . . . . . . . 36 28 The EPIC MOS effective area for each of the optical blocking filters and without a filter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 29 The EPIC pn effective area for each of the optical blocking filters and without a filter. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 30 Combined effective area of all telescopes assuming that all cameras operate with the same filters, either open, thin, medium or thick. As above, the curve uses the detector quantum efficiency associated with mono-pixel events in case of the MOS camera. Depending on the pattern selection, the overall effective area could increase by as much as 30 percents when multi-pixels events are also included. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 31 Image from a MOS2 observation badly affected by soft proton flares. . . . . 42

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: ix

32 Lightcurve from a MOS1 observation badly affected by soft proton flares.

During the first part of the observation the background is constant. The second half, however, is heavily affected by a proton flare. . . . . . . . . . . 42 33 Background spectrum for the MOS1 camera during an observation with the filter wheel in the closed position. The prominent features around 1.5 and 1.7 keV are respectively Al-K and Si-K fluorescence lines. The rise of the spectrum below 0.5 keV is due to the detector noise. . . . . . . . . . . . . . 43 34 Background spectrum for the pn camera during an observation with the filter wheel in the CLOSED position (top: single events, bottom: double events) in the energy range 0.2 − 18 keV. The prominent features around 1.5 keV are Al–K, at 5.5 keV Cr–K, at 8 keV Ni–K, Cu–K, Zn–K and at 17.5 keV (only in doubles) Mo–K fluorescence lines. The rise of the spectrum below 0.3 keV is due to the detector noise. The relative line strengths depend on the (variable) incident particle spectrum. . . . . . . . . . . . . . . . . . . . . 44 35 Background images for the pn camera with spatially inhomogeneous fluorescent lines: Ti–K + Cr–K (top left), Ni–K (top right), Cu–Kα (bottom left) and Mo–Kα (bottom right). The inhomogeneity is mainly caused by the electronics board mounted below the CCDs. . . . . . . . . . . . . . . . . 45 36 EPIC sensitivity (5σ minimum detectable flux in erg cm^{−2} s^{−1} in respective bands) as a function of exposure time (from Watson et al., 2001). Sensitivity is computed for an assumed α = 1.7 powerlaw spectrum with a column density N_H = 3 10^{20} cm^{−2}. Solid curves are for the nominal background rates. Dashed curves are for background levels enhanced by a factor 3. The EPIC MOS curves correspond to the combination of the two cameras. . . . 47 37 In-orbit observations performed with EPIC MOS showing the increase of pile-up with increasing photon count rate per frame. The panels are arranged clockwise, with the lowest count rate (and thus pile-up rate) in the upper left and the highest in the lower left. The observed count rates are 2, 5, 12 and 16 counts/frame, respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . 48 38 The best-fitting power law slope, α, for an α = 1.7 input spectrum into SciSim, with different input count rates, leading to different levels of pile-up. 50 39 Plot of the pn pattern distribution with energy as produced by the SAS task eppatplot (see text for further details). . . . . . . . . . . . . . . . . . . . . . 51 40 Series of EPIC MOS1 model spectra of a Mekal thermal plasma with a temperature of 0.1 keV. From the bottom to the top, the total number of counts in the XMM-Newton passband (0.15–15 keV) increases from 500 to 20000. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 41 Series of EPIC MOS1 model spectra of a Mekal thermal plasma with a temperature of 0.5 keV. From the bottom to the top, the total number of counts in the XMM-Newton passband (0.15–15 keV) increases from 500 to 20000. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 42 Series of EPIC MOS1 model spectra of a Mekal thermal plasma with a temperature of 2.0 keV. From the bottom to the top, the total number of counts in the XMM-Newton passband (0.15–15 keV) increases from 500 to 20000. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 43 Series of EPIC pn model spectra of a Mekal thermal plasma with a temperature of 2.0 keV. From the bottom to the top, the total number of counts in the XMM-Newton passband (0.15–15 keV) increases from 500 to 20000. . 55

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: x

44 Series of EPIC MOS1 model spectra of a Mekal thermal plasma with a temperature of 10.0 keV. From the bottom to the top, the total number of counts in the XMM-Newton passband (0.15–15 keV) increases from 500 to 20000. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 45 EPIC pn flux to count rate conversion factors for various power law spectra and different values for the absorbing column density, N_H (thin filter). . . . 56 46 EPIC pn flux to count rate conversion factors for various power law spectra and different values for the absorbing column density, N_H (medium filter). . 57 47 EPIC flux to count rate conversion factors for one MOS camera for various power law spectra and different values for the absorbing column density, N_H (thin filter). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 48 EPIC flux to count rate conversion factors for one MOS camera for various power law spectra and different values for the absorbing column density, N_H (medium filter). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 49 EPIC pn flux to count rate conversion factors for various Raymond-Smith spectra and different values for the absorbing column density, N_H (thin filter). 58 50 EPIC pn flux to count rate conversion factors for various Raymond-Smith spectra and different values for the absorbing column density, N_H (medium filter). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 51 EPIC flux to count rate conversion factors for one MOS camera for various Raymond-Smith spectra and different values for the absorbing column density, N_H (thin filter). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 52 EPIC flux to count rate conversion factors for one MOS camera for various Raymond-Smith spectra and different values for the absorbing column density, N_H (medium filter). . . . . . . . . . . . . . . . . . . . . . . . . . . 60 53 EPIC pn flux to count rate conversion factors for various black body spectra and different values for the absorbing column density, N_H (thin filter). . . . 60 54 EPIC pn flux to count rate conversion factors for various black body spectra and different values for the absorbing column density, N_H (medium filter). . 61 55 EPIC flux to count rate conversion factors for one MOS camera for various black body spectra and different values for the absorbing column density, N_H (thin filter). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 56 EPIC flux to count rate conversion factors for one MOS camera for various black body spectra and different values for the absorbing column density, N_H (medium filter). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 57 Schematic drawing of a grating, including some of the key dispersion angles. 64 58 Sketch of an RFC chip array, with 9 MOS CCDs. The half of each CCD at large camera-y coordinates is exposed to the sky, the other half is used as a storage area. The dispersion direction is along the “Z” axis, so that higher energies (shorter wavelengths) are dispersed to higher values in Z. Using the spacecraft axis, the BETA value (dispersion direction) is antiparallel to Z, and the cross-dispersion is parallel to Y. This translates onto the sky such that cross-dispersion is antiparallel to Y, and BETA is antiparallel to Z. . . 65 59 RGS -1 wavelength scale accuracy. See text for details. . . . . . . . . . . . 67 60 RGS -2 wavelength scale accuracy. See text for details. . . . . . . . . . . . 68

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: xi

61 Example of RGS data for one calibration observation (id: 0121500201001) of Capella. The color scale represents a logarithmic intensity scale. The dispersion axis runs horizontally and increases to the right. Low dispersion angle corresponds to shorter wavelengths, higher energies and therefore a higher signal in the CCD’s. The top panel shows the image of the dispersed light on the detector (the cross dispersion is along the vertical axis). The bottom panel shows the order selection plane, with the CCD’s energy or PI information on the ordinate. This also illustrates the mechanism used for separating −1 and −2 grating orders onto the RGS focal cameras. In the bottom panel the low and high level thresholds are visible. Standard data selections are indicated by the red curves. In the top panel effects of fixed pattern noise at the long wavelength side of the RGS band are seen. . . . . 69 62 Comparison of Line Spread Functions with pre-flight simulations. The OVIII Lyα (λ = 18.97 Å) line was used to compare data with simulations with SciSim. Data are shown with solid lines, simulations are show with dash-dotted lines. The LSF for RGS -1 is plotted left, that for RGS -2 on the right. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 63 A close-up view of the OVIII Lyαλ18.97Å line, along the cross-dispersion direction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 64 The resolving power (HEW and FWHM) of RGS -1 (left) and RGS -2 (right) in the –1 and –2 grating orders. HEW indicates the detectability of a weak feature against a strong continuum and FWHM whether two closely spaced spectral lines can be resolved. . . . . . . . . . . . . . . . . . . . . . . 71 65 The predicted resolving power (λ/Δλ_{FWHM} = E/Δ E) of both RGS -1 and RGS -2, first and second grating order. Measured individual lines for a variety of targets and spectral order extractions are also shown for comparison. The different instruments and extraction orders are color and symbol coded. Some of the measured values may have significant line velocity broadening. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 66 The effective area of both RGS units combined as a function of energy and wavelength (top and bottom horizontal scale, respectively) See text for detailed explanations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 67 The effective areas of both RGS units separately as a function of energy and wavelength (top and bottom horizontal scale, respectively). See text for detailed explanations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 68 The RGS -1 effective area as a function of off-axis angle. The gap due to the non-operational CCD is not included in this plot to allow quick extrapolation to RGS -2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 69 The average quiet background spectra from first (top) and second (bottom) order regions. RGS -1. is shown in black, RGS -2 in red. Large errors in some channels are presumably due to small number of non-bad pixels within those beta channels. An enhancement of the count rate below 7 Å in each RGS is due to a change in the width of the pulse height filter at that wavelength. There are bumps around ∼ 32 Å in both RGS spectra. The origin(s) have not been fully understood but the most likely explanation is a somewhat higher dark current for CCD2 in both RGS instruments (they are the only two devices from an early lot). . . . . . . . . . . . . . . . . . . 79

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: xii

70 RGS avoidance angles for sources brighter than 4 (5) optical magnitudes (right/left panel). -Z is the dispersion direction of RGS, Y is the crossdispersion direction. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 71 Coronal spectrum of the binary star Capella. The RGS -1 first order spectrum is shown with some line identification labels. The total exposure time is 53 ks (adapted from Audard et al. 2001, A&A 365, L329) . . . . . . . . 83 72 RGS spectra of the highly variable low-mass X-ray binary EXO 0748-67.

The three panels show the spectra for three different activity states (low emission, active variation and burst). The spectra are binned to 0.035 Å per bin. The cumulative exposure time for each spectrum is indicated (Cottam et al. 2001, A&A 365, L277) . . . . . . . . . . . . . . . . . . . . . . . . . . 84 73 Detail of the EXO 0748-67 RGS spectrum. The O VII He-like lines are shown overlaid with the instrument line spread function, broadened to account for a 1390 km s^{−1} velocity field. The contributions from the resonance line (r), intercombination lines (i), and forbidden line (f) are shown with thin lines. The thick line shows the combined fit (Cottam et al. 2001, A&A 365, L277) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 74 The first order RGS spectrum of the supernova remnant 1E 0102.2-7219, located in the Small Magellanic Cloud. The effective exposure time is 29.7 ks for each RGS , after selection of low background periods in a 37.9 ks exposure. RGS -1 is plotted in black, RGS -2 in red. The data are provided in both linear and logarithmic scales. This figure and the next one show that almost the nominal RGS spectral resolution can be achieved even for moderately extended (Δθ ∼ 2^′) objects (Rasmussen et al. 2001, A&A 365, L231) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 75 Detail of the 8–20 Å region of the spectrum shown in the previous figure.

First (black) and second (red) order are plotted separately. The data from the two spectrometers have been averaged for each order extraction. The higher spectral resolution and resilience to source extent is clearly seen in second order, where some line complexes blended in first order are resolved (Rasmussen et al. 2001, A&A 365, L231) . . . . . . . . . . . . . . . . . . . 86 76 Detail of the oxygen line profile in the 1E 0102.2-7219 spectrum (cp previous two figures) The plot compares the point source line spread function for RGS -1, the approximate monochromatic line profile based on the target’s angular distribution and an heuristic wavelength broadening template function that is applied in addition to the angular distribution (Rasmussen et al. 2001, A&A 365, L231) . . . . . . . . . . . . . . . . . . . . . . . . . . 86 77 The RGS spectrum of the bright starburst nucleus of the nearby edge-on galaxy NGC 253, binned to 0.07Å per bin. The effective exposure time is ∼ 53.4ks for each spectrograph, after selection of low background periods. The extraction region is 1^′ along the minor disk axis. (Pietsch et al. 2001, A&A 365, L174) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 78 The RGS spectra of two bright, nearby, Narrow Line Seyfert 1 galaxies.

MCG–6–30–15 (top) was observed for a total of 120 ks while Mrk 766 (bottom) exposure time is 55 ks. (Branduardi-Raymont et al. 2001, A&A 365, L140) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: xiii

79 RGS spectrum of the rich cluster of galaxies Sérsic 159-03 (Abell S 1101).

The effective exposure time is 36 ks. The plot also shows in red a fit with a two components cooling flow model. Note the redshifted OVIII Lyα line at 20.0Å and the Fe XXIV, Fe XXIII and Ne X lines between 11.2 and 12.8 Å(Kaastra et al. 2001, A&A 365, L99) . . . . . . . . . . . . . . . . . . . . 88 80 The light path in XMM-Newton’s optical/UV telescope, OM. . . . . . . . 103 81 Sketch of the OM micro-channel plate intensified CCD (MIC) detector. . . . 104 82 Setup of OM imaging mode default mode observations consisting of a sequence of 5 exposures. The science windows are indicated by solid lines, the detector windows by dashed lines. A 16 in-memory pixel margin around the science window is allocated to accommodate spacecraft drifts. . . . . . . . . 105 83 Example of a field imaged with the default Image Mode configuration. . . . . 106 84 Optics+detector OM PSF in different filters . . . . . . . . . . . . . . . . . . 107 85 Throughput curves for the OM filters, folded with the detector sensitivity. . 107 86 The OM grism throughput, folded with the detector response. . . . . . . . . 108 87 Spectrum of the white dwarf BPM 16274, obtained with the OM visual grism.

The deep absorption features are H-absorption. The semi-periodic fluctuations are due to fixed pattern noise. . . . . . . . . . . . . . . . . . . . . . . . 108 88 OM count rates vs. filter selection for stars of different spectral type with m_v = 20 mag. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 89 Theoretical (red line) and empirical (blue line) coincidence loss correction curves superposed to flight data . . . . . . . . . . . . . . . . . . . . . . . . . 109 90 Out-of-focus ghost image (“smoke ring”) of a bright field star, during a 3C273 observation. Clearly visible is the strong fixed pattern noise around the bright source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 91 Straylight ellipses caused by reflection of a star outside the field of view, taken from the PKS 0312 offset 6 field (V filter in use). The average background rate is 15 counts pixel^{−1} per exposure; in the bright straylight loop is 30 counts pixel^{−1}. The background is also enhanced in the central region due to reflection of the diffuse sky light from outside the field. In the center it rises to ≃3 times the average background rate. . . . . . . . . . . . . . . . 111 92 Positional error of sources in a field of view, where the distortion map has been applied. The histogram was made using sources from the 3C273 field fitted to a map derived from the LMC field . . . . . . . . . . . . . . . . . . . 111 93 When the boundaries of OM science windows are defined in detector pixel coordinates, the relative location of the windows with respect to each other does not change. However, different areas on the sky are imaged under different position angles. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 94 Defining the locations of OM science windows in sky coordinates one makes sure that (approximately) the same area of the sky is imaged under different position angles. Now, however, the OM science windows can change their relative locations. Windows 3 and 5 (which used to be in the upper left corner of window 3, see previous figure) are now partially overlapping, which is not allowed and window 4 is now partly outside the OM FOV (which is also not allowed). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 95 The effective area of both RGS units combined and RGS-1 (linear scale), compared with Chandra’s ACIS-S instrument with various transmission gratings. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: xiv

96 Comparison of a 30 ks observation of a cluster with a 6 keV thermal plasma spectrum with Chandra ACIS-I (bottom) and XMM-Newton EPIC (top). Normalised counts are counts per spectral bin. . . . . . . . . . . . . . . . . . 118 97 Comparison of Chandra ACIS-I vs. XMM-Newton EPIC (pn and MOS) pile-up for different total frame count rates. The frame times are 3.3, 2.8 and 0.07 seconds for ACIS-I, MOS and pn, respectively. . . . . . . . . . . . 119 98 Comparison of Chandra ACIS-I vs. XMM-Newton EPIC (pn and MOS) pile-up for different incident source fluxes, after conversion of counts per frame to flux units, adopting an α = −1.7 power law spectrum with an absorbing hydrogen column density of 3 × 10^{20} cm^{−2}. . . . . . . . . . . . . . 119 99 Sketch of the highly elliptical XMM-Newton orbit. Figure provided by Dornier Satellitensysteme GmbH. . . . . . . . . . . . . . . . . . . . . . . . . 120 100 Approximate sky visibility (in % of the total theoretically available time) during orbits 400–600 of XMM-Newton operation. Coordinates are equatorial, in units of degrees, centred on (180,0). . . . . . . . . . . . . . . . . . 125 101 Sky areas for which a given maximum target visibility is not reached during orbits 400–600 of XMM-Newton operation. Same coordinates as in Fig. 100. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126 102 The top-level GUI of the XMM-Newton Science Simulator (SciSim), presenting a field of view on the sky that will display any emitting sources that can be chosen from catalogues or defined by the user. . . . . . . . . . . . . . 143 103 The configuration GUI of SciSim, displaying which parts of XMM-Newton will be modeled. In the setup shown, all instruments will be modeled and the data will be stored in the files om.out (OM), epic.out (EPIC) and rfc.out (RGS). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144 104 The GUI of SciSim’s Space Craft Simulator. . . . . . . . . . . . . . . . . . . 147 105 The GUI of SciSim’s Ray Generator. . . . . . . . . . . . . . . . . . . . . . . 148 106 Simulation of a 30 ks observation of a cluster with a 6 keV thermal plasma spectrum with XMM-Newton EPIC-pn (thin filter). Normalised counts are counts per spectral bin. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153 107 The dispersion along the dispersion coordinate, Z (in mm), vs. CCD PHAchannel output of an RGS spectrum in –1. and –2. grating orders onto the RGS focal cameras, assuming equal gains of all CCD output nodes. This also illustrates the mechanism used for separating spectral orders. . . . . . . 155

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: xv

List of Tables

1 XMM-Newton characteristics – an overview . . . . . . . . . . . . . . . . 9 2 The on-axis in orbit and on ground 1.5 keV PSFs of the different X-ray telescopes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 3 Basic numbers for the science modes of EPIC . . . . . . . . . . . . . . . . 31 4 Detection limits for different energy bands, based on data from the Lockman hole (Hasinger et al. (2001), Tab. 2) . . . . . . . . . . . . . . . . . . . . . 46 5 The effect of pile-up on spectral fits . . . . . . . . . . . . . . . . . . . . . . 49 6 The RGS key performance parameters . . . . . . . . . . . . . . . . . . . . . 64 7 The wavelength and energy ranges^1 covered by the chips of RGS -1 and RGS -2 for an on-axis source . . . . . . . . . . . . . . . . . . . . . . . . . 66 8 The energy ranges covered by the RGS in different grating orders . . . . . 67 9 The RGS science data acquisition modes . . . . . . . . . . . . . . . . . . . 81 10 OM characteristics – an overview . . . . . . . . . . . . . . . . . . . . . . . 89 11 The science data acquisition modes of OM . . . . . . . . . . . . . . . . . . 91 12 OM exposure time constraints . . . . . . . . . . . . . . . . . . . . . . . . . 94 13 OM on-board PSF FWHM in different lenticular filters . . . . . . . . . . . . 95 14 OM optical elements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 15 Zeropoints for various OM filters . . . . . . . . . . . . . . . . . . . . . . . . 96 16 OM count rates [10^{−4} counts/s] as function of spectral type for stars with m_V = 20 mag under the assumption of a zero deadtime detector . . . . . . 97 17 Required exposure times for different types of stars with m_V = 23 mag^1 . . 98 18 Limiting magnitudes for a 5-σ detection in 1000 s^1 . . . . . . . . . . . . . 98 19 Levels of different OM background contributors . . . . . . . . . . . . . . . . 99 20 The m_V brightness limits for all OM filters. An A0 type star spectrum is assumed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 21 Comparison of XMM-Newton with other X-ray satellites . . . . . . . . . 116

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 1

1 Glossary

For more information on frequently used technical terms, see also the XMM-Newton Glossary.

Acronym Explanation ACIS Chandra CCD Imaging Spectrograph AHF Attitude History File AMA Absolute Measurement Accuracy AO Announcement of Opportunity AOCS Attitude and Orbit Control and Measurement Subsystem AMS Archive Management Subsystem CAL Calibration Access Layer CCD Charge Coupled Device CCF Current Calibration File Chandra Chandra X-Ray Observatory CTE Charge Transfer Efficiency CVZ Continuous Viewing Zone DEC Declination, δ(J2000) DPU Digital Processing Unit EPIC European Photon Imaging Camera ERMS EPIC Radiation Monitor Subsystem ESTEC European Space Research and Technology Centre EW Equivalent Width FAQ Frequently Asked Question FITS Flexible Image Transport System FM Flight Module FOV Field Of View FWHM Full Width at Half Maximum GO Guest Observer GSFC Goddard Space Flight Center GT(O) Guaranteed Time (Observer) GTI Good Time Interval GUI Graphical User Interface HEASARC (NASA) High Energy Astrophysics Science Archive Research Center HED High Energy Detector (of the ERMS) HER RGS high event rate (selectable mode) HETG (Chandra) High Energy Transmission Grating HEW Half Energy Width HRC (Chandra) High Resolution Camera HTR High Time Resolution (mode of the RGS) LED Low Energy Detector (of the ERMS) LETG (Chandra) Low Energy Transmission Grating LSF Line-spread Function METG (Chandra) Medium Energy Transmission Grating

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 2

MOC XMM-Newton Mission Operation Centre MOS Metal Oxide Semi-conductor OBDH Onboard Data Handler OCB On-Chip Binning ODF Observation Data File ODS Observation Data Subsystem OGIP (NASA’s) Office of the Guest Investigator Program OM Optical Monitor OTAC Observatory Time Allocation Committee PHA Pulse Height Analyser PHS Proposal Handling Subsystem PI Principal Investigator PIMMS Portable, Interactive Multi-Mission Simulator PPS Pipeline Processing Subsystem PSF Point-Spread Function PV Performance Verification QE Quantum Efficiency RA Right Ascension, α(J2000) RAF Raw Attitude File RFC RGS Focal Camera RFS Refreshed Frame Store mode of EPIC MOS RGA Reflection Grating Assembly (of the RGS) RGS Reflection Grating Spectrometer RPE Relative Pointing Error SAS Science Analysis Subsystem SciSim XMM-Newton Science Simulator SDF Slew Data File SER RGS split event reconstruction (selectable mode) SES RGS single event selection (selectable mode) SGS Sequence Generator Subsystem SMP Science Management Plan SOC XMM-Newton Science Operations Centre SSC Survey Science Centre SSD Software Specification Document TBC To Be Confirmed TBD To Be Determined TOC Table of contents ToO Target of Opportunity UHB XMM-Newton Users’ Handbook URD User Requirements Document URL Unique Resource Location W 90 90% energy width WWW World Wide Web XID X-ray source identification (by the SSC)

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 3

XMM-Newton X-ray Multi-Mirror Mission XRPS Remote Proposal Submission XSA XMM-Newton Science Archive

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 4

2 Introduction

2.1 Scope of this document

This document is designed to be the starting point for XMM-Newton users in the search for information on the instrumentation on board of the satellite. Users working with a printed (postscript or PDF) version of this document, please note that the online XMM-Newton Users’ Handbook (UHB) is full of links to other components of our webbased information system (and other, external servers). Also, most of the figures are colour based and some do not reproduce well in black and white. Various appendices also provide introductions and links to other online services of the XMM-Newton Science Operations Centre (SOC) and the Survey Science Centre (SSC).

The XMM-Newton UHB is primarily intended to serve as a proposal preparation document, based on which potential XMM-Newton users will be able to assess the technical feasibility of their planned observations and the expected data quality. Details on how to fill out the proposal submission forms of the XMM-Newton Remote Proposal Submission (XRPS) software are described in a separate document, the XRPS Users’ Manual. An updated version of the XRPS Users’ Manual will be available in time for each Announcement of Opportunity (AO).

In addition, this document provides an overview of XMM-Newton data calibration and analysis (the Science Analysis Subsystem, SAS) mainly specifying links to related documents for further reading.

2.2 Structure and contents of the Users’ Handbook

This document contains, in the order listed here:

1. A concise summary of XMM-Newton’s properties and the instruments onboard, intended for use as a guideline for observers writing XMM-Newton proposals, and a short description of how to conduct observations with XMM- Newton. Most of the information needed for this purpose is contained in § 3 and § 4 and in some of the appendices (the necessary links are provided in § 3 and 4, as well).

2. The next chapter (§ 5) describes the XMM-Newton Guest Observer (GO) program.

3. A brief description of the data calibration and analysis (§ 6, which also introduces the XMM-Newton Science Analysis Subsystem SAS) and of the XMM-Newton Science Archive (§ 6.4).

4. Appendices on related issues, like e.g., the XMM-Newton Science Simulator (SciSim; Appendix A) and the XMM-Newton Survey Science Centre (SSC; Appendix B).

CAVEAT: This version of the UHB is the first one to reflect the experience acquired in-orbit with the satellite and the instruments. It is therefore much more complete and accurate than previous versions which should be discarded. The information contained in this document represents the best current understanding of XMM-Newton at the time of release. Updates, if necessary, will be made as soon as possible after evaluation of incoming new information.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 5

The information contained in x 3, 4 and 5 and appendix A should supply sufficient detail to enable the reader to prepare the submission of an XMM-Newton observing proposal via the XMM-Newton Remote Proposal Submission software (XRPS).

2.3 Location

This document forms part of the online XMM-Newton SOC documentation server on the WWW, at the URL http://xmm.vilspa.esa.es. The URL of the interface document leading to the XMM-Newton Users’ Handbook is

http://xmm.vilspa.esa.es/user/uhb top.html.

2.4 Sources of information

Whenever possible information presented in this document comes from in-flight observations. As the analysis of calibration data is still ongoing, some plots are still based on model simulations using the XMM-Newton Science Simulator (SciSim) though.

Information on flux to count rate conversions comes from the HEASARC PIMMS software provided by the XMM-Newton Guest Observer Facility at NASA’s Goddard Space Flight Center. The SOC will supply updated information to HEASARC so that PIMMS reflects the latest EPIC effective area in time for AO–2.

2.5 Updates on this document

It is intended not to update this document during a call for proposals. If, however, new information which is significant for the proposal preparation becomes available, the user will be informed via the XMM-Newton News Mailing List.

The version number of the latest release of the UHB is always visible in the XMM- Newton Users’ Handbook introduction page leading to this document.

2.6 How to obtain further help and information

The Users’ Handbook is an integral part of the SOC’s web-based online information system and it contains lots of links to other components of the web server. All links can also always be reached via the SOC home page.

Additionally, in order to facilitate the search for more information, § 7 of this document contains a compilation of relevant links and references.

The contact address for users who need help or additional information, or who want to send suggestions on how to improve our system, is xmmhelp@xmm.vilspa.esa.es. All questions relating to AO and observing matters should be directed to this account. The SOC is collecting users’ questions which can be accessed via the XMM-Newton helpdesk at http://xmm.vilspa.esa.es/xmmhelp.

2.7 Acknowledgements

Extensive contributions to several sections of the Users’ Handbook are gratefully acknowledged, especially from

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 6

• B.Aschenbach and P.Gondoin (§ 3.2, X-ray Telescopes),

• D.Lumb, U.Briel, A.De Luca, K.Dennerl, P.Ferrando, M.Freyberg, G.Griffiths, F.Haberl, E.Kenziorra, M.Kirsch, S.Molendi and S.Sembay (§ 3.3, EURO- PEAN PHOTON IMAGING CAMERA (EPIC)),

• C.Erd, J.W.den Herder, M.Audard, C.Gabriel, F.Paerels, A.Rasmussen, M.Sako and T.Tamura (§ 3.4, REFLECTION GRATING SPECTROMETER (RGS)),

• A.Breeveld, B.Cheng, I.Antokhin, K.O.Mason, R.Much and A.Talavera (§ 3.5, OPTICAL MONITOR (OM)),

• M.Watson (Appendix B, XMM-Newton Survey Science Centre (SSC)).

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 7

3 XMM-Newton – a concise overview

XMM-Newton is the second of ESA’s four “cornerstone” missions defined in the Horizon 2000 Programme. It was launched on December 10th, 1999 and carries two distinct types of telescopes: three Wolter type-1 X-ray telescopes, with different X-ray detectors in their foci (which are described in this chapter), and a 30-cm optical/UV telescope with a microchannel-plate pre-amplified CCD detector in its focal plane (see also below). Thus, XMM-Newton offers simultaneous access to two windows of the electromagnetic spectrum: X-ray and optical/UV.

XMM-Newton provides the following three types of science instruments:

1. European Photon Imaging Camera (EPIC) 3 CCD cameras for X-ray imaging, moderate resolution spectroscopy, and Xray photometry; the two different types of EPIC cameras, MOS and pn, are described in § 3.3. XMM-Newton carries 2 MOS cameras and one pn.

Figure 1: Sketch of the XMM-Newton payload. The mirror modules, two of which are equipped with Reflection Grating Arrays, are visible at the lower left. At the right end of the assembly, the focal X-ray instruments are shown: The EPIC MOS cameras with their radiators (black/green “horns”), the radiator of the EPIC pn camera (violet) and those of the (light blue) RGS detectors (in pink). The OM telescope (orange) is obscured by the lower mirror module. Figure courtesy of Dornier Satellitensysteme GmbH.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 8

2. Reflection Grating Spectrometer (RGS) 2 essentially identical spectrometers for high-resolution X-ray spectroscopy and spectro-photometry (§ 3.4).

3. Optical Monitor (OM)

for optical/UV imaging and grism spectroscopy; § 3.5 provides an overview.

The three EPIC cameras and the two detectors of the RGS spectrometers reside in the focal planes of the X-ray telescopes, while the OM has its own telescope. A sketch of the XMM- Newton payload is displayed in Fig. 1. There are in total six science instruments onboard XMM-Newton, which are operated simultaneously (unless prohibited by constraints, like e.g., excessive target brightness). The instruments can be operated independently and each in different modes of data acquisition. Observers will receive data from all science instruments.

3.1 Basic characteristics

The most important characteristics of XMM-Newton are compiled in Table 1. More detailed numbers will follow in the chapters on the individual instruments (below) and a comparison with other X-ray satellites is provided in § 3.7. The basic characteristics of XMM-Newton are:

• Simultaneous operation of all science instruments If not prohibited, e.g. by target brightness constraints, all six XMM-Newton science instruments operate simultaneously. They work independently (i.e., exposures of the individual instruments do not necessarily start and end at the same time).

• High sensitivity

XMM-Newton carries the X-ray telescopes with the largest effective area of a focusing telescope ever: the total mirror geometric effective area at 1.5 keV energy is ca. 1550 cm^2 for each telescope, i.e., 4650 cm^2 in total.

• Good angular resolution

XMM-Newton’s high sensitivity is achieved by using 58 thin nested mirror shells in each X-ray telescope. The achieved point-spread function (PSF) has a full width at half maximum (FWHM) on the order of 6^{′′} and a HEW, at which 50% of the total energy are encircled, of ca. 15^{′′}.

• Moderate and high spectral resolution

The EPIC CCD cameras have moderate spectral resolution (with a resolving power, E/ΔE, of ca. 20–50). The RGS spectrometers offer much higher spectral resolution, with a resolving power in the range of 200–800.

• Simultaneous optical/UV observations

Observations with the co-aligned OM optical/UV telescope render possible the monitoring and identification of optical/UV counterparts of X-ray sources seen by the X-ray telescopes as well as imaging of the surrounding field.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 9

Table 1: XMM-Newton characteristics – an overview

Instrument EPIC MOS EPIC pn RGS OM Bandpass 0.15–12 keV 0.15–15 keV 0.35–2.5 keV^1 160–600 nm Orbital target vis.^2 5–135 ks 5–135 ks 5–145 ks 5–145 ks Sensitivity^3 ∼ 10^{−14 (4)} ∼ 10^{−14 (4)} ∼ 8 × 10^{−5 (14)} 24 mag^{12} Field of view (FOV) 30^{′ 5} 30^{′ 5} ∼ 5^′ 17^′ PSF (FWHM/HEW)^6 5^{′′}/14^{′′} 6^{′′}/15^{′′} N/A ∼ 1^{′′} Pixel size 40 μm (1.1^{′′}) 150 μm (4.1^{′′}) 81 μm (9 × 10^{−3} Å)^{13} 0.5^{′′ 7} Timing resolution^8 1.5 ms 0.03 ms 16 ms 500 ms Spectral resolution^9 ∼ 70 eV ∼ 80 eV 0.04/0.025 Å^{10} 0.5/1.0 nm^{11}

Notes to Table 1:

1) In the –1. grating order (wavelength range: 5–35 Å; λ [Å] × E [keV] = 12.3984). 2) Total time available for science per orbit; minimum of 5 ks (excl. overheads, see § 4.5.2) in order to ensure observatory efficiency. EPIC observations can only be performed outside the Earth’s radiation belts (see § 4.2.1).

3) After 10 ks; cf. overview tables on the individual instruments. 4) In the range 0.15–15.0 keV, in units of erg s^{−1} cm^{−2}, see § 3.3.8 for details. 5) See Figs. 16, 17 and 18 for the detailed shape of the FOV. 6) See Fig. 4 for an in-flight point source measurement.

7) 1^{′′} with default 2 × 2 binning. A higher resolution is achieved with the OM magnifier (not available in AO2) 8) In fast data acquisition mode (i.e., fast mode for OM and timing mode for EPIC, high time resolution mode for RGS, reading out only one of nine CCDs). The EPIC pn burst mode offers an even higher timing resolution of 7μs, but has a very low duty cycle of 3%. 9) At 1 keV energy. At the energy of Fe Kα (6.4 keV), the energy resolution of both EPIC cameras is ca. 150 eV.

10) In –1. and –2. order, resp.; at 1 keV, this corresponds to 3.2/2.0 eV (HEW). 11) With grism 1 (UV) and grism 2 (optical), respectively.

12) For a 1000 s white light filter observation of a B0 star; dependent on pointing direction (celestial background).

13) In spectroscopy mode (standard 3 × 3 pixel on-chip binning applied). 14) O VII 0.57 keV line flux in photons cm^{−2} s^{−1}, for an integration time of 10 ks and a background of 10^{−4} photons cm^{−2} s^{−1} keV^{−1}. More details are provided in § 3.4.6.

• Long continuous target visibility A highly elliptical orbit offers continuous target visibility of up to about 40 hours, with a minimum height for science observations of 46,000 km. This is very favourable for studies of source variability and also in order to achieve a high overall observatory efficiency.

For a comparison of these basic characteristics with those of other past or contemporaneous X-ray satellite missions, see § 3.7.

More detailed information on the mirrors and on the instruments listed in Table 1 and their observing modes is provided in the following sections (§§ 3.2–3.5).

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 10

3.2 X-ray Telescopes

XMM-Newton’s three X-ray telescopes are co-aligned with an accuracy of better than about 1^′. One telescope has a light path as shown in Fig. 2; the two others have grating assemblies in their light paths, diffracting part of the incoming radiation onto their secondary focus. Fig. 3 shows the light path in the latter two X-ray telescopes onboard XMM-Newton. Ca. 44% of the incoming light focused by the multi-shell grazing incidence mirrors is directed onto the camera at the prime focus, while 40% of the radiation is dispersed by a grating array onto a linear strip of CCDs. The remaining light is absorbed by the support structures of the RGAs.

The focal instruments are described in §§ 3.3, 3.4 and 3.5. First we explain the most important properties of the mirror assemblies.

The performance of each X-ray telescope is characterised by:

1. the image quality,

2. the effective area and

3. the straylight rejection efficiency,

which will be described in the following.

Figure 2: The light path in XMM-Newton’s open X-ray telescope with the pn camera in focus (not to scale).

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 11

Figure 3: The light path in the two XMM-Newton telescopes with grating assemblies (not to scale). Note that the actual fraction of the non-intercepted light that passes to the primary MOS focus is 44%, while 40% of the incident light is intercepted by grating plates of the RGA.

3.2.1 X-ray point-spread function

The first critical parameter determining the quality of an X-ray mirror module is its ability to focus photons. Here lies one of XMM-Newton’s major strong points: the core of its on-axis point-spread function (PSF) is narrow and varies little over a wide energy range (0.1–4 keV). Above 4 keV, the PSF becomes only slightly more energy dependent.

3.2.1.1 On-axis PSF

Each of the three Wolter-type X-ray telescopes onboard XMM-Newton has its own point-spread function (PSF). As an example, Fig. 4 shows the in orbit on-axis PSF of the MOS1, MOS2 and pn X-ray telescopes, registered on the same source. This figure is primarily provided to show the shape of the PSF, with for example the radial substructures caused by the spiders holding the mirror shells. Values for the full width at half maximum (F W HM) and half energy width (HEW ) of the PSFs (both in-orbit and ground measurements) are listed in Table 2.

Fig. 5 displays the azimuthally averaged profile of the PSF of one X-ray telescope together with the best-fit King profile^1.

Figs. 6 and 7 show the fractional encircled energy as a function of radius from the centre

1A King profile has the form A(1/([1 + (r/rc)^2]^α)), where r is the radial distance from the centre of the PSF, rc is the core radius and α is the slope of the King model.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 12

Figure 4: On axis point spread function of the MOS1, MOS2 and pn X-ray telescopes (left to right) registered on the same source with each MOS camera in Small Window Mode, and the pn camera in Large Window mode. The pixel size is 1.1 arcsec square for the MOS, and 4.1 arcsec square for the pn. The images are 110 arcsec wide. A logarithmic scale has been used to visualize the wings of the point spread function. The core of the PSF is piled-up for this source, with a different factor for the MOS and the pn. The star-like pattern is created by the spider which supports the 58 co-axial Wolter I mirrors of the telescope. The shape of the point spread function core is slightly different for all cameras, with MOS2 having a somewhat triangular shape.

of the PSF for several different energies. For on-axis sources, high energy photons are reflected and focused predominantly by the inner shells of the X-ray telescope. The inner shells apparently give better focus than the average of all shells, hence the fractional encircled energy increases with increasing photon energy. Above 12 keV, the effective area, A_e, is very small, which makes simulations and the calibration of the PSF at such high energies unreliable.

Please note that the PSF measurements by the EPIC cameras might depend on the instrument readout mode, through combinations of out-of-time event smearing and/or pile-up. The PSF can be severely affected by pile-up effects when the count rate exceeds a few counts per frame. Depending on the selection of event types in the EPIC event analysis

Table 2: The on-axis in orbit and on ground 1.5 keV PSFs of the different X-ray telescopes

Mirror module 2 3 4 Instr. chain^a pn MOS-1+RGS-1 MOS-2+RGS-2 orbit/ground orbit/ground orbit/ground FWHM [^{′′}] < 12.5^b/6.6 4.3/6.0 4.4/4.5 HEW [^{′′}] 15.2/15.1 13.8/13.6 13.0/12.8

Notes to Table 2:

a) The instruments located behind the mirror module.

b) The core of mirror module 2 cannot be resolved in orbit because of the large pn-CCD pixel size, but studies are under way to deduce a maximum value of the width of the PSF core.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 13

Figure 5: Radial count distribution for the on-axis PSF of the MOS1 X-ray telescope in the 0.75-2.25 keV energy range. A King profile (solid black line) best fit to the in-orbit measurement (red crosses) is shown for comparison.

process, a hole can even appear in the core of the PSF due to the lack of isolated events under high flux conditions (see § 3.3.9).

3.2.1.2 Off-axis PSF

The PSF of the X-ray telescopes depends on the source off-axis angle, i.e., its distance from the centre of the field of view (FOV). It also depends slightly on the source azimuth within the FOV. In Fig. 8 the dependence of the shape of the XMM-Newton X-ray PSF on the position within the FOV is presented, based on measurements during ground calibration. One can see that the PSF at large off-axis angles is elongated due to off-axis aberration (astigmatism). The reader is also referred to Figs. 16, 17 and 18 for an impression of the in-orbit appearance of the off-axis PSF.

For the two EPIC MOS cameras, the PSF is also affected at a level of a few times 10^{−4} (integral relative intensity) by scattering off the RGA rib structures. This contribution, however, is negligible in the vast majority of cases.

It is important to know the encircled energy fraction at different positions in the FOV, e.g., to use the correct extraction areas for source photons. In Fig. 9 we show the dependence of the radius at which 90% of the total energy is encircled (W 90) on the off-axis angle. Note that as the off-axis angle increases the energy dependence of the PSF changes as focusing of high energy photons is no longer confined to the inner shells. A large fraction of these high energy photons are redistributed into the wings of the PSF by X-ray scattering hence W 90 is larger at high energies than at soft energies for large off-axis angles.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 14

Figure 6: The pn fractional encircled energy as a function of angular radius (on-axis) at different energies. The curves were calculated assuming a fractional encircled energy of 100% at a radial distance of 5 arcmin.

Figure 7: The MOS1 fractional encircled energy as a function of angular radius (on-axis) at different energies. The curves were calculated assuming a fractional encircled energy of 100% at a radial distance of 5 arcmin.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 15

Figure 8: The dependence of the X-ray PSF’s shape on the position in the field of view. This image was made from Panter measurements, thus not under flight conditions, but the PSFs are representative. Measurements were taken at off-axis angles of 7^′ and 14^′, at 4 (6) different azimuthal positions. The intensity scale is logarithmic.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 16

Figure 9: The W 90 radius of a point source as a function of off-axis angle at different energies. The curves were calculated assuming a fractional encircled energy of 100% at a radial distance of 5 arcmin, independent of the off-axis angle.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 17

3.2.2 X-ray effective area

The second important characteristic of the mirror performance is their effective area, A_e, which reflects the ability of the mirrors to collect radiation at different photon energies.

3.2.2.1 On-axis effective area

The most important information for XMM-Newton users is the mirror effective area, folded through the response of the different focal instruments. These are shown in Figs. 10 and 11. The effective areas have been extracted from the ready-made EPIC response matrices (full-frame mode, thin filter) and from response matrices created with the SAS task rgsrmfgen in case of the RGS’s. One can see that the XMM-Newton mirrors are most efficient in the energy range from 0.1 to 10 keV, with a maximum at about 1.5 keV and a pronounced edge near 2 keV (the Au M edge). The effective areas of the two MOS cameras are lower than that of the pn, because only part of the incoming radiation falls onto these detectors, which are partially obscured by the RGAs (Fig. 3).

Figure 10: The net effective area of all XMM-Newton X-ray telescopes, combined with the response characteristics of the focal X-ray instruments, EPIC and RGS (linear scale).

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 18

Figure 11: The net effective area of all XMM-Newton X-ray telescopes, combined with the response characteristics of the focal X-ray instruments, EPIC and RGS (logarithmic scale).

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 19

3.2.2.2 Off-axis effective area

Not only the shape of the X-ray PSF, but also the effective area of the mirrors is a function of off-axis angle within the mirrors’ 30^′ FOV. With increasing off-axis angle, less of the photons entering the telescopes actually reach the focal plane. This effect is called “vignetting”. The vignetting of the XMM-Newton telescopes, which is reflected by the decline of the X-ray telescope’s effective area as a function of off-axis angle, is displayed for a few energies for the X-ray telescope 2 in Fig. 12.

Figure 12: Vignetting function as a function of off-axis angle (0^′–15^′, based on simulations), at a few selected energies, of the X-ray telescope 2 in front of the pn camera

The off-axis vignetting in the two telescopes with an RGA has a dependence on angle with respect to the RGAs’ dispersion direction. A source at an off-axis position perpendicular to the dispersion direction will be vignetted by a different amount to one at a position parallel to the dispersion direction. This azimuthal dependency of the vignetting is shown in Fig. 13.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 20

Figure 13: Vignetting function as a function of azimuth angle of the X-ray telescope 3 in front of the MOS1 camera. The curves are given for an off-axis angle of 10 arcmin. Due to the presence of reflection grating assemblies in the exit beams of the X-ray telescopes 3 and 4, the vignetting functions measured in the MOS cameras are modulated azimuthally.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 21

3.2.3 Response matrices used in the SAS data analysis

The EPIC and RGS response matrices generated by the SAS tasks ‘rmfgen’ and ‘rgsrmfgen’ already include the effective area of the telescopes together with the vignetting or the diffraction efficiency of the gratings, the transmissions of the filters and the quantum efficiency of the detectors.

Depending on the selected source extraction window in EPIC and on the spectrum extraction region in RGS, the SAS tasks ‘rmfgen’ and ‘rgsrmfgen’ apply additional corrections for count losses out of these windows. In the case of EPIC, this is performed using encircled energy fractions of the point spread function calibrated for the different telescopes. The illustration of telescopes effective area and encircled energy functions are provided in this section only for general information. These graphs shall not be used for the purpose of effective area correction. This is normally done by the SAS tasks by the generation of the RGS and EPIC instrument response matrices. In particular situations, the user could produce tabulated values of the telescope effective area and encircled energy fraction using the SAS task ‘calview’. Should this be the case, the XMM-Newton SAS User’s Guide and the XMM-Newton Calibration Access and Data Handbook should imperatively be consulted.

3.2.4 Straylight rejection

The third important performance characteristic of the X-ray telescope, as listed above, is the efficiency of the straylight rejection.

Without X-ray baffles, the XMM-Newton mirror modules would suffer from X-ray straylight entering the tubes. The effect is that the image of a 30^′ area of the sky (the EPIC FOV) would be contaminated by a diffuse light background produced by X-ray sources located outside this field. X-ray straylight in EPIC is produced by rays which are singly reflected by the mirror hyperbolas and which reach the sensitive area of the camera. An X-ray baffle was implemented to shadow those singly reflected rays. It consists of two sieve plates made of concentric annular aperture stops located in front of the mirrors at 85 mm and 145 mm, respectively. The design is such that the entrance annular aperture of each mirror remains unobstructed for on-axis rays. Most of the rays with large off-axis angle are vignetted and cannot reach the detectors anymore via a single hyperbola reflection. The straylight collecting area in the EPIC detector as a function of off-axis angle for a point source is about 3 cm^2 for stray sources located between 20^′ and 1.4^∘ from the optical axis. At higher off-axis angles it is completely negligible. The ratio of the X-ray straylight collecting area to the on-axis effective area is smaller than 0.2% at 1.5 keV for a point source located at off-axis angles of 0.4–1.4^∘ and negligible at higher off-axis angles. This ratio, expressed in surface brightness values, is even smaller since the stray-image is unfocused at detector position.

Assuming a 10 counts/s source, for EPIC MOS on-axis observations half of the incoming photon flux is distributed over ca. 150 pixels (adopting a 15^{′′} HEW), with a central peak. The light of the same source, observed at a large off-axis angle, is distributed over about 1/4 or 1/5 of the total EPIC FOV (of order 10^6 pixels), leading to a mean count rate of 10^{−5} counts s^{−1} pixel^{−1} of diffuse straylight. However, this is only a rough approximation, because the stray radiation due to an off-axis point source is not uniformly distributed in the EPIC FOV, but produces near-annular structures in the image, as for example seen in Fig. 14.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 22

Figure 14: EPIC pn image of GRS1758-258 (a black hole candidate near the Galactic center) observed in the large window readout mode demonstrating the effect of straylight: in the upper part of the image, sharp arcs appear that are caused by single mirror reflections of photons possibly from GX 5-1 which is ∼ 40 arcmin offaxis to the north and outside the FOV.

This illustrates the high straylight rejection efficiency of the XMM-Newton mirror modules. EPIC observations of isolated sources and RGS spectra are hardly affected. For bright extended sources (which are larger than the EPIC FOV, such as some supernova remnants, clusters of galaxies, stellar clusters and star forming regions), on the contrary, there might be a degradation in the ability to perform spatially resolved spectroscopy. Simulations using SciSim (Appendix A) are strongly recommended prior to proposing observations in case the target is within 1.5^∘ of a bright X-ray source, or in case imaging is foreseen of an extended object that is larger than the EPIC 30^′ FOV. Which level of straylight is problematic for a given proposal depends largely on the scientific objectives and on the ratio of the flux of the off-axis source and the required minimum detectable source flux within the FOV.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 23

3.3 EUROPEAN PHOTON IMAGING CAMERA (EPIC)

Two of XMM-Newton’s X-ray telescopes are equipped with EPIC MOS (Metal Oxide Semi-conductor) CCD arrays, the third carries a different CCD camera called EPIC pn. In a nutshell, the XMM-Newton EPIC cameras offer the possibility to perform extremely sensitive imaging observations over a field of view of 30^′ and the energy range from 0.15 to 15 keV, with moderate spectral (E/ΔE ∼ 20 − 50) and angular resolution (6^{′′} FWHM; 15^{′′} HEW). The pn type camera can be operated with very high time resolution down to 0.03 ms in the timing mode and 0.007 ms (but with a very low duty cycle) in the burst mode. Note however that the absolute timing accuracy is determined by the process which correlates the on-board time to the universal time.

The detector layout and the baffled X-ray telescope FOV of both types of EPIC cameras are shown in Figs. 15 (which is just a rough sketch), 16, 17 and 18. For all cameras the sensitive area of the detector is about 30^′ across. The following details should be noted:

• The pn chip array is slightly offset with respect to the optical axis of its X-ray telescope so that the nominal, on-axis observing position does not fall on the central chip boundary (see boresight positions for pn marked in Fig. 18). This ensures that ≥ 90% of the energy of an on-axis point source are collected on one pn CCD chip.

• Onboard XMM-Newton there are two EPIC MOS cameras, rotated by 90^∘ with respect to each other.

• The dead spaces between the MOS chips are not gaps, but unusable areas due to detector edges (the MOS chips physically overlap each other, the central one being located slightly behind the ones in the outer ring).

All EPIC CCDs operate in photon counting mode with a fixed, mode dependent frame read-out frequency, producing event lists.^2 This allows for simultaneous imaging and non-dispersive spectroscopy due to the intrinsic energy resolution of the pixels.

Note: If for any reason a user should decide to observe a target with EPIC not onaxis, but instead off-axis, then for off-axis angles in excess of 2.5^′ the grating spectrum might slip off the RGS detector array (because the RGS FOV is about 5^′ across in the cross-dispersion direction). Observing off-axis can be complicated if the observer wants to avoid all the MOS and pn inter-chip gaps – very careful position angle and off axis angle compromises should be made.

3.3.1 Two types of EPIC cameras: MOS and pn

The two types of EPIC cameras are fundamentally different. This does not only hold for the geometry of the MOS chip array and the pn chip array (Figs. 16, 17 and 18), but other properties as well, like e.g., their readout times. The readout of the pn chips is much faster than that of the MOS cameras, because each pixel column has its own readout node. Another important difference is that the MOS chips are front-illuminated, while the pn CCDs are back-illuminated, which affects the detector quantum efficiencies decisively (§ 3.3.5).

2An event list is a table with one line per received event, listing (among others) attributes of the events such as the x and y position at which they were registered, their arrival time and their energy.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 24

Figure 15: A rough sketch of the field of view of the two types of EPIC cameras; MOS (left) and pn (right). The shaded circle depicts a 30^′ diameter area. For the alignment of the different cameras with respect to each other in the XMM-Newton focal plane refer to the text.

3.3.1.1 EPIC MOS chip geometry

The MOS chip arrays consist of 7 individual identical, front-illuminated chips. The individual CCDs are not co-planar, but offset with respect to each other, following closely the slight curvature of the focal surface of the Wolter telescopes. Technically, this leaves space for the connections to the central CCD. The numbering scheme for the EPIC MOS chip array, the individual chip coordinate frames and the directions of the detector coordinates are displayed in Figs. 19 and 20. Not visible in the figures is that the MOS chips have a frame store region which serves as a data buffer for storage before they are read out through the readout nodes, while the rest of the chip is obtaining the next exposure. As indicated above, the MOS cameras are mounted on those X-ray telescopes that also carry RGS instruments. Therefore, they receive only 44% of the reflected light.

3.3.1.2 EPIC pn chip geometry

The heart of the pn camera is a single Silicon wafer with 12 CCD chips integrated. The pn chip array numbering scheme, the individual chip coordinate frames and the directions of the detector coordinates are displayed in Fig. 21.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 25

Figure 16: The field of view of the EPIC MOS cameras: MOS1 (here) and MOS2 (next figure). The two MOS cameras view the same field as displayed in sky co-ordinates. In each case the camera detector co-ordinate frames are noted.

3.3.2 Science modes of the EPIC cameras

The EPIC cameras allow several modes of data acquisition. Note that in the case of MOS the outer ring of 6 CCDs remain in standard imaging mode while the central MOS CCD can be operated separately. Thus all CCDs are gathering data at all times, independent of the choice of operating mode. The pn camera CCDs can be operated in common modes in all quadrants for full frame, extended full frame and large window mode, or just with one single CCD (CCD number 4 in Fig. 21) for small window, timing and burst mode.

1. “full frame” and “extended full frame” (pn only) In this mode, all pixels of all CCDs are read out and thus the full FOV is covered.

2. “partial window”

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 26

Figure 17: The field of view of the EPIC MOS cameras (cntd. from previous figure): MOS2.

a) MOS In a partial window mode the central CCD of both MOS cameras can be operated in a different mode of science data acquisition, reading out only part of the CCD chip.

b) pn In large window mode only half of the area in all 12 CCDs is read out, whereas in small window mode only a part of CCD number 4 is used to collect data.

3. “timing” a) MOS + pn In the timing mode, imaging is made only in one dimension, along the column (RAWX) axis. Along the row direction, data from a predefined area on one CCD chip are collapsed into a one-dimensional row to be read out at

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 27

Figure 18: The field of view of the EPIC pn camera; The pn camera views the same field as displayed in Fig. 16 in sky co-ordinates. Again the camera detector co-ordinate frame is noted. The current prime boresight is marked with a small box. Position ’X’ shows the preferred location to centre on an object in the pn small window mode, however, the user is advised that this requires a knowledge of the position angle of the observation, and will also place the target outside the EPIC MOS small window. In the time frame of AO–2, it is intended to move the boresight towards position ’R’ in order to maximize the coverage of important emission lines in RGS while EPIC is the prime instrument. A compromise boresight is expected to be used which will be located close to the geometric centre of the three locations marked on this figure.

high speed. Since the 2 MOS cameras orientation differ by 90 degrees, the “imaging” directions in the 2 MOS are perpendicular to each other.

b) pn only A special flavour of the timing mode of the EPIC pn camera is the “burst” mode, which offers very high time resolution, but has a very low duty cycle of 3%.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 28

Figure 19: The layout of the EPIC MOS cameras as presented in SAS: MOS1 (here) and MOS2 (next figure). The orientation of the detX/detY axes are shown, to highlight that the RGS dispersion axes are parallel within spacecraft physical co-ordinates, but the EPIC MOS cameras are orthogonally aligned. The readout node of each CCD is located with a small box, the rawY co-ordinate in each CCD decreases from the centre towards the node with the 3 CCDs on each side of the focal plane being read in the same direction. The rawX then decreases towards the readout node in the orthogonal direction.

The most important characteristics of the EPIC science modes (time resolution and count rate capability) are tabulated in Table 3. Fig. 22 and Fig. 23 show the active CCD areas for the different pn and MOS readout modes, respectively.

The count rate limitations are defined for a 1% pile-up case (see § 3.3.9 for details on pile-up), which occurs at about 2 photons per MOS CCD frame, and 0.5 photons per pn CCD frame in case of an on-axis source. Early estimates of spectral fitting errors without

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 29

Figure 20: The layout of the EPIC MOS cameras as presented in SAS (cntd. from previous figure): MOS2.

any response matrix corrections show that a doubling of these count rates could lead to systematic errors greater than the nominal calibration accuracies. The SOC Team intends to develop tools to alleviate this pile-up effect, but GOs are advised that this will be a long-term effort. For the time being the pile-up can be alleviated by excising the PSF core at the penalty of losing overall flux, but retaining spectral fitting integrity. For sources with very soft spectra a factor of 2–3 lower maximum count rate limits are recommended, see § 3.3.9. For the pn camera also for point sources with hard spectra (power law photon index alpha < 2) lower count rate limits should be applied, in order to avoid possible print through of X-ray photons during the offset map calculation. For alpha = 1.5 and 1.0 the maximum count rate limits given in Table 3 should be reduced by factors 2 and 4, respectively.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 30

Figure 21: The layout of the EPIC pn camera as presented in SAS. The orientation of the rawX/rawY (CCD specific) and of the detX/detY axes are shown, to highlight that the RGS dispersion axes are parallel within spacecraft physical co-ordinates. The readout CAMEX of each CCD is located at rawY = 0, i.e. at the top (for CCDs 1 – 6) or bottom (for CCDs 7 – 12) of the displayed array.

One of the major differences between the two types of cameras is the high time resolution of the pn chip array. With this camera high-speed photometry of rapidly variable targets can be conducted, down to a minimum integration time of 30 (7) μs in the timing (burst) mode.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 31

Table 3: Basic numbers for the science modes of EPIC

MOS (central CCD; pixels) Time resolution

Max. count rate^1 diffuse^2 (total) [s^{−1}]

Max. count rate^1 (flux) point source [s^{−1}] ([mCrab]) Full frame (600×600) 2.6 s 150 0.70 (0.24) Full frame two nodes (600×600) 1.4 s 285 1.30 (0.45) Small window (100×100)^{3,7} 0.3 s 37 5 (1.7) Large window (300×300)^{3,7} 0.9 s 110 1.8 (0.6) Refreshed frame store^4 2.9 s 2000 Timing uncompressed 1.5 ms N/A 100 (35)

pn (array or 1 CCD; pixels) Time resolution

Max. count rate^1 diffuse^2 (total) [s^{−1}]

Max. count rate^1 (flux) point source [s^{−1}] ([mCrab]) Full frame^5 (378×384) 73.4 ms 1000(total) 8 (0.9) Extended full frame^{5,6} (378×384) 200 ms 370 3 (0.39) Large window (198×384) 48 ms 1500 12 (1.3) Small window (63×64) 6 ms 12000 130 (14) Timing 0.03 ms N/A 1500 (160) Burst 7 μs N/A 60000 (6300)

Notes to Table 3:

1) “Maximum” to avoid deteriorated response due to photon pile-up, see § 3.3.9. Note that telemetry limitations are in some cases more stringent than the pile-up constraints. For the MOS cameras the maximum count rates are about 150 counts/s for full window imaging and 300 counts/s for partial window imaging and timing mode. The pn telemetry limit is approximately 1150 counts/s in all modes and is triggered for each quadrant separately. See also the count rate limitations given in the text of § 3.3.2.

2) Values are representative of bright objects that are extended on scales much larger than the PSF core. In case of assumed homogeneous illumination on the CCD, the 1% pile-up limit for MOS is reached for a flux of 1 event per 900 pixels per frame. 3) 1 node readout.

4) This mode is designed for the case where the user requires to collect data from the whole of the inner CCD (600×600), but knows that the photon flux rate is so high as to lead to significant pile-up. Then the refreshed frame store (RFS) mode can be invoked, in which the frame integration time is defined as 0.2 seconds, but the data which collects during the remainder of the normal readout of 2.7 seconds must be discarded. In this case the live time is only 6.9%. There are very few bright extended objects that can be considered to require this facility, rather than a normal windowed selection, and therefore it is not recommended for normal GO usage.

5) The first 12 rows at the readout-node are not transmitted to ground (are set to “bad”, equivalent to “bad pixels”).

6) “Extended” means that the image collection time (i.e. the frame time) is longer than in the normal full frame mode.

7) There may be minor changes in the time resolution values as a result of the new boresight modified windows.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 32

Figure 22: Operating modes for the pn-CCD camera: top left: Full frame and extended full frame mode, top right: Large window mode, bottom left: Small window mode and bottom right: Timing mode. The burst mode is different from the timing mode as the source position is not read out, i.e. rows 181-200 will be dark.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 33

Figure 23: Operating modes for the MOS-CCD cameras: top left: Full frame mode, top right: Large window mode, bottom left: Small window mode and bottom right: Timing mode. In timing mode, the X axis of the central CCD is the projected image of the source, and has thus true spatial information; the Y axis does not carry any spatial information, but is a measure of time, with roll-over of 1024 time-units in the figure shown.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 34

3.3.3 EPIC imaging – angular resolution

EPIC’s angular resolution is basically determined by the PSF of the mirror modules. This is due to the fact that the EPIC MOS and pn cameras have pixels with sizes of 40 and 150 μm, respectively. For the focal length of the X-ray telescopes (7.5 m), this corresponds to 1.1^{′′} (4.1^{′′}) on the sky. Given the FWHM of the PSF of ca. 6^{′′} (Table 2), the Nyquist theorem is thus fulfilled for the MOS cameras and images are fully sampled. The pixel size of the pn camera slightly undersamples the core of the PSF.

There is one notable exception to the above, namely when the count rate of an X-ray source is so high that photon pile-up on the EPIC chips plays an important role. This is described in § 3.3.9.

3.3.4 Intrinsic energy resolution of EPIC

The CCD pixels of the EPIC cameras are energy sensitive, enabling non-dispersive spectroscopy. The resolving power of these cameras is determined by the intrinsic energy resolution of the individual pixels. The spectral resolution for a point source located at the nominal pointing position of both the EPIC MOS and pn CCDs, as a function of energy, is displayed in Figs. 24 and 25. Also plotted in Fig. 24 are the measured in-flight F W HM of the Al Kα and Mn Kα on-board calibration lines, after correction for charge transfer inefficiency (CTI) by the SAS, during orbits 85, 166 and 262. This shows a degradation of approximately 13% in the energy resolution of the MOS since the launch of XMM-Newton. The degradation is due to an increase in the CTI of the CCDs with time in orbit. Work is currently being carried out to improve the CTI correction technique and hence the energy resolution.

For the pn camera, no significant degradation of the F W HM has been found.

3.3.5 EPIC quantum efficiencies

One of the factors to be taken into account when determining the effective area of the EPIC cameras is their quantum efficiency (QE). The QE of both types of EPIC CCD chips as a function of photon energy is displayed in Fig. 26 and 27. It is the QE of the EPIC MOS chips that in practice limits the energy passband at its high end, while the pn camera can detect photons with high efficiency up to 15 keV. The event selection strategies can be important in modifying the overall detection efficiency.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 35

Figure 24: The EPIC MOS energy resolution (FWHM) as a function of energy. The solid curve is a best-fit E^{0.5} function to ground calibration data between 0.1 – 12.0 keV, all events with pattern 0 – 12 were included in the analysis (EPIC patterns are similar to Chandra “event grades”, see § 3.3.10). Below around 0.6 keV (shown by the dotted region) surface charge loss effects distort the main photopeak significantly from a Gaussian form and, hence the effective energy resolution. Also plotted is the measured in-flight FWHM of the Al Kα (1.487 keV) and Mn Kα (5.893 keV) lines (using an extraction radius of 130 arcsec) during orbits 85, 166 and 262.

Figure 25: The EPIC pn energy resolution (FWHM) as a function of energy as present in the most recent version of the response matrices. Curves are given for singles and double events (full frame mode) at the focus position as well as at a position 10 pixels away from the readout node. In the case of line 190 the FWHM of the double events diverges from that of the singles because their CTI correction is still insufficient. This will be improved in a later version of the correction programs.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 36

Figure 26: Quantum efficiency of the EPIC MOS CCD chips as a function of photon energy (Turner et al., 2001, A&A 365, L27, Fig. 6).

Figure 27: Quantum efficiency of the EPIC pn CCD chips as a function of photon energy (Strüder et al., 2001, A&A 365, L18, Fig. 5).

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 37

3.3.6 EPIC filters and effective area

The next factor influencing the EPIC effective area, specifically in the low energy part of the passband, is the choice of the optical blocking filter. These filters are used, because the EPIC CCDs are not only sensitive to X-ray photons, but also to IR, visible and UV light. Therefore, if an astronomical target has a high optical to X-ray flux ratio, there is a possibility that the X-ray signal becomes contaminated by those photons. The resulting analysis of data would be impeded in three ways:

1. Shot noise on the optically-generated photo electrons will increase the overall system noise, and hence lower the energy resolution. Spectral fitting will be inaccurate, because the calibration files will assume narrower spectral lines than observed.

2. The energy scale will be incorrectly registered, because a nominally zero signal pixel will have a finite offset. For each optically generated photo electron which is registered, the energy scale shifts by about 3.6 eV. This is comparable with the accuracy with which we expect brightest emission line features can be centroided. Consequently, contamination by visible light plays a crucial role in defining the proper energy scale. For the MOS this effect can in principle be reduced by ground processing taking into account the information on the zero level around the event which is also sent to the ground. Note, however, that although the background light can be subtracted the additional noise affects both the energy resolution and changes the distribution of the patterns and relative detection efficiencies.

3. Excess signal and noise fluctuations can affect the detection efficiency as well, by disguising single pixel X-ray events as events split between pixels.

4. Optically-generated photo electrons can lead to a saturation of electron traps, improving the CTI.

To prevent this, the EPIC cameras include aluminised optical blocking filters, and also an internal “offset table” to subtract the constant level of (optical) light or other systematic shifts of the zero level of charge measurements. For MOS the offset table values are now fixed and the SAS task emchain/emproc are used to calculate the local changes in offset. If these measures work perfectly, the above problems are minimised. The use of a thick blocking filter capable of minimising the optical light contamination for all scenarios will necessarily limit the softest X-ray energy response. Each EPIC camera is therefore equipped with a set of 3 separate filters, named thick, medium and thin. It is necessary for the observer to select the filter which maximises the scientific return, by choosing the optimum optical blocking required for the target of interest.

The following guidelines apply to point sources of optical light. Extended objects are not expected to be a significant problem (the optical loading is only important where a bright source is within < 2 arcmin of the target or along the read-out direction). At the GO’s discretion a thinner filter could be used. Due to the peaked optical response, the same PSF core excising as used in pile-up cases (see § 3.3.2) might be applied to recover the desired spectra.

It should be noted that also an off-axis bright optical object will leak through the filters generating false X-ray events, which could contribute to degrading the effective telemetry bandwidth (see § 4.2.2).

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 38

The calculations have been performed for a worst case, i.e., for the brightest pixel within the core of the PSF. Therefore, averaging the brightness of an extended object over a scale of one PSF (say, 20^{′′}) should provide a corresponding estimate with a significant margin of safety. Note that these data apply to full frame modes only, and that a change to a partial window mode with an order of magnitude faster readout rate can allow suppression of optical contamination at 2–3 visible magnitudes brighter for ALL filters. The GO can make an estimate on optical contamination improvement based on the mode time resolution compared with full window mode (Table 3).

• Thick filter This filter should be used if the expected visible brightness of the target would degrade the energy scale and resolution of EPIC. It should be able to suppress efficiently the optical contamination for all point source targets up to m_V of 1–4 (MOS) or m_V of 0–3 (pn). The range depends on the spectral type, with only extremely red (M stars for example) or blue colours causing the change to 3 magnitudes fainter level.

• Medium filter The optical blocking is expected to be about 10^3 less efficient than the thick filter, so it is expected that this filter will be useful for preventing optical contamination from point sources as bright as m_V = 8–10.

• Thin filter

The optical blocking is expected to be about 10^5 less efficient than the thick filter, so the use of this filter will be limited to point sources with optical magnitudes about 14 magnitudes fainter than the corresponding thick filter limitations.

Figs. 28 and 29 display the impact of the different filters on the soft X-ray response of both types of EPIC cameras, whereas Fig. 30 displays the combined effective area of all XMM-Newton X-ray telescopes.

The user might also want to take note of the SOC document XMM-SOC-CAL-TN-0001 (available from http://xmm.vilspa.esa.es/docs/documents/CAL-TN-0001-1-0.ps.gz) which explains in detail the PHS tools, used to determine if the correct optical blocking filter has been chosen for a particular exposure.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 39

Figure 28: The EPIC MOS effective area for each of the optical blocking filters and without a filter.

Figure 29: The EPIC pn effective area for each of the optical blocking filters and without a filter.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 40

Figure 30: Combined effective area of all telescopes assuming that all cameras operate with the same filters, either open, thin, medium or thick. As above, the curve uses the detector quantum efficiency associated with mono-pixel events in case of the MOS camera. Depending on the pattern selection, the overall effective area could increase by as much as 30 percents when multi-pixels events are also included.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 41

3.3.7 EPIC background

The EPIC background can be divided into two parts: a cosmic Xray background (CXB), and an instrumental background. The latter component may be further divided into a detector noise component, which becomes important at low energies (i.e. below 200 eV) and a second component which is due to the interaction of particles with the structure surrounding the detectors and the detectors themselves. This component is characterized by a flat spectrum and is particularly important at high energies (i.e. above a few keV). The particle induced background can be divided into 2 components: an external ‘flaring’ component, characterized by strong and rapid variability, which is often totally absent and a second more stable internal component. The flaring component is currently attributed to soft protons (E_p smaller than a few 100 keV), which are presumably funneled towards the detectors by the Xray mirrors. The stable component is due to the interaction of high-energy particles (E larger than some 100 MeV) with the structure surrounding the detectors and possibly the detectors themselves. In the following we describe some of the main properties of both components.

The user should take note of the SOC document XMM-SOC-CAL-TN-0016 (available from

http://xmm.vilspa.esa.es/docs/documents/CAL-TN-0016-1-0.ps.gz) which also ex-

plains the origin of the EPIC background in detail together with giving recipes on how to handle these effects in the SAS.

3.3.7.1 EPIC external ‘flaring’ background

This component is produced by protons with energies less than a few 100 keV which are funneled towards the detectors by the Xray mirrors. In Fig. 31 we show an image of the MOS2 detector during an observation which was badly affected by soft proton flares. The intensity of the background within the field of view is much larger than outside because of the soft proton component.

In Fig. 32 we show the background lightcurve for the MOS1 unit for another observation (the Lockman Hole Science Validation data) where rapid and strong variability is clearly present.

While the MOS1 and MOS2 cameras show almost identical lightcurves the pn camera can yield substantially different results, in the sense that some flares appear to be much more intense in the pn than in the MOS cameras.

The spectra of soft proton flares are variable and no clear correlation is found between intensity and spectral shape. The current understanding is that soft protons are most likely organized in clouds populating the Earth’s magnetosphere. The number of such clouds encountered by XMM in its orbit depends upon many factors, such as the altitude of the satellite, its position with respect to the magnetosphere, and the amount of solar activity.

At the present time we are not capable of predicting the time and intensity of soft proton flares. The impact of the soft proton flares on EPIC observations is highly variable. During the Lockman hole observations about 40% of the observing time was lost because of soft proton flares. During the first half of the year 2000 soft proton flares have been quite common and have caused the almost complete loss of some observations. During the last months of the year 2000 and the first months of the year 2001 soft proton flares have become much rarer.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 42

Figure 31: Image from a MOS2 observation badly affected by soft proton flares.

Figure 32: Lightcurve from a MOS1 observation badly affected by soft proton flares. During the first part of the observation the background is constant. The second half, however, is heavily affected by a proton flare.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 43

3.3.7.2 EPIC internal ‘quiescent’ background

This quiescent component is associated with high energy particles interacting with the structure surrounding the detectors and the detectors themselves. The component shows only small intensity variations in time which are typically observed on long timescales. A detailed analysis (Pizzolato 2001, for full reference see § 7) of the MOS1 and MOS2 cameras conducted over timescales of a few months shows that the intensity of this component during any given observation is within ∼ 10% of the mean. The intensity observed in one MOS camera is usually well correlated with the intensity measured in the other, although some exceptions have been observed (Pizzolato 2001). In Figs. 33 and 34 we show the spectrum of the quiescent component for the MOS1 and pn camera respectively.

Figure 33: Background spectrum for the MOS1 camera during an observation with the filter wheel in the closed position. The prominent features around 1.5 and 1.7 keV are respectively Al-K and Si-K fluorescence lines. The rise of the spectrum below 0.5 keV is due to the detector noise.

The spectra are quite flat and present a number of spectral features due to fluorescence from the detectors and the structure surrounding them. Al–K and Si–K lines are clearly visible in the MOS spectrum. In case of the pn Al–K and an intense complex due to Cu–K, Ni–K and Z–K lines around 8 keV is visible. An important point is that the intensity of this complex is not constant over the pn detector. More specifically there exists a central circular region (see Fig. 35) where the complex is virtually absent.

The intensity of the quiescent component has been measured for both MOS and pn cameras during CLOSED filter observations. In the case of the MOS cameras the intensity in the 2–7 keV range (which is free of the most prominent fluorescent lines) is found to be ∼ 2.2 · 10^{−3} cts cm^{−2} s^{−1} keV^{−1}. For the pn camera, the intensity in the same energy range is ∼ 5 · 10^{−3} cts cm^{−2} s^{−1} keV^{−1}.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 44

Figure 34: Background spectrum for the pn camera during an observation with the filter wheel in the CLOSED position (top: single events, bottom: double events) in the energy range 0.2 − 18 keV. The prominent features around 1.5 keV are Al–K, at 5.5 keV Cr–K, at 8 keV Ni–K, Cu–K, Zn–K and at 17.5 keV (only in doubles) Mo–K fluorescence lines. The rise of the spectrum below 0.3 keV is due to the detector noise. The relative line strengths depend on the (variable) incident particle spectrum.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 45

Figure 35: Background images for the pn camera with spatially inhomogeneous fluorescent lines: Ti–K + Cr–K (top left), Ni–K (top right), Cu–Kα (bottom left) and Mo–Kα (bottom right). The inhomogeneity is mainly caused by the electronics board mounted below the CCDs.

3.3.7.3 EPIC Detector Noise

The dark currents of both types of EPIC CCDs are negligible sources of background noise under nominal operating conditions.

In MOS there are low level ‘flickerings’ of a small number of pixels at an occurrence rate < 1%. In pn occasional (mainly during high particle background) the offset calculation leads in some pixels to a slightly under estimate of the offset, which can result in blocks of approx. 4 × 4 pixels with enhanced low energy signal.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 46

3.3.8 EPIC’s sensitivity limits

The EPIC sensitivity limits depend on the sky area, i.e. the true X-ray background and on the ‘space weather’ as described in § 3.3.7.

As the sensitivity limits also depend on the angular structure and the spectral characteristics of the source that is observed, it is strongly recommended to use SciSim to get a feeling on the signal to noise which can be achieved with a certain instrument setup and exposure time.

Currently the best statistical results on the EPIC sensitivity limits are based on the Lockman Hole data (Hasinger et al., 2001, A&A 365, L45) and the simulations performed by Watson et al., 2001, A&A 365, L51.

The major uncertainty in predicting the EPIC sensitivity prelaunch was the background levels which would be encountered inorbit. The actual inorbit background levels measured in the first part of the Lockman Hole observation (representative of quiescent background) are ∼ (2.1, 2.9)10^{−3} cts s^{−1} arcmin^{−2} for the pn camera in the soft (0.5 – 2 keV) and hard (2 – 10 keV) bands respectively. Very similar values: ∼ (2.0, 2.6)10^{−3} cts s^{−1} arcmin^{−2} are found for the two MOS cameras combined.

Source detections on the Lockman hole data were accepted with likelihood values above 10 (about 4σ) and inside an off-axis angle of 10 arcmin. The resulting detection statistics are given in Tab. 4 (for further details see Hasinger et al. (2001)).

Table 4: Detection limits for different energy bands, based on data from the Lockman hole (Hasinger et al. (2001), Tab. 2)

Band^a Γ^b ECF^c S_{lim}^d 0.2 – 0.5 2.0 ± 0.5 7.16 ± 1.01 4.0 0.5 – 2.0 2.0 ± 0.5 10.20 ± 0.04 3.1 2 – 10 2.0 ± 0.5 1.79 ± 0.40 14 5 – 10 1.6 ± 0.5 1.28 ± 0.11 24

Notes to Table 4:

a Energy band in keV in which the flux is given. b Assumed range in photon index.

c Energy conversion factor in cts s^{−1} per 10^{−11} erg cm^{−2} s^{−1}. d Minimum detected flux in 10^{−16} erg cm^{−2} s^{−1}.

Watson et al. (2001) used the nominal quiescent background values together with the measured XMM-Newton PSF to compute an EPIC point source sensitivity based on a simple 5σ source detection criterion against assumed purely Poissonian background fluctuations, as shown in Fig. 36^3.

Empirical data from analysis of several XMM-Newton fields using the source detection software in the SAS are broadly consistent with these plots. The actual background in an observation depends critically on the fraction of background flares removed, i.e. the tradeoff between net background levels and net exposure time. An investigation of a few

3The 5σ value represents a relatively conservative limit which crudely takes into account the fact that there are additional systematic background effects which have yet to be characterised in detail. For the effective beam area of XMM-Newton, the appropriate limit for purely Poissonian background fluctuations to yield ˇ 1 spurious source per field is about 3.5 – 4σ.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 47

Figure 36: EPIC sensitivity (5σ minimum detectable flux in erg cm^{−2} s^{−1} in respective bands) as a function of exposure time (from Watson et al., 2001). Sensitivity is computed for an assumed α = 1.7 powerlaw spectrum with a column density N_H = 3 10^{20} cm^{−2}. Solid curves are for the nominal background rates. Dashed curves are for background levels enhanced by a factor 3. The EPIC MOS curves correspond to the combination of the two cameras.

example fields demonstrates that the effective sensitivity of typical observations is within a factor 2 of the values plotted in Fig. 36. A few observations are affected by enhanced background throughout; here the average background can be several times higher than the nominal values even after the removal of the largest flares.

At very faint fluxes the effective sensitivity is limited by confusion effects. Although a detailed study of source confusion has not yet been carried out, the long XMM-Newton observations of the Lockman Hole (Hasinger et al., 2001) demonstrate that source confusion is not a significant problem in either the soft (0.5–2 keV) or hard (2–10 keV) X-ray bands for an observation duration of about 100 ksec which reaches flux limits f_X ∼ 3.1 and ∼ 14 10^{−16} erg cm^{−2} s^{−1} in the soft and hard bands respectively.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 48

3.3.9 EPIC photon pile-up

Photon pile-up, i.e., the arrival of more than one X-ray photon in one camera pixel or in adjacent pixels before it is read out, can affect both the PSF and the spectral response of EPIC.

Table 3 provides estimates of count rates for the different EPIC instrument modes for which pile-up should not be a problem. For the MOS full imaging mode, e.g., ca. 0.7 counts/s should not be exceeded.

The PSF is influenced by pile-up, because in the core of the PSF many photons arrive at almost the same time (within one readout frame), creating multi-pixel photon patterns which, for the MOS camera, are then rejected by the onboard event reconstruction software (which suppresses large size events, such as that induced by most of the cosmic rays). For the pn camera, event reconstruction is performed offline in the SAS. The pile-up effect leads, in the most extreme case, to a PSF with an artificial “hole” at its centre, as displayed in Fig. 37.

Figure 37: In-orbit observations performed with EPIC MOS showing the increase of pileup with increasing photon count rate per frame. The panels are arranged clockwise, with the lowest count rate (and thus pile-up rate) in the upper left and the highest in the lower left. The observed count rates are 2, 5, 12 and 16 counts/frame, respectively.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 49

The spectral response is compromised, because the charge deposited by more than one photon is added up before being read out, thus creating artificial “hard” photons where there have actually been two or more soft photons.

Pile-up effects on the spectral shape are very much reduced by selection of mono-pixel events. The effect of pile-up in this case is then essentially a loss of flux. Also, in case of very strong pile-up, building spectra and calculating absolute fluxes is still possible with a good accuracy by excising the heavily piled-up core (see below) from the analysis. To get an idea on how important the pile-up effect can be for spectral analyses, a kT = 1 keV Raymond-Smith model spectrum with N_H = 3 × 10^{20} cm^{−2} has been fed into SciSim and the fit to the resulting “observed” spectrum compared with the input for EPIC MOS observations in the full window mode (Tab. 5).

Table 5: The effect of pile-up on spectral fits

Input flux^1

Output count rate [s^{−1}]

Counts per MOS frame

N_H [10^{20} cm^{−2}] kT [keV]

Norm./ expect

4.05 1.08 0.22 3.0 0.967 1 13.4 3.56 0.71 3.05 0.972 1 40.5 10.5 2.1 3.2 0.979 0.98 134 33.3 6.65 3.5 1.010 0.95 405 85.4 17.1 4.1 1.022 0.80

Notes to Table 5:

1) 0.15–10 keV flux in units of [10^{−12} erg s^{−1} cm^{−2}].

One can see how the best-fitting N_H , kT and normalisation vary as a function of input source flux (and thus count rate per frame). Note that, because of the photon pile-up, one apparently loses soft photons (whose charge combines and is then seen at higher energies), thus requiring a higher N_H and also a higher kT to reach the minimum χ^2 for the fit. The peculiarity that for low fluxes the fitted kT is a bit lower than the input value is explained by the fact that the SciSim simulation was performed without event reconstruction. What is important to note is the relative change in kT . A similar change is also caused in the best-fitting slope of a power law, as displayed in Fig. 38. The effect of pile-up on the PSF has been taken into account in these simulations by choosing an appropriately large photon extraction region for the spectral analysis.

Note: No error bars are provided in Tab. 5, because the input spectrum is a numerical model spectrum without noise. Differences in the output “fit” spectrum with respect to the noise-free input occur only because of re-grouping of photons due to pile-up. The relevance of the effect depends on the scientific goal of the observing programme. For up to 2 counts per MOS frame, the error in N_H stays below 10%, that of kT and the normalisation at a level of 2%, which in many cases will be below the uncertainty of the spectral fit anyway.

The SAS task eppatplot can be used as diagnostic tool for pile-up in the pn camera. It utilizes the relative ratios of single- and double-pixel events which deviate from standard values in case of pile-up. Fig. 39 shows the produced plot for a source with a countrate of

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 50

Figure 38: The best-fitting power law slope, α, for an α = 1.7 input spectrum into SciSim, with different input count rates, leading to different levels of pile-up.

∼ 13 cts/s in full window mode.

As input an eventfile was used which contains all events extracted from a circle with radius 30 arcsec around the source position. In the upper panel the spectral distributions as function of PI channel for single-, double-, triple- and quadruple-events (these are the four types of valid events which can be created by an X-ray photon) are plotted. Doubles can only be produced when the energy of both events is above the event threshold. Similarly triples and quadruples start at 3 and 4 times the threshold, respectively. In the lower panel the fraction of the four event types are plotted (relative to the sum). The ratios are energy dependent with higher energy photons producing less singles due to the increasing size of the electron cloud. As long as the count rate is below the pile-up limit the energy dependence follows standard curves. These are plotted for singles (1.0 at energies below twice the threshold and then decreasing with energy) and doubles. The curves are also used in the detector response matrices to correct for the pattern selection used in the spectrum to be analyzed. In the case of pile-up the ratios deviate from the standard curves as the example shows. Due to ‘pattern pile-up’ more doubles (which are actually two neighboring singles) are produced.

At the time of writing, the effects of pile-up are not yet investigated enough to update this section with values based on real data. The principles remain, but the quantitative estimates will need to be revised.

A quantitative comparison of both types of EPIC cameras with the Chandra ACIS-I instrument in this respect is provided in § 3.7.1.3.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 51

Figure 39: Plot of the pn pattern distribution with energy as produced by the SAS task eppatplot (see text for further details).

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 52

3.3.10 EPIC event grade selection

Users should be aware of the different methods of processing events that are present in the EPIC MOS and pn cameras. Event selection is performed on-board in order to allow transmission of useful data only (i.e., removal of empty pixels from the data stream). Also a significant number of X-ray events are expected to be split between pixels, and these must be recognised as such.

The MOS camera uses an event pattern recognition scheme. All detected events are transmitted to ground with a pattern identification^4 (similar to the Chandra or ASCA “event grades”) and a number of energy data. The Science Analysis Subsystem (SAS) software allows these data to be reconstructed to a single energy value in an event list. However, the user has the possibility to select sub-sets of pattern types because optimal energy resolution may be obtained from a sub-set of events (one and two pixels in size). If maximum source detection efficiency is required all patterns might be selected. Therefore, users must choose carefully the dataset for the science of interest, and further beware that not all pattern combinations may be calibrated as well as some default sets. The pn camera conversely telemeters all pixels above a certain threshold, and the Xray event selection and processing is performed wholly on-ground, e.g., through the use of the SAS. However, we emphasise that default processing should be followed, because the details of events carried in the event list are crucial to performing proper processing (energy correction, pattern recognition, etc.).

A host of secondary effects of event processing is foreseen (for example the amount of pileup in the PSF may depend on event pattern selection, particle background rejection is heavily dependent on event selection criteria), but the scope may not fully be appreciated until further reduction of ground calibrations is performed by the instrument PI teams, or after in-orbit experience further accumulates.

4The definition of EPIC patterns is given e.g. in the descriptions of the SAS tasks emevents and epevents.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 53

3.3.11 EPIC-specific proposal submission information

In the preparation of EPIC observing proposals, the following information should be taken into account in order to assess the technical feasibility of intended XMM-Newton observations; see § 4 for additional, more general information.

3.3.11.1 EPIC spectral quality

In Figs. 40–44 we display a series of Mekal model spectra at different energies, ranging from 0.1 to 10.0 keV, with successively increasing total photon numbers (from 500 to 20000 counts). These show which data quality can be reached for a given total number of counts. All model spectra have been produced with XSPEC, faking a Mekal model spectrum and using the ready-made response matrices for MOS1 and pn for the thin filter and full window mode. Photon statistics was allowed and the faked spectra were rebinned in a way such that the 5 sigma significance criterion is fulfilled. For the 2.0 keV model, the MOS1 and pn cameras are compared directly (Figs. 42 and 43), while for all other energies only the MOS1 model spectra are displayed.

Note: These simulated spectra have been produced with the response matrices for MOS1 and pn as they were available at the time of writing. Some changes are expected if simulations are repeated with updated versions (for latest info: check the XMM-Newton Calibration Page).

Figure 40: Series of EPIC MOS1 model spectra of a Mekal thermal plasma with a temperature of 0.1 keV. From the bottom to the top, the total number of counts in the XMM- Newton passband (0.15–15 keV) increases from 500 to 20000.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 54

Figure 41: Series of EPIC MOS1 model spectra of a Mekal thermal plasma with a temperature of 0.5 keV. From the bottom to the top, the total number of counts in the XMM- Newton passband (0.15–15 keV) increases from 500 to 20000.

Figure 42: Series of EPIC MOS1 model spectra of a Mekal thermal plasma with a temperature of 2.0 keV. From the bottom to the top, the total number of counts in the XMM- Newton passband (0.15–15 keV) increases from 500 to 20000.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 55

Figure 43: Series of EPIC pn model spectra of a Mekal thermal plasma with a temperature of 2.0 keV. From the bottom to the top, the total number of counts in the XMM-Newton passband (0.15–15 keV) increases from 500 to 20000.

Figure 44: Series of EPIC MOS1 model spectra of a Mekal thermal plasma with a temperature of 10.0 keV. From the bottom to the top, the total number of counts in the XMM- Newton passband (0.15–15 keV) increases from 500 to 20000.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 56

3.3.11.2 EPIC flux to count rate conversion

The following set of figures (Figs. 45–56) provides EPIC flux to count rate conversion factors for a variety of standard spectral models, for each camera type (pn and MOS), with the thin and medium optical blocking filters. Families of curves for various values of the foreground absorbing column density, N_H , are plotted. Both the (unabsorbed) fluxes (i.e., after taking into account the attenuation by the foreground gas) and the count rates are calculated for the 0.1–12 keV band.

Note that these plots are based on pre-launch simulations and some minor changes may apply. The conversion factors for the MOS cameras refer to one MOS camera only. The order of the plots is:

1. Power law models

2. Thermal plasma (Raymond-Smith) models with solar metallicities

3. Black body models

For each model type, two pn camera plots are shown first (thin and medium filter, in that order), then two MOS plots.

3.3.11.3 Count rate conversion from other X-ray satellite missions

For the conversion of count rates from other X-ray satellites to count rates expected for the different XMM-Newton detectors, we recommend the use of the PIMMS software from NASA’s HEASARC (at the URL http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html).

Figure 45: EPIC pn flux to count rate conversion factors for various power law spectra and different values for the absorbing column density, N_H (thin filter).

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 57

Figure 46: EPIC pn flux to count rate conversion factors for various power law spectra and different values for the absorbing column density, N_H (medium filter).

Figure 47: EPIC flux to count rate conversion factors for one MOS camera for various power law spectra and different values for the absorbing column density, N_H (thin filter).

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 58

Figure 48: EPIC flux to count rate conversion factors for one MOS camera for various power law spectra and different values for the absorbing column density, N_H (medium filter).

Figure 49: EPIC pn flux to count rate conversion factors for various Raymond-Smith spectra and different values for the absorbing column density, N_H (thin filter).

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 59

Figure 50: EPIC pn flux to count rate conversion factors for various Raymond-Smith spectra and different values for the absorbing column density, N_H (medium filter).

Figure 51: EPIC flux to count rate conversion factors for one MOS camera for various Raymond-Smith spectra and different values for the absorbing column density, N_H (thin filter).

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 60

Figure 52: EPIC flux to count rate conversion factors for one MOS camera for various Raymond-Smith spectra and different values for the absorbing column density, N_H (medium filter).

Figure 53: EPIC pn flux to count rate conversion factors for various black body spectra and different values for the absorbing column density, N_H (thin filter).

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 61

Figure 54: EPIC pn flux to count rate conversion factors for various black body spectra and different values for the absorbing column density, N_H (medium filter).

Figure 55: EPIC flux to count rate conversion factors for one MOS camera for various black body spectra and different values for the absorbing column density, N_H (thin filter).

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 62

Figure 56: EPIC flux to count rate conversion factors for one MOS camera for various black body spectra and different values for the absorbing column density, N_H (medium filter).

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 63

3.4 REFLECTION GRATING SPECTROMETER (RGS)

Two of the three XMM-Newton X-ray telescopes are equipped with RGS units. These consist of Reflection Grating Assemblies (RGAs) and RGS Focal Cameras (RFCs), see Fig. 3. Among the science instruments of XMM-Newton, RGS is best suited for high spectral resolution (E/ΔE from 100 to 500, FWHM, or 100 to 800, HEW) X-ray spectroscopy in the energy range 0.33–2.5 keV (5–38 Å).^5 The energy range covered by the RGS has a particularly high density of X-ray emission lines, thus offering a large number of diagnostic tools to investigate the physical conditions in, and the composition of, the emitting material, e.g., the L shell transitions of heavy elements like Fe and Ni, and K shell transitions of lighter elements, such as N, O, Ne, Mg, and Si.

The grating plates in the RGAs have mean groove densities of ca. 645.6 lines mm^{−1}. The dispersion of the instrument is a slowly varying function of dispersion angle, and is equal to approximately 8.3 and 12.7 mm Å^{−1} at 15 Å, in first and second order, respectively. The RGAs are mounted in the light path of the two X-ray telescopes with EPIC MOS cameras in their primary focus. Each RGA intercepts about 58% of the total light focused by the mirror module.

The RFCs consist of linear arrays of 9 MOS CCD chips (similar to those in the EPIC MOS cameras), which are located along the dispersion direction of the RGAs. The RGS MOS chips are back-illuminated in order to maximize their soft energy response and aluminium-coated on the exposed side in order to suppress optical/UV light. They have 1024 × 768 (27μm)^2 pixels, half of which (1024 × 384) are exposed to the sky, while the other half is used as a storage area. During readout, 3 × 3 pixel on-chip binning (OCB) is performed in the default spectroscopy mode, leading to a bin-size of (81 μm)^2, which is sufficient to fully sample the RGS line-spread function (LSF). For an on-axis source the zeroth order image of the gratings is not visible on the detector array. The size of one bin (3 × 3 pixels) projected onto the sky is about 2^{′′}.5 in the cross-dispersion. In the dispersion direction one bin corresponds to about 7, 10, and 14 mÅ for wavelengths of 5, 15 and 38 Å and first order, respectively. The correspondence for the second order for the same wavelengths is about 4, 6, and 10 mÅ. Alternatively, for slightly extended sources, and given wavelengths of 5, 15, and 38 Å, the size of one detector bin in the dispersion direction on the sky is 3, 5 and 7 arcsec, respectively for first order, and 4, 6, and 9 arcsec for second order.

The field of view in the cross-dispersion direction is determined by the width of the CCDs (5^′), and the spatial resolution in this direction is largely determined by the imaging properties of the mirror. Note that RGS is optimized for best imaging properties of the dispersed spectrum, whereas the cross-dispersion image is out of focus. In the dispersion direction the aperture of RGS covers the entire FOV of the mirrors, only the effective area reduces significantly for off-axis sources (see Figure 68).

There were problems with failing drive electronics of two CCDs (CCD 4 in RGS-2, covering the wavelength range from 20.1 to 23.9 Å and CCD 7 in RGS-1, 10.5 to 14.0 Å). Hence the total effective area is reduced by a factor 2 in these wavelength bands. Although the built differences between the two RGS units are small, the energy resolution of the

5The formula for conversion of wavelengths into energies is λ [Å] � E [keV] = 12.3985.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 64

two instruments is slightly different due to slightly different focusing properties of the instruments (as shown in Fig. 64). Observers should make sure that there is still sufficient exposure and wavelength coverage for the measurement of important spectral features of their sources, such that these are not lost because of the two RGS CCD chain failures.

The performance of the RGS instruments is explained in detail in the following sections. Key performance parameters are summarized in Table 6.

Table 6: The RGS key performance parameters Parameter value comment

A_{eff} 140 cm^2 peak effective area (at 15Å) λ 5–38 Å wavelength range first order E 0.35–2.5 keV energy range first order λ/Δλ FWHM 100–500 resolution (line separation) λ/Δλ HEW 100–800 resolution (weak line detection) δλ ±8 mÅ p.p wavelength accuracy bin size (3 × 3 pix.) 2^{′′}.5 cross dispersion 7–14 mÅ dispersion, 1st order

3.4.1 Diffraction geometry

The diffraction geometry of the reflection gratings is illustrated in Fig. 57. Light strikes the gratings at an angle of incidence α with respect to the plane of the grating, and is dispersed into dispersion angle β, which are related by the dispersion equation,

cos β = cos α + mλ/d (1)

with λ the radiation wavelength, d the grating period, and m the spectral order (RGS is designed for orders m < 0, i.e. β ≥ α).

Figure 57: Schematic drawing of a grating, including some of the key dispersion angles.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 65

3.4.2 RFC chip arrays

Figure 58 displays a sketch of the chip geometry in an RFC. The two RFCs are offset with respect to each other along their dispersion direction so as to fill the gaps in between each other chips (i.e., providing continuous coverage along the dispersion direction). The interchip gap between two adjacent CCDs is about 0.5 mm (corresponding to ∼ 85 mÅ and ∼ 45 mÅ at short and long wavelengths respectively). The dispersion direction is along the spacecraft “Z” axis. Higher energies, shorter wavelengths, are dispersed to higher values in Z and to lower dispersion angles (BETA values) .

Figure 58: Sketch of an RFC chip array, with 9 MOS CCDs. The half of each CCD at large camera-y coordinates is exposed to the sky, the other half is used as a storage area. The dispersion direction is along the “Z” axis, so that higher energies (shorter wavelengths) are dispersed to higher values in Z. Using the spacecraft axis, the BETA value (dispersion direction) is antiparallel to Z, and the cross-dispersion is parallel to Y. This translates onto the sky such that cross-dispersion is antiparallel to Y, and BETA is antiparallel to Z.

The chip on the left side of Fig. 58 has number 1 (the low Z end of the coordinate scale), the one on the right is number 9 (largest Z value, smallest dispersion angle and highest energy or smallest wavelength). The user is referred to the XMM-Newton Calibration Access and Data Handbook (http://xmm.vilspa.esa.es/calibration/docs/general/calhb 2.0.ps.gz) for a more complete description of the coordinate systems. For an on-axis source with RGS as prime instrument, the individual chips cover approximately the energy ranges listed in Table 7. The numbers tabulated there relate to a nominal case.

After the first week of operations, an electronic component in the clock driver of CCD4 in RGS-2. failed. A similar problem occurred in early September, 2000, on CCD7 of RGS-1. The affected wavelengths are shown in Table 7.

Detailed simulations should be performed in case the user is interested in lines that are close to the chip boundaries (see Table 7 for the location of these boundaries). To shift important lines away from chip boundaries or non operating CCDs, users may want to consider changing the pointing (boresight coordinates) accordingly and observing with a fixed position angle. For this purpose the task rgslinepos is provided as part of the XMM-Newton science analysis system (SAS). Large offsets in the dispersion direction are not recommended as this reduces the overall effective area significantly (see Figure 68). Another, undesired, side-effect of an offset pointing could be the displacement of the source

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 66

close or to an EPIC CCD boundary, users should check that this is not happening for their observations. Last, the fact that offset pointing requires a particular position angle implies a smaller visibility window for the observation.

Table 7: The wavelength and energy ranges^1 covered by the chips of RGS -1 and RGS -2 for an on-axis source

Chip no. RGS-1 RGS-2 Energy [keV] Wavelength [Å] Energy [keV] Wavelength [Å] 1 0.33–0.37 33.2–38.0 0.33–0.37 33.5–37.1 2 0.37–0.43 28.9–33.2 0.37–0.44 28.0–33.3 3 0.43–0.50 24.8–28.9 0.44–0.50 24.9–28.0 4 0.50–0.60 20.8–24.8 (0.50–0.62^2) (19.9–24.9^2 ) 5 0.60–0.73 17.0–20.8 0.62–0.77 16.2–19.9 6 0.73–0.91 13.6–17.0 0.77–0.95 13.0–16.2 7 (0.91–1.2^2) (10.3–13.6^2 ) 0.95–1.25 9.90–13.0 8 1.20– 1.70 7.5 –10.3 1.25–1.80 7.0 –9.90 9 1.70– 2.50 5.0 – 7.5 1.80–2.50 5.0 – 7.0

Notes to Table 7:

1) Due to the scattering, the chip boundaries are not sharp features of the effective area (see § 3.4.5), but some non-zero effective area is also present at wavelengths that correspond to gaps but which are sufficiently close to a CCD chip. 2) non-operational chain (electronics/chip)

3.4.3 RGS grating orders

X-rays are reflected into spectral orders –1 and –2 with the highest efficiency, so these are the orders expected to produce useful data in the majority of observations. Count rates in the –3 order are about 8 times lower than in the –2. Depending on grating order, the RGS covers the energy ranges listed in Table 8.

The exact location of a source spectrum on the RGS CCD chips depends on the source’s location within the field of view of the X-ray telescopes. For a target on-axis the observed spectrum is well centered on the RFC chips in the cross-dispersion direction. The wavelength scale for sources off-axis in the cross-dispersion direction is the same as for those on-axis, but will be different for sources off-axis in the dispersion direction. Currently the achieved accuracy of the wavelength scale is ±10 mÅ (peak-to-peak). This accuracy can probably be improved with further, ongoing analysis. The offline data analysis with SAS takes care of the shifts of the wavelength as function of source position in the dispersion direction.

Figures 59 and 60 show the residuals of the RGS measured versus nominal positions for certain emission lines and a set of observations of coronal sources. The nominal wavelengths are indicated in each frame. The abscissa shows the index number of the observation (see key at the bottom right). Residuals from first order spectra are indicated by circles, those for second order spectra, by squares. Error bars are smaller than the size of the symbols in most cases. Note that in the case of RGS-1 (Fig. 59) the Fe XVII line at

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 67

Table 8: The energy ranges covered by the RGS in different grating orders Order Energy range [keV] –1 0.35 – 2.5^1 –2 0.62 – 2.5^1 –3 1.20 – 2.5^1

Note to Table 8:

1) Practical limitation due to very low effective area above 2.5 keV. The theoretical upper limit is 2.5 keV × -m, where m is the order number.

17.05 Å and the N-Lyα line are at inter-chip gap for the first order spectra, and therefore the residuals are systematically too high, as the wavelength cannot be accurately be determined in these cases by the method used. For RGS-2 (Fig. 60) none of the lines falls at an inter-chip gap. For further reading on the RGS wavelength scale monitoring, the user should take note of the SOC document XMM-SOC-CAL-TN-0020 (available from

http://xmm.vilspa.esa.es/docs/documents/CAL-TN-0020-1-0.ps.gz).

Figure 59: RGS -1 wavelength scale accuracy. See text for details.

Due to the grating relation (§ 3.4.1, equation 1), the orders overlap spatially on the CCD detectors of the RFC (see Fig. 61, top panel). Separation of the spectral orders is achieved by using the CCDs’ intrinsic energy resolution (∼ 160 eV, FWHM, at 2 keV). The

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 68

Figure 60: RGS -2 wavelength scale accuracy. See text for details.

dispersion of a spectrum onto an RFC array is shown in the bottom panel of Fig. 61. The –1 (lower) and –2 order (next) are very prominent and are clearly separated in the vertical direction (i.e., in CCD energy, or PI, space). Photons of higher orders are also visible for brighter sources. The signal from the calibration sources is also seen in the bottom panel as short horizontal features.

3.4.4 RGS spectral resolution

The two RGS units operate independently of one another. Their Line Spread Function, LSF, is a convolution of the mirror response and the grating response, and it depends on the proper alignment of these units.

The mirror responses, or telescope PSFs, are presented above (§ 3.2.1.1). Each mirror response impacts on the width of the LSF core of the RGS unit located behind it. The grating response depends on the co-alignment and flatness of the 182 gratings that are integrated per RGA. In addition there is also a significant (but well calibrated) component due to scattering on the surfaces of the mirrors and the gratings (seen as the horizontal distribution of events in the bottom panel of Fig. 61). Pointing stability of XMM- Newton, which affects the resolving power through variations of the angle of incidence on the gratings has proven to be negligible.

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 69

Figure 61: Example of RGS data for one calibration observation (id: 0121500201001) of Capella. The color scale represents a logarithmic intensity scale. The dispersion axis runs horizontally and increases to the right. Low dispersion angle corresponds to shorter wavelengths, higher energies and therefore a higher signal in the CCD’s. The top panel shows the image of the dispersed light on the detector (the cross dispersion is along the vertical axis). The bottom panel shows the order selection plane, with the CCD’s energy or PI information on the ordinate. This also illustrates the mechanism used for separating −1 and −2 grating orders onto the RGS focal cameras. In the bottom panel the low and high level thresholds are visible. Standard data selections are indicated by the red curves. In the top panel effects of fixed pattern noise at the long wavelength side of the RGS band are seen.

An example for an individual line, the first order OVIII Lyα (λ = 18.97Å) emission line, along the dispersion direction, is displayed in Fig. 62. The measured data are compared with simulations using SciSim. There is excellent agreement between the measured performance of the LSF and the predicted by SciSim which is based on pre-flight calibrations. This proves that the predicted resolving power can be achieved. The same line, perpendicular to the dispersion direction, is presented in Fig. 63.

The shape of the LSF core largely determines the ability of the spectrometer to separate

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 70

Figure 62: Comparison of Line Spread Functions with pre-flight simulations. The OVIII Lyα (λ = 18.97 Å) line was used to compare data with simulations with SciSim. Data are shown with solid lines, simulations are show with dash-dotted lines. The LSF for RGS -1 is plotted left, that for RGS -2 on the right.

Figure 63: A close-up view of the OVIII Lyαλ18.97Å line, along the cross-dispersion direction.

closely spaced emission lines. The various components scale differently with wavelength, which gives rise to a composite line shape which can not easily be characterized in terms

XMM-Newton Science Operations Team

Document No.: XMM-PS-GM-14 Issue/Rev.: Issue 2.0 Date: 15.08.2001 Page: 71

of a simple analytical function. The telescope blur contributes a constant term to the spectrometer line width, while misalignments and flatness errors of the gratings contribute a term which slowly increases with increasing wavelength. The scattering component is most significant at the shortest wavelengths and the highest diffraction orders. This is illustrated in Fig. 64 where the predicted resolution (the FWHM of the LSF) for the two RGS s are shown in the second and forth panels (the steep rise below 7Å is due to the scattering component of the gratings). Also shown are the measurements, which are deduced from a few narrow, bright emission lines in HR1099 (Lyα lines of Ne (m=–1, –2), O, N and C). Fig. 65 shows the predicted spectral resolving power (λ/Δλ_{FWHM} = E/Δ E) as a function of wavelength and measurements from Capella, Procyon, HR1099, AT Mic and λ And. The measured values of λ/Δλ_{FWHM} may be slightly affected by line blending or velocity broadening in some cases. As an example, the Capella spectrum used to measure some line widths is shown in §3.4.9.2, Fig. 71. Figures 64 and 65 demonstrate again that the instrument resolving power is close to expectations. The explicit spectrometer line response is close to predictions based on a raytrace model for the spectrometer.