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The X-ray Multi-mirror Mission, XMM-Newton was launched by the European Space
Agency, ESA, in 1999. XMM-Newton carries six cameras, including a silicon pn-
junction Charge Coupled Device, or pn-CCD camera. This camera has six operating
modes, spatially as well as time resolved. The main objective of this project is to
refine the Burst mode energy correction in order to align the measured energy spec-
tra observed in the Burst mode with the spectra taken in the Full Frame mode. An
observation of the line-rich supernova remnant called Cassiopeia A is used to evaluate
the line positions in each mode such that the energy correction function used for the
alignment can be modified accordingly. The analysis further treats the application of
the correction on a source with a continuous spectrum, the Crab nebula. Discussion
shows how to reduce eventual residuals in the Crab spectrum by modifying the cor-
rection function while keeping the alignment of the Cas-A spectra. The final product
is an update of the corresponding published calibration file.
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Abstract

The X-ray Multi-mirror Mission, XMM-Newton was launched by the European
Space Agency, ESA, in 1999. XMM-Newton carries six cameras, including a
silicon pn-junction Charge Coupled Device, or pn-CCD camera. This camera
has six operating modes, spatially as well as time resolved. The main objective of
this project is to refine the Burst mode energy correction in order to align the
measured energy spectra observed in the Burst mode with the spectra taken
in the Full Frame mode. An observation of the line-rich supernova remnant
called Cassiopeia A is used to evaluate the line positions in each mode such
that the energy correction function used for the alignment can be modified
accordingly. The analysis further treats the application of the correction on a
source with a continuous spectrum, the Crab nebula. Discussion shows how
to reduce eventual residuals in the Crab spectrum by modifying the correction
function while keeping the alignment of the Cas-A spectra. The final product
is an update of the corresponding published calibration file.

Keywords: EPIC, ESA, calibration, CCD, pn, camera, XMM, Newton, burst,
full frame
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Nomenclature

Most of the reoccurring abbreviations and symbols are described here.

Abbreviations

BU Burst
Cas-A Cassiopeia A
CCD Charge Coupled Device
CTE Charge Transfer Efficiency
EPIC European Photon Imaging Camera
ESA European Space Agency
ESAC European Space Astronomy Centre
FF Full Frame
FITS Flexible Image Transport System
FOV Field Of View
FWHM Full Width Half Maximum
MOS Metal Oxide Semiconductor
MPE Max-Planck-Institut für extraterrestrische Physik (Garching,

Germany)
OM Optical Monitor
OoT Out-of-Time
pn junction junction between positively doped and negatively doped semi-

conductors
QE Quantum Efficiency
RGA Reflection Grating Array
RGS Reflection Grating Spectrometer
SAS Scientific Analyzing System
SNR SuperNova Remnant
UV Ultra-Violet
XAFS X-ray Absorption Fine Structure
XMM X-ray Multi-mirror Mission
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Symbols

α Right Ascension
B Boltzmann function
C Measured Count Spectrum
D Detector coordinates, DET
δ Declination
Md Detector Response Matrix
NH Hydrogen Column Density [cm−2]
P Incident Photon Spectrum
R CCD coordinates, RAW
r Incident Photon Rate
S fitted integral function
χ2 probability testing method
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Chapter 1

Introduction

Time, space, and causality are only metaphors of knowledge, with
which we explain things to ourselves.
– Friedrich Nietzsche –

T
his project was carried out at ESAC, European Space Astronomy
Centre, in Madrid, Spain, between September 2006 and February 2007.
The supervisor at the centre was Dr. M.G.F. Kirsch from the European

Space Agency, and the examiner in Linköping was Prof. L. Johansson.

1.1 Background

On December 10, 1999, the X-ray observatory XMM-Newton was launched
[Jansen et al. (2001)] into space by an Ariane-V-rocket from Kourou in French
Guyana. Making a part of the European Space Agency’s, ESA’s, Horizon 2000
programme, the project intends to provide high-quality X-ray spectroscopy on
even faint astronomical sources for qualitative as well as quantitative analyses.

The spacecraft carries six cameras. One operates in the visual and the UV
spectral ranges [Mason et al. (2001)], in wavelengths between 180 nm and 650
nm. This telescope is called the Optical Monitor, or OM.
Two RGSs, Reflection Grating Spectrometers, are also mounted on the space-
craft. Their CCDs, Charge Coupled Devices, are placed in the focal plane of
the first sidelobe of the interference pattern from the Reflection Grating Arrays,
or RGAs [den Herder et al. (2001)]. These instruments enable a high spectral
resolution, which can give further information of e.g. the heating of stellar coro-
nae.
The European Photon Imaging Camera, EPIC, contains three X-ray detectors,
whereas two are situated in the primary lobe of the diverted flux from the RGAs.
All three work in the X-ray energy range and can work in different modes of
observation.

The operating modes of EPIC can give images, as data in two spatially re-
solved dimensions, or as data in one time resolved dimension and one spatial

Winroth, 2007 1



2 Chapter 1. Introduction

dimension. There are built-in calibration X-ray sources to make further energy
calibrations possible for the imaging modes. However, the readout is different for
different operating modes. Therefore calibration is not only essential between
the cameras and the calibration sources, but also crosscalibration between the
operating modes within each camera. The crosscalibrations are important for
coherent results between the modes.

The calibrations produced by the support teams at ESA and at Principal In-
vestigator, PI, institutes are made public, such that they can be integrated in
each analysis for every observation. Calibration observations are performed by
routine in order to monitor any degradation and to refine already known cali-
bration issues. They are also executed on a need -basis, when an earlier unknown
problem occurs.

The purpose of the project, on which this thesis is based, is to perform a refine-
ment of a correction, which aligns spectra taken in one mode, the Burst mode,
to another mode, the Full Frame mode, of the pn-CCD on board XMM-Newton.
There is already a correction implemented, but now priority has been put to
further tune this correction. The rest of this chapter will introduce the subjects
and the theoretic baseline needed to state the objectives of the project.

1.2 The Spacecraft

The spacecraft XMM-Newton, X-ray Multimirror Mission, is 10 m long and
weighs 4 tonnes [Jansen et al. (2001)]. The spacecraft, as in figure 1.1, has
two electric platforms with propellant tanks on each side. It is also equipped
with two thrusters on each corner. The payload with the X-ray mirrors can
be seen at the lower left, as well as the camera platform, at the top right
[Barré et al. (1999)]. As presented in figure 1.2, the payload can be divided

Fig. 1.1: XMM-Newton split up in
parts (Source: ESA)

Fig. 1.2: See-through image of the pay-
load of XMM-Newton. (Source: ESA)

up in two modules, that are connected to eachother via a tube of carbon fiber.
At one end, there are the three mirror modules that focus the X-rays towards
the other module, the Focal-Plane-Assembly, which contains the cameras at
the focal distance of 7.50 m [Barré et al. (1999)]. This platform that holds the
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scientific instruments, the EPIC and the RGS CCDs, also carries the units for
data-handling, power supply and, on the back, the radiators with cold fingers
that cool the CCDs. On the opposite platform the mirrors and the OM are
placed. The mirrors’ reflective surface is made of gold and reflects X-rays at
grazing incidence.

1.3 EPIC - European Photon Imaging Camera

The three CCD-cameras that constitutes the EPIC are one pn-camera and
two MOS-cameras, or Metal-Oxide-Semiconductor-cameras. The MOS-cameras
have front illuminated detectors and the back-illuminated pn-detector are spe-
cially developed for XMM-Newton [M. Kirsch (2003)]. In the continuation of
the thesis, the cameras with MOS-detectors and with the pn-detector will be
referred to as EPIC-MOS and EPIC-pn respectively.

Since the problems formulated in this thesis concern the EPIC-pn, the EPIC-
MOS will be treated only briefly. However, the standoff-structure, containing
filter wheel, door, calibration sources, physical interface to the spacecraft, etc.
is identical for these cameras [Turner et al. (2001)].

The stand-off structure as in figure 1.3 is realised with nickel-plated aluminium.
The aluminium is at least 3 cm thick in all directions except in the field of
view, FOV, so that the CCDs do not get damaged by proton irradiation. The
structure has a black inner surface in order to minimize reflections in the optical
region.

Fig. 1.3: The stand-off structure for the EPIC cameras [Turner et al. (2001)]

In the FOV, a wheel is placed with different filters. These filters protect the
CCDs from too bright sources, permitting sought data to be retrieved. There
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are four different filters, Thick, Medium, Thin 1 and Thin 2, together with a
position without any filter in the FOV as well as a closed position where the
CCDs can only be exposed by the internal calibration sources.

1.3.1 EPIC-MOS

The two telescopes, where the MOS-cameras detect the incoming flux, are
equipped with RGS X-ray gratings [Turner et al. (2001)]. 50 % of the flux
is diverted out from the detectable beam and directed towards the RGS-unit,
and another 10 % is said to be lost before reaching the detectors. Thus, 40 % of
the flux is detectable at each MOS-camera. In figure 1.2, the two MOS-cameras
are placed in the top right corners just behind the radiators.

The MOS-camera consists of seven separate CCDs, as shown in figure 1.4. The
CCD in the middle is located at the focal point of the optical axis. The outer
six are elevated 4.5 mm in order to follow the curvature of the focal plane.

Fig. 1.4: One of the MOS-cameras, with its seven CCD components visible in the
center (Source: ESA)

1.3.2 EPIC-pn

The EPIC-pn-camera consists of five main components, as seen in figure 1.5
[M. Kirsch (2003)].

The EPEA, EPIC pn-CCD Event Analyser, schedules the readout pattern and
also digitalise the analogue CCD data in a predetermined format. Its operating
temperature is about 20 ◦C and it is placed close to the camera head, EPCH
(see below).
The voltage control unit, EPVC, provides the electric power to each component,
such as the -180 V for creating the back voltage of the pn-CCDs.
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All the electronics are supervised by the control unit, EPCE. It contains its own
processor for control of the temperature, the movements of the filter wheel in
the standoff-structure and other intra-camera commands.
Communication between the satellite and the control station is controlled by the
data handling system, EPDH. Steering commands from the earth are received
by EPDH and all observation data collected by the satellite is sent to earth via
the same component.

The Camera Head, EPCH

The component placed in the focal plane holds one single monolithic Si-wafer.
The wafer has been divided up in 12 integrated CCD-arrays with the dimensions
1 cm × 3 cm each [Briel et al. (2005)]. Each CCD has 200 rows and 64 channels
or columns of pixels with the size 150 µm × 150 µm. These CCDs are then
subdivided into quadrants, each with three CCDs.

In figure 1.6 [Strüder et al. (2001)], the division of the CCD into subunits is
visible. The reasons for the division of the quadrant are because redundancy
makes the read-out of the different areas more effective and also an eventual error
like exposure damage does not mean that the whole camera is malfunctioning.
97 % of the FOV is covered by the camera and ∼6 cm2 of the sensitive area is
not exposed in the FOV. Figure 1.7 shows the actual CCD-wafer, where it is
possible to distinguish the four quadrants.

The cooling of the CCDs is done passively through a cold finger connected to
a radiator, as in figure 1.8. As Kirsch explains in his dissertation, the flight
operations have to planned so that the radiator is not exposed towards the Sun.
The ideal operating temperature for the CCD-array is between -110 ◦C and
-90 ◦C. A temperature sensor, a temperature dependent diode called a PT500

pn Camera Head

pn Voltage Control

pn Event Analyser

pn Control
Electronics

pn Data Handling

Fig. 1.5: The EPIC-pn components [M. Kirsch (2003)]
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element, registers the current temperature of the camera. The electronic control
system then regulates the temperature to keep the operating temperature from
fluctuating more then a half of a degree.

The vacuum door, as illustrated in figure 1.8, was, during launch, held closed
and the chamber was kept in just a few mbar of pressure [M. Kirsch (2003)].
The vacuum kept the CCDs from being contaminated during the launch and

CCD2 CCD1 CCD0 CCD0 CCD1 CCD2

194 μm 194 μm 194 μm 194 μm

194 μm 194 μm 194 μm 194 μm

μm214  

μ214   m

μm41  μm41  

64 x 1 pixel:
μm150 x 200 

64 x 1 pixel:
μm150 x 200 

150 x 150 μm

CCD2 CCD1 CCD0 CCD0 CCD1 CCD2

Quadrant 0 Quadrant 1

Quadrant 3 Quadrant 2

64 x 198 pixel:

Fig. 1.6: Schematic organisation of
the pn-CCDs, with boundary dimensions
[Strüder et al. (2001)]

Fig. 1.7: The CCD component of the
EPIC-pn (Source: ESA)

Fig. 1.8: The Camera Head [M. Kirsch (2003)]
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the initiation phase.

Operating Modes

As previously stated in section 1.1, there are different operating modes. Strüder
et al. (2001) present in figure 1.9 an example of how a target is viewed in the
different modes. There are in total six modes in which the pn-camera can
operate.
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Fig. 1.9: The operating modes for the EPIC-pn. The Burst Mode produces an image
similar to the image in Timing mode, in CCD4. [Strüder et al. (2001)]

As Strüder et al. (2001) point out the design of the CCDs were not originally
intended for spectroscopic energy determination of each incident photon. For
including a spectroscopic feature in the camera, a photon cannot overlap another
photon in the same time interval and position on the CCD. When multiple
photons arrive at the CCD at the same place and time interval, it is called pile-
up. This has as one effect that e.g. a 4 keV photon and a 2 keV photon together
will be registered as one single 6 keV photon. Ways of preventing pile-up is to
change this time-interval and/or put a thicker filter in the FOV so that fewer
photons are transmitted.



8 Chapter 1. Introduction

The Full Frame mode and the extended Full Frame mode have cycle-times of 73.3
ms and 199.2 ms respectively. The extended Full Frame is used for extended
sources, where the ratio of out-of-time events, OoT, has to be reduced. An
OoT-event is when an event, like an incoming photon, occurs during the actual
readout. The ratio in this mode is 2.3 % compared to the FF mode where the
ratio of OoT-events is raised to 6.2 %.

For the Large and Small Window operating modes, the readout works in a
similar way as for the Full Frame modes. The rows are shifted out towards the
readout node and then read at the node. Unlike the FF modes, parts of the
exposed area are ignored and used as a storage area. The storage area contains
information that is to be read at the node, but has not yet arrived. Strüder
stresses the fact that no bright source should be focused at this unprotected
area, since that could disturb the data. The reasons for reducing the window
size are to reduce the number of OoT-events (Only 0.2 % in Large Window
mode), improve the time resolution and to reduce possible pile-up.

The Timing mode and the Burst mode work in different ways than the other
operating modes. In the Timing mode ten rows per column are read as one. The
position within these ten pixels are lost, but maintained in the perpendicular
direction. This produces a so called pseudo-CCD image [Kirsch et al. (2001)]
with 20 rows, which appears as a line, when spatially resolved.
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Fig. 1.10: The principle of the readout in Burst mode. [Kirsch et al. (2001)]

For the Burst mode the readout principle is presented in figure 1.10. Here 200
lines are shifted within 14.4 µs and integrated at the readout-node, to be then
read as normal [Kirsch et al. (2001)]. The last 20 rows, can get contaminated
by the source, and have to be deleted afterwards. After each readout, the CCD
is erased with an additional shift. As illustrated in figure 1.10, the sequence
permits a time resolution of 7 µs in Burst mode, i.e. half of the time it takes to
shift 200 rows. Because of this sequence, however, the lifetime in Burst mode is
only 3 %, which limits the possible observations to very bright sources.
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Quantum Efficiency

A ground calibration [Strüder et al. (2001)] was performed on the pn-CCD be-
fore launch. The absolute quantum efficiency, QE, was determined and cali-
brated at two synchrotron centres, PTB in Berlin and LURE in Paris. The
measurements were performed in space-like conditions. The result is shown in
figure 1.11.
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Fig. 1.11: The quantum efficiency of the EPIC-pn. The solid line is a theoretical
model of 298 µm depletion thickness. [Strüder et al. (2001)]

The plot shows fully depleted silicon of a thickness of 300 µm. According to
Strüder, this depletion depth is what determines the detection efficiency at the
higher energies. At low energies, however, the quality of the window, from where
the radiation enters, affects the shape of the efficiency.

One interesting feature is the drop at 528 eV, originating from SiO2 absorption
at the surface. Another one is the appearance around the silicon K-line at 1.838
keV, which can be explained as X-ray absorption fine structure, or XAFS (see
the inset in figure 1.11).

1.4 Calibration Background

From the ground calibration, a response matrix, Md, was produced with all the
measured data, models and interpolations that describe how the system reads
a certain incident photon, with respect to position, energy, etc.
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Apart from the ground calibration data and well known astronomical calibra-
tion sources, the EPIC-cameras are equipped with internal calibration sources
[Briel et al. (2005)], for in-space calibrations. Each source consists of a Fe-55
radioactive source with Al as the target. This setup produces characteristic
X-ray lines at 1.5 and 5.9 keV for AlK and MnK respectively.

A typical calibration observation has an exposure time of about 40 minutes. This
kind of observation takes up about 5 % of the observing time of XMM-Newton.
They are routinely performed in order to analyse the CTE (see below), energy
resolution and the drift in energy of the absolute energy calibration. The gain
of the device is also adjusted (see the subsection below). Cross-calibrations are
being done between operating modes, or between telescopes, e.g. with Chandra,
in what is called relative calibrations.

The software for analyzing the obtained data at ESA is called SAS, Scien-
tific Analyzing System. Through tasks like cifbuild, epproc, especget and
evselect one can extract the raw data coming from the satellite and turning
it into analysable data. When extracting the information, SAS uses a set of so
called current calibration files, CCFs, in order to adjust the data according to
existing calibration results.

The current cross-calibration [M. Kirsch (2003)] between the Burst mode and
the Full Frame, FF, mode is based on observations with poor statistical reliabil-
ity. The CTE/Gain-correction implemented in SAS is a so-called Boltzmann-
function. It corrects the energy-values multiplicatively, in order to fit the energy
peaks in Burst mode with the spectrum in FF mode, which is believed to be
correct relatively.

The lifetime of electrons in Burst mode compared to the duration in FF mode
is only 3 %, which leads to that the statistical ground will also be 3 % of that
in FF mode. There is also a lot more observation time performed in FF mode
than in Burst mode to rely the calibration upon, thus spectra in FF mode are
good references when calibrating the Burst mode.

The Burst mode normally operates on point sources, or sources that are com-
pact. However, compact sources usually do not have stable energy lines, so for
calibration extended sources have to be observed. This causes smearing in the
image, and that the source is contaminating the data. Thus, for the analysis,
the rows closest to the exposure area should be avoided.

1.4.1 Forward Folding

For the mathematical description of the spectra, an approximative method has
to be used. Spectral analysis of astronomical observations takes sometimes use
of a method that is called forward folding [Cohen et al. (1998)].
The principle is that the measured spectrum, C, is not the same as the true
spectrum, noted P . P , more frequently called the incident photon spectrum, is
multiplied through the detector response matrix, Md:

C = Md × P (1.1)
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In (1.1), C is measured and Md is known. A simple matrix inversion is impossi-
ble since Md is singular, hence Md does not have an inverse. This is where the
method of forward folding comes into play. Cohen explains that this method
is model-dependent, i.e. one has to assume a functional shape with a finite
number of unknown parameters.
Cohen presents a discrete equation for the modified count function, C̃,

C̃l,h =
∑
i,k

Mdi,k
· Pvi−vi+1 , (1.2)

where l is the channel with the lowest corresponding energy and h is the highest.
The vi are the Md photon spectra boundaries, and k is all the channels between
l and h.
Using 1.1 and 1.2, one can write a continuous integral equation

S =
∫ Eh

El

C dE =
∫ Eh

El

Md × P dE (1.3)

The parameters for the fitted integral, S, using 1.3, are found using a χ2 opti-
mization method. Larsson (1996) defines χ2 as

χ2 =
N∑

i=1

(xi − x̄)2

σ2
i

, (1.4)

where N is the number of data bins, xi the actual measured value, x̄ the mean
value for adjusted x-values in the current bin and σi is the standard deviation
of the assumed function. In this report, Gaussian shapes and deviations are
assumed for the characteristic X-ray peaks.

1.4.2 Definition of Gain

When a photon hits the CCD, it creates a number of electron-hole pairs pro-
portional to its energy. These pairs are built-up analogue charges that have
to be converted into a digital value in electron-volts when they are read. This
conversion, from a charge-unit to energy-units, is called the gain. The gain
influences equally the whole spectra and is not dependent on the rate at which
the photons hit the CCD, at normal operational circumstances.

1.4.3 Definition of Charge Transfer Efficiency, CTE

The Charge Transfer Efficiency, CTE, is the efficiency of which electrons from
electron-hole pairs can be transferred from one row to another in the readout
direction, as in figure 1.12. Thus, the energy, En, originating from the photon
γ, incident at row n will be read in row 0 as E0. For n transfers the relation
can be written as

E0 = En · CTEn (1.5)
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Using equation 1.5, the CTE definition can be derived as

CTE = n

√
E0

En
(1.6)

A more general definition of the CTE, is that for row l ∈ [0, n] [M. Kirsch (2003)],

CTE = n−l

√
El

En
(1.7)

En is not equal to the actual energy of the photon, since the number of electron-
hole pairs in row n depends as well on the overall quantum efficiency of the CCD.

Row: n n− 1 · · · 1 0

-Readout direction

?

γ

En E0

Fig. 1.12: Principle of Charge Transfer

The efficiency depends mainly on the amount of traps in the semiconductor,
which is connected to the probability of recombination before the transfer from
one row to another.

It should be duly noted that in Burst, BU mode, it is difficult if not impossible
to distinguish between the Gain and the CTE influence of the spectra. However,
the correction to be applied do not depend on what it is correcting, except for
a possible rate dependence in the CTE. It is a pure energy-conversion.

Sometimes articles talk about the CTI, or Charge Transfer Inefficiency. This is
defined as the complement to the CTE, i.e. CTI = 1 - CTE.

1.5 Thesis Objectives

The goal is a refinement of the Gain/CTE corrections for data taken in the
Burst Mode of the EPIC-pn camera with respect to the Full Frame mode. To
reach that objective an observation of the line rich supernova remnant Cas-
A, Cassiopeia A, is planned, performed and analysed. Differences in the most
apparent peak positions in the energy spectrum in both modes are the basis for
the new energy correction in Burst mode. To control the alignment over the
spectral range of EPIC-pn, the Crab nebula with its continuous energy spectrum
shows if the Gain/CTE correction adjust the Burst mode spectrum to its fitted
model.

Discussion will include a comparison between the Cas-A observation and sources
with significantly high photon count rate in order to get an overview of the rate
dependency of the CTE correction. When errors have been considered together
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with fine tuning methods, a proposal for a new refined correction should be
suggested.

The diploma work is under the supervision of Dr. M. Kirsch and supported by
the XMM-Newton staff at ESAC in Madrid. There is also a collaboration with
staff at MPE, Max-Planck-Institut für extraterrestrische Physik, in Garching,
Germany. The XMM-Newton SAS software packages together with idl and
shell scripts will be used for the data analysis and presentation.

1.6 Topics covered

Chapter 2: Astronomical Observations
The target, the supernova remnant Cas-A, is presented. Also the obser-
vation results with an early assessment of the level of difficulty of the
upcoming calibration is being discussed. Furthermore, the Crab nebula is
treated because of its possibility of evaluating a possible CTE-rate depen-
dency in the EPIC-pn.

Chapter 3: Results and Analysis
The data is analysed according to theory that is motivated throughout the
chapter. Firstly the approach is stated, together with how the observations
need to be treated in order to be analysed correctly. Then the analysis is
performed in such a way that the output will give a basis of discussion.

Chapter 4: Discussion
The discussion will treat how to further tune the result in order to achieve
a result that is possible to implement.

Chapter 5: Conclusions
Conclusions from the discussion together with possible future enhance-
ment of the results.

Appendix A: EPIC-pn Energy Calibration
Presentation of the relative energy calibration between all the modes of
EPIC-pn, together with fitted peaks of the calibration that is planned to
be implemented in early 2007.

Appendix B: Source-code for Curvefit and Photon Counts
The source-codes for fitting the Boltzmann function and counting events
in an events-file are presented.
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Chapter 2

Astronomical Observations

Is there anything better than to be longing for something, when you
know it is within reach?
– Greta Garbo –

T
he observation of the supernova remnant Cassiopeia-A, Cas-A, was
performed on July 22 2006, when XMM-Newton was in its 1197th revo-
lution. Since the quantum efficiency is lower for higher energies towards

10 keV, a long observation time was required, to resolve the FeKα-peak (see
table 2.1 below).

The proposal and technical planning of the observation were done by Dr. Kirsch
and submitted for permission from the executing committee in May 2006. The
proposal was approved the same month with observation times of 15 ks and 40
ks in FF and Burst mode respectively.

2.1 Earlier Observations of Cas-A

The supernova remnant (SNR) Cassiopeia A, Cas-A, is one of the most studied
and referred SNRs ever. Jansen et al. (1988) mention furthermore that Flam-
steed probably observed the actual supernova in 1680, giving the remnant an
age of about 330 years.

Cas-A can be divided up in so called optical filaments, with which motion char-
acteristics can be determined for different parts of the remnant. By comparing
measurements of the radial velocity and the movements of these filaments, the
distance to Cas-A from Earth can be estimated to 2.92 kpc1.

Bleeker et al. (2001) published the first article regarding a CasA-observation
with XMM-Newton. The observation was performed in July 2000. The telescope

1pc - Parsec. A distance unit to where 1 AU is seen with an angle of 1 arcsec. 1 AU being
the distance from the Earth to the Sun

Winroth, 2007 15
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was pointed to the middle of the remnant with the coordinates α = 23h23m25s,
δ = 58◦48′20′′. Both EPIC and RGS-data were retrieved to study X-rays above
4.0 keV. In figure 2.1, their results in form of energy spectra from the EPIC
cameras, together with theoretical fitted models, are presented. Two peaks are
visible in the spectrum, which can be identified as Fe-α and Fe-β with the aid
of table 2.1.

Fig. 2.1: EPIC spectra of Cas-A, fitted with models of a power law and
Bremsstrahlung. [Bleeker et al. (2001)]

Bleeker et al. (2001) give three main reasons of the use of XMM-Newton:

• Excellent spectral retrieval thanks to the large effective area, the band-
width and the spectral resolution of the CCDs

• An energy response making X-ray imaging up to 15 keV possible

• High resolution spectroscopy also even for extended sources, like the Cas-A

Element Energy (keV)
Fe-L 0.77 ± 0.04

Si-Kα 1.90 ± 0.03
S-Kα 2.46 ± 0.016

Ar-Kα 3.12 ± 0.016
Ca-Kα 3.88 ± 0.023
Fe-Kα 6.62 ± 0.027
Fe-Kβ 7.84 ± 0.06

Table 2.1: Characteristic X-ray peaks from Cas-A [Jansen et al. (1988)]
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With the help of EPIC, he could see a significant correlation between the vari-
ation of abundance of Si, S, Ar, and Ca and an absolute abundance range for
over two orders of magnitude. Together with results from the RGS, clues about
the origin of the nucleosynthesis of the elements appearing in the Cas-A spec-
troscopy could be found.

2.2 Calibration Observation of Cas-A

The observation with ESA identification number 0412180101 performed on July
22nd 2006, was especially intended for this project of calibrating the BU mode
in energy with the respect to the FF mode.

The observation was requested in such a way that two apparent bright spots
fell within the rows 180 through 200, i.e. as far as possible from the row of the
readout to prevent contamination in Burst Mode. In Burst mode, rows 181 to
200 are not read because of this source contamination. Figure 2.2 shows how it
was thought to rotate the telescope, in order to align it correctly.

Fig. 2.2: The proposed rotation of the telescope

Two resulting images from the actual observation are presented in figures 2.3
and 2.4 for the FF and BU mode with corresponding spatially resolved image
respectively. In figure 2.4, only CCD4 is visible since the others are turned off
during Burst mode operations. CCD4 is the CCD-region at the left of quadrant
1, cf. figure 1.6. As expected, the contamination from the source, marked white
in figure 2.4, is clearly visible. However, the rotation was successfully done since
the two spots are parallell and placed in the CCD4 in the FF image.

Images in BU mode are represented in RAW-coordinates. The corresponding
CCD-region in figure 2.3 is in DET-coordinates, which means, amongst other
things, that it is viewed rotated 180◦. Please see chapter 3 for the complete
relation between RAW and DET-coordinates.

Data-reducing the images into energy spectra, energy versus counts, the result
may look like figure 2.5. The spectra depend on where spatially on the image you
take your data. Definitions of source- and background-regions will be treated
in Chapter 3.
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Five peaks are very clear in both the Full Frame and in the Burst spectrum.
These peaks, marked and identified in figure 2.5, will be the points from where
the ratios will be calculated. Through the ratios the implemented correction
function will be fitted later on. A statistical analysis at energies above the Fe-
peak (& 7 keV) will be quite limited since the effective area drops significantly.
Especially in the Burst mode, no pattern can be treated above that peak.

2.3 Observations of the Crab Nebula

Unlike the SNR Cassiopeia A, the Crab has a continuous energy-spectrum
[Kirsch et al. (2005)], which can be modelled by galactic absorption and power-
law models. Since the end of the 1970s, the Crab has been used as a standard
calibration source for X-ray instruments and Kirsch argues for two main reasons:

1. Not such a complex energy spectrum

2. The spectrum in the nebula does not vary in time (unlike the majority of
X-ray sources)

It is intended to use one observation of the Crab, in order to adjust the cor-
rection made when looking only at the Cas-A. The Crab could reveal if the
continuous function is a good correction, or if significant differences between
the spectrum and the model appear. Kirsch et al. (2005) use an observation
from XMM-Newton in its 874th revolution, observation id. 016096401. The
same observation will be used, but with the new calibration settings, to see how
the spectrum changes and the model along with it.

Fig. 2.3: Cassiopeia A in Full Frame
mode

Fig. 2.4: Cassiopeia A in Burst Mode
(left) with the corresponding CCD-
region in Full Frame mode (right) in
RAW-coord.
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Observation 016096401 in Small Window mode is presented in figure 2.6. The
whole nebula is within the window, so the complete spectrum is incident in
CCD4 for the Burst mode. However, that means that the center of the flux is
offset to what is a normal pointing of the telescope, which has to be taken into
account when processing the data.

Figure 2.7 shows the energy spectrum of the Crab Nebula along with the fitted
model, combined galactic absorption and power-law, and the ratio between the
two (bottom part). From 0.7 keV and down, the fit goes down towards -10 %.
Above 4 keV, a swaying pattern indicates difficulties of fitting the model to the
spectrum. This means that the correction can be improved. Still, a positive
feature is that the model fits well at the instrument edges around 2 keV, i.e.
the residuals around the edges have been reduced to a deviation of below 5%
from the model.
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Chapter 3

Results and Analysis

Le vrai est trop simple, il faut y arriver toujours par le compliqué.
– George Sand –

T
his chapter treats the observation results, gives a first assessment of
the confinement of the problem and serves as a base, on which further
refinement will be discussed.

3.1 The Approach

A division of the analysis in smaller parts has been made, similar to that of
figure 3.1. The approach describes how the analysis and a part of the discussion
initially will look like. Still, a major part will be intuitively performed with the
help from experienced scientists at ESAC and MPE.

Concerning the approach, the first thing to do is to retrieve the observation
data files from the XSA, XMM Science Archive. The easiest way of doing
this, via the command-line, is to load a JAVA-program called the AIO-client.
By presenting an observation-id, you receive the corresponding .tar-file that is
further compressed via gzip. By uncompressing the package, one obtain the raw
data in files of a format called FITS, Flexible Image Transport System. Each
file is a large table with labels for each event during the observation, describing
where, when and how the event arrived to the camera.

Next step is to define which CCF-files to use. The most current official ones
are downloadable from the XMM-Newton website. The CCFs describe how
the calibration influences and manipulates the data. For ESAs SAS-tools, a
complete path to these CCFs has to be declared, e.g. ∼/public CCF/. The
SAS-task cifbuild is used to create a single calibration file, containing all
the CCFs, that will be used for the processing of the data for the particular
observation. Also in SAS, odfingest is another task that makes an inventory
of what files the specific observation package contains.

Winroth, 2007 21
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The major processing tasks in SAS are, for the pn-camera, epproc or epchain.
In general, they process the data in the same way, but they have slight different
options. The output are a set of calibrated files that can produce images with
corrected events and spectra of different kinds. A program that can produce
images from these event-files is called ds9. For example, figures 2.3 and 2.4 are
produced in this way.

In ds9, regions can be defined based on where the source and the background
should be analyzed. The source is where the desired object appears in the image.
The background region should be in a place where no source seems to appear.
The background can then be subtracted from the source, when e.g. plotting an
energy spectrum.

When the regions are defined, the data within these regions is extracted and re-
duced to a table, including columns for the channels and for the counts, amongst
other information. Files are also created from the response matrix, Md, which
describe how the events are modified by the system. A channel is defined within
an energy region, so that each photon with a certain detected energy gets as-
signed a channel. It means that there is a relation between a channel and its
corresponding energy, permitting energy-vs-counts plots.

By plotting energy spectra in FF and Burst mode for Cas-A, characteristic X-
ray lines appear. The line positions in energy are needed for the derivation of
the ratios of the positions, since the correction function to be implemented will

No

Yes

No

Yes

Fig. 3.1: The planned work for calibrating the Burst mode with the respect of the
FF mode. Two major steps, for Cas-A (step I), and for the Crab (step II)
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correct the energy spectrum. For determining the line positions, a Gaussian
distribution model can be approximated locally at each peak.

With the ratios calculated, the Boltzmann-function implemented as the calibra-
tion function has to be fitted to these points. The exact expression and how to
fit it will be treated later in this chapter. The resulting parameters of this func-
tion are written in the CCF, and the observation is reprocessed. Regions in this
second process should be the same, for coherent results. The parameters will
be approximated for a best fit, which means that the resulting ratios should be
1.0 ± some tolerance limit. The tolerance limit depends on what is achievable
to reach with a certain correction function.

The new CCF is used for a reprocessing of Cas-A. New line-fits are made to
confirm that the new correction has aligned the peaks. The same CCF is also
included for the processing of an observation of the Crab nebula. Since the
Crab has a continuous energy spectrum, the process will be checked by fitting
a model for the Crab. If the calibration is good, the ratio between the model
and the data should be within a certain limit, within 5 % as an initial goal.
If not, the gain/CTE correction has to be adjusted so that the residuals are
reduced, but still with a good alignment relatively for the Cas-A. In chapter 4,
different solutions for adjusting the correction are discussed, with the constraint
of a relative alignment in the Cas-A spectra.

As a further confirmation, the new CCF-file will be tested on compact sources
used by scientists at MPE, which are of a common type observed in Burst,
or BU, mode. Features and special considerations regarding these sources are
treated in chapter 4.

In general, there are two major steps in the analysis, marked I and II in figure
3.1. Step 1 treats the relative energy alignment in the Cas A spectrum for known
characteristic X-ray peaks. Step 2 concerns bright sources, like the Crab, and
the ability to fit a rather simple model to the spectrum with new correction
function. The goal is to make a correction with the implemented function, such
that both step 1 and 2 are within their respective tolerance limits.

3.2 Region selection

Extraction regions for source and background have to be defined in both oper-
ating modes. Assuring that the same columns are analyzed in both modes, the
same columns will be used in both FF and BU. Square-regions are used for an
easy determination of which columns and rows that are being treated.

It is preferable to start selecting the regions in BU mode, so that the columns
are determined with respect to where the source and background appear in the
BU image. To maximize the available source counts, a source region including
as many rows as possible should be selected to increase the statistical basis, but
without including rows that have been contaminated by the observed object.
The background region will be a few columns at one side of the source, but here
fewer rows can be included to avoid subtraction of source features.
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As stated before, it is important to select the same columns in FF mode, though
the rows will be different. The rows to be included for the source region are
all the rows where the source appears, even if pixels outside the source will be
included. The background region is on the other side of the CCD, close to the
readout node. In FF mode, the region has to be defined in DET-coordinates
(see subsection 3.2.1 for coordinate transformation).

In figures 3.2 and 3.3, the regions are visualized. The region commands for use
in SAS are the following:

• For the Burst mode:

– Background: (RAWX,RAWY) IN box(4.25,28,3.75,26.5,0)

– Source: (RAWX,RAWY) IN box(37,69.25,27.5,67.75,0)

• For the Full Frame mode:

– Background:
(DETX,DETY) IN box(2854,12467.25,312.5,2014.75,0)
Or, in raw-coord. in CCD4: (RAWX,RAWY) IN box(4.25,36.75,3.75,24.25,0)

– Source: (DETX,DETY) IN box(124,149.75,2292.5,1246.25,0)
Or, in raw-coord. in CCD4: (RAWX,RAWY) IN box(37,185,27.5,15,0)

Fig. 3.2: The regions in FF mode Fig. 3.3: The regions in Burst mode

The region command should be read as
(<coord. system>) IN box(<center in x>,<center in y>,<halfwidth in x>,<halfwidth in y>).
Worth noting is the selection in the x-direction, which describes the columns in
both coordinate systems. By comparing the RAWX-coordinates, it is possible to
confirm that the same columns are being used for the source and background
regions respectively.
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3.2.1 Coordinate Systems

A normal observation file, taken in an imaging mode such as the FF mode, can
plot a spatially resolved 2D-image in three different coordinate-systems.

The system with sky-coordinates is known from astronomy, with coordinates
in α ∈ [0, 24h[ - right ascension and δ ∈ [−90◦, 90◦] - declination, which is
projected on a sphere. In the SAS-software, they are converted to a system of
plain numbers with floating point called X and Y.

There are two telescope-specific coordinate system. The first is the detector-
coordinate system, in SAS marked DETX/DETY. For the pn-camera, that
means that each pixel, independent in which CCD-region, has its own unique
coordinates.

The second system is the coordinates that within a CCD-region gives the pixel
coordinates in rows and columns, i.e. from 1-64 for the columns and 1-200 for the
rows. RAWX/RAWY-coordinates, like they are called in SAS, are defined only
within each CCD. When plotting in RAWX/RAWY in FF mode, in addition it
is necessary to choose the CCD, since the corresponding pixels in the other 11
CCDs have the same set of coordinates.

For the processing though, data extraction in FF mode will be performed in
DET-coordinates, thus a transformation is required between the two systems
within CCD4. Comparing the same image of the CCD4 in DET- and RAW-
coordinates, it appears clearly that the transformation contains three features:

• Displacement

• Scaling

• Rotation

Firstly, the rotation is a complete 180◦ turn, i.e.

x̂D = −x̂R and ŷD = −ŷR, (3.1)

where the D stands for DET-coordinates and the R for RAW-coordinates.

Secondly, the scaling, with factors Sx and Sy in eq. 3.2, is calculated by mea-
suring the width and the height of a predefined region within the CCD in both
systems.

x̂ : Sx =
64

5335
, ŷ : Sy =

188
15620

(3.2)

Lastly, the center of this predefined region is compared in DET and RAW,
for the derivation of the displacement. Of course, the scaling factors and the
rotation have to be applied when comparing the center points. Equation 3.3
shows the displacement in RAW-units.



26 Chapter 3. Results and Analysis

x̂R : ∆Rx =
(
32.5− 499 · −64

5335

)
' 38.5

ŷR : ∆Ry =
(
106.5− 6672 · −188

15620

)
' 186.8

(3.3)

Using 3.1, 3.2 and 3.3, the complete expression can be written as

D(x, y) = R(− 64
5335

x + 38.5, − 188
15620

y + 186.8) (3.4)

Equation 3.4 is only valid for CCD4. For the other CCDs, other displacement
relations have to be calculated.

3.3 Ratios of Line Positions for Cas-A

The difference in line positions between the two operating modes will be evalu-
ated in order to derive an energy-dependent correction function that will work
multiplicatively on the data in Burst mode. The ratios between the line posi-
tions for each characteristic X-ray peak will define the magnitude of the local
energy correction.

For the CasA-observation, five peaks will be evaluated. The BU mode spec-
trum has to be reduced from its event-file without the already implemented
Gain/CTE-correction that exists in the SAS, such that any convolution or other
effects with the existing correction are avoided. Only epchain has that option,
by writing epchain datamode=BURST withgainburst=N. Epchain will only be
used for removing the implemented gain-correction, when the peak positions are
to be determined. Otherwise, epproc is used.

A Gaussian function will be fitted locally around each peak. The probability
function can be written as

P (x) =
N

σ
e
−(x−µ)2

2σ2 , (3.5)

where N is the normalization factor, µ is the line position, or the mean value
in x, and σ is the standard deviation. Data points to be included will only be
those points where the Gaussian function is dominating.

An example of differences in line positions is presented in figure 3.4, for the Si-
Kα line, plotted in XSpec. XSpec is the application that is used for the fitting
of the spectra. It contains a set of models that can be fitted to the spectra,
with respect to a certain probability method, like χ2. XSpec also reads in the
corresponding background, response matrix and arbitrary response files and
folds the model through these, making XSpec a powerful tool. The command
error gives the error of a certain parameter within a given confidence region,
like 90 % (2.706·σ for χ2-distributions).
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Line positions for each targeted peak with their corresponding error on the 90 %
confidence level are presented in tables 3.1 and 3.2. The resulting ratios, EF F

EB
,

with estimated errors are shown in table 3.3. The errors, ∆err, are derived from
equation 3.6 below. (

∆err

ratio

)2

=
(

∆FF

EFF

)2

+
(

∆B

EB

)2

, (3.6)

where EFF and EB are the line positions in keV and ∆FF and ∆B are the errors
for each mode. The errors of the modes are calculated as half of the difference
between the higher and the lower limit.

Table 3.1: Peak positions in Full Frame mode, in keV
Confidence level: 90 %, χ2

Peak # Position Lower limit Upper limit
Si 1 1.84604 1.84556 1.84651
S 2 2.42823 2.42735 2.42907
Ar 3 3.10166 3.09830 3.10477
Ca 4 3.81606 3.80752 3.82324
Fe 5 6.55565 6.55190 6.55933

Table 3.2: Peak positions in Burst mode, in keV
Confidence level: 90 %, χ2

Peak # Position Lower limit Upper limit
Si 1 1.72510 1.72262 1.72751
S 2 2.29985 2.29435 2.30569
Ar 3 2.91600 2.87583 2.94399
Ca 4 3.66830 3.61982 3.69373
Fe 5 6.24720 6.16404 6.31111

Table 3.3: Ratios between FF and Burst, with errors (90 % confidence, χ2)

Peak # Ratio ±∆err

Si 1 1.07011 0.00154146
S 2 1.05582 0.00262975
Ar 3 1.06367 0.0124808
Ca 4 1.04028 0.0106967
Fe 5 1.04937 0.0123664

3.4 The Boltzmann Function

The already implemented correction function in the SAS-software is a so called
Boltzmann function. This is a function which has two horizontal asymptotes,
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one for lower energies and one for higher energies. A slope defined by an expo-
nential element with two parameters connects the two plateaux. Its complete
expression is stated in equation 3.7 [M. Kirsch (2003)].

f(x) =
A1 −A2

1 + e
x−x0

dx

+ A2, (3.7)

where A1 and A2 are the asymptotes, x0 is the middle point of the slope and dx
describes the width of the slope. (3.8) presents the current parameters for the
Burst energy correction in the CCF. These values were derived from measuring
the differences in energy of the X-ray absorption edges from Si-K and Au-M in
Crab spectra taken in FF and Burst mode [M. Kirsch (2003)].

A1 = 1.039357
A2 = 1.007530
x0 = 4728.598 eV
dx = 661.2341 eV

(3.8)

The parameters from (3.8) are those that will be adjusted, initially to fit the
Cas-A spectrum in Burst mode with the spectrum taken in FF mode. The
adjusting is done by making use of the curvefit-program written for IDL (see
subsection 3.4.1 below). The resulting function from the IDL-script is plotted
in figure 3.5, with its corresponding parameters in the upper right corner in the
same figure.

3.4.1 Curvefit in IDL

IDL is a program, using its own scripting language. It can apply different
mathematical and logical operations on data given in different structures. IDL
can be invoked directly from the terminal and thus included in scripts.

The function described in equation 3.7 has to be fitted to the ratios in table 3.3,
thus there are four parameters to fit to a function of five datapoints. This will
make the curvefit-routine to produce errors if the four parameters are fitted
at once. Therefore an iterative process has to be implemented, where only two
parameters are fitted at once and the other two are frozen during the fitting.
The principle of the script is visualized in figure 3.6. The full source code is
attached in appendix B.1.

The curvefit-routine makes use of χ2-minimization, when fitting the function.
Also, it has to be given start-values, which in this case are the parameters that
are used in the existing CCF version.

3.5 Reprocessing with an Updated CCF

The IDL-script provides the parameters needed for the alignment. In this pre-
liminary state, a complete compilation of all CCFs are not needed. Using the
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program Fits-Viewer, or fv, it is possible to access directly the parameters to
be changed in the specific CCF, in this case EPN CTI 0015.CCF, for testing pur-
poses.

The modified CCF has to be stored locally in a different name, typically EPN CTI 0016.CCF.
It is in the environment variable CCF PATH, where the location of the modified
file is added. The program cifbuild then compiles a calibration index file that
points to the specific calibration files needed for that particular observation.

3.5.1 Plotting the Cas-A Spectra

Each time the observation data is reprocessed with a modified CCF, a check has
to be made, controlling whether the modified Burst mode spectrum is aligned
with the spectrum in Full Frame mode or not.

In figure 3.7, the new spectrum in Burst mode with the modified parameters is
plotted along with the spectrum in Full Frame mode.
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3.6 Confirm with Observation of the Crab

The observation of the Crab to be used is the one presented in chapter 2, with
obs.id. 0160960401. The pointing of the telescope was in such a way that
the Crab Nebula’s center and the center of the Small Window coincided. The
coordinates for the pointing with this alignment was α = [05h : 34′ : 30.9′′] and
δ = [+21◦ : 59′ : 27.0′′].

The center of photon flux for this observation pointing is offset from what is
normal, i.e. when using epproc, the correction of energies as a function of the
center-point of the flux will be unbalanced. Therefore, some extra options have
to be added to the epproc-command, stating the actual center of flux.
For the Crab, this means:
epproc burst=YES srcra=83.633216667 srcdec=22.014463889 withsrccoords=yes.

The source coordinates have to be written in degrees with decimals, for the
epproc-options. Converting the expression above to conventional α and δ coor-
dinates, the center of flux for the Crab is situated at α = [05h : 34′ : 32.0′′] and

Fig. 3.7: The spectra in FF mode and in Burst mode (with new parameters for the
correction function) for the Cas A

In table 3.4, the ratios with the line positions in FF mode confirm that the
BU spectrum is aligned within 0.5 % at each measurable peak. This is the
best achievable alignment possible with the implemented Boltzmann function.
All modifications of the parameters, that might be necessary when the Crab is
considered, will lead to a worsening in the alignment of the Cas-A spectra.
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3.6 Verify using an Observation of the Crab

The observation of the Crab to be used is the observation presented in chapter
2, with obs.id. 0160960401. The pointing of the telescope was in such a way
that the Crab Nebula’s center and the center of the Small Window coincided.
The coordinates for the pointing with this alignment are α = [05h : 34′ : 30.9′′]
and δ = [+21◦ : 59′ : 27.0′′].

The center of photon flux for this pointing is offset from what is normal, i.e.
when using epproc, the correction of energies in BU mode as a function of the
center-point of the flux will be unbalanced. Therefore, some extra options have
to be added to the epproc-command to state the actual center of flux.
For the Crab, this means:
epproc burst=YES srcra=83.633216667 srcdec=22.014463889

withsrccoords=yes.

The source coordinates have to be written in degrees with decimals, for the
epproc-options. Converting the expression above to conventional α and δ coor-
dinates, the center of flux for the Crab is situated at α = [05h : 34′ : 32.0′′] and
δ = [+22◦ : 00′ : 52.1′′]. Thus, the offset is mainly in the declination, since the
difference in right ascension is only a few seconds.

An exact expression for the center of flux can be crucial for the analysis.
When extracting the data, the processing corrects for the CTE-effect, with the
reference-point at the pointing of the telescope. If the center of flux is offset
to this reference point, an unbalanced larger portion of events will be corrected
too much or not enough, while events incident on the other side of the reference
point will not be enough to correct the energy spectra back to its true position.
However, to force the reference to the point of the flux-center will give a balance
in over- and under-correction. For the EPIC-pn, the default reference-point is
row 189 at the middle column in CCD4.

The Crab energy spectrum is continuous, and can be modelled with a galac-
tic absorption model combined with a powerlaw model according to discussions
with M. Kirsch (Sept. 2006). The galactic absorption model has one parameter
to be fitted, NH [cm−2], the hydrogen column density, which is the concen-
tration of hydrogen in the interstellar medium, normally ∼ 1022 cm−2. The
concentrations of all the other elements are a function of NH .

Table 3.4: Line positions for the new corrected BU spectrum (in keV) and the new
ratios between FF and BU, with errors (90 % confidence, χ2)

Peak # Position ±∆B Ratio (FF/BU) ±∆err

Si 1 1.84779 0.00273 0.99905 0.00150
S 2 2.43288 0.00940 0.99809 0.00387
Ar 3 3.08516 0.02731 1.00535 0.00896
Ca 4 3.83517 0.06191 0.99502 0.01619
Fe 5 6.53603 0.07322 1.00300 0.01125
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δ = [+22◦ : 00′ : 52.1′′]. Thus, the offset is mainly in the declination, since the
difference in right ascension is only a few seconds.

An exact expression for the center of flux can be crucial for the analysis.
When extracting the data, the processing corrects for the CTE-effect, with the
reference-point at the pointing of the telescope. If the center of flux is offset to
this reference point, an unbalanced amount of events will be energy-corrected
too much or not enough, while events incident on the other side of the refer-
ence point will not be enough to correct the energy spectra back to its true
position. However, to force the reference to a point other than the pointing,
will give a balance in over- and under-correction. For the EPIC-pn, the default
reference-point is in the middle of row 189 in CCD4.

The Crab energy spectrum is continuous, and can therefore be modelled with
a galactic absorption model combined with a powerlaw model. The galactic
absorption model has one parameter to be fitted, NH [cm−2], which is the
concentration of hydrogen in the interstellar medium, normally ∼ 1022 cm−2.
The concentrations of all the other elements are a function of NH .

The powerlaw model appears as a straight line in a logarithmic plot, and de-
scribes the intensity dependence of energy. The model has two parameters, the
normalization, which in principle is the overall intensity, and the photon-index
which is a measure of how fast the intensity attenuates with the respect of
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The pure powerlaw model, as in equation 3.9, appears as a straight line in a
double logarithmic plot, and describes the intensity dependence of energy. The
model has two parameters, the normalization or A, which in principle is the
overall intensity, and the photon-index, γp, which is a measure of how fast the
intensity attenuates with the respect to energy.

I(E) = A · E−γp (3.9)

The Crab spectrum is fitted on the energy range 0.6-8.0 keV. Below 0.6 keV the
Burst mode is considered not to be calibrated, and above 8.0 keV the quantum
efficiency goes down, making the statistics in that region too low. The model
fit is be a so called best-fit, meaning that the parameters obtain the values,
where the fitting in XSpec converges. All three parameters are to be fitted
simultaneously.

Shown in figure 3.8, the observation taken in Burst mode is plotted with the
implemented energy correction and the new energy correction, together with
the ratio between the data and the model below. The corresponding model
parameters are listed in table 3.5, along with their corresponding errors. A
significant change can be observed both for the nH and the normalization factor.
The reduced chi-squared values for the old and the new correction are 1.398 and
1.634 respectively, for 1481 degrees of freedom.

In the ratio-plot in figure 3.8, except for some residual peaks, the datapoints
are well aligned. Especially for higher energies, above 4 keV, the bulging shape
with the old correction has disappeared. In the region 0.9-1.5 keV, the data
points are situated closer to the model than for the old correction. For energies
below 0.9 keV, no clear effect is visible of the new energy correction.

The main features that appear, however, are the peaks with a significant differ-
ence between the data points and the model. The peak around 2.2 keV is more
than 15 % higher than the model. The origin of these peaks can be related to
the instrument materials and are visible as edges in the effective area. The edges
around 1.6 keV, 1.8 keV and 2.2 keV come from the absorption of Al-K, Si-K
and Au-M levels [Owens et al. (1997)] respectively. Aluminium is found in the
filter used, silicon is the basic component of the CCD and the X-ray mirrors are
made of gold. They can amplify further due to errors as discussed in chapter 4.

Table 3.5: Model parameters for fitting on the 0.6-8.0 keV range, Burst mode with
old and new correction

Correction nH [1022/cm2] Photon Index Normalization red. χ2

Old 0.263323 2.12898 8.94203 1.398
New 0.291195 2.13726 9.36586 1.634

Param. Error Confidence level: 90 %, χ2

Old ±0.00166148 ±0.00442745 ±0.0418267
New ±0.00171234 ±0.00440276 ±0.0441322



Chapter 4

Discussion

As if you could kill time without injuring eternity.
– Henry David Thoreau –

R
esiduals have appeared around the absorption edges in the Crab spec-
tra. Some peaks, especially the one around the Au-M edge at 2.2 keV,
are more than 10-15 % higher, compared to the fitted model. The re-

duced chi-squared value for the correction with the new parameters confirms
a worse model fit than the value with the old parameters. This chapter will
discuss different aspects of the correction function and how to adjust it in order
to get an improved fit to the model of the Crab energy spectrum.

An evaluation will be made of different possibilities of further reducing the
residuals, in accordance with figure 3.1. Furthermore, possible sources of error
in the analysis are treated, in order to try to estimate the value of the result
obtained in chapter 3.

4.1 Reducing the Residuals

Improvements to the new correction function should be evaluated, such that the
residuals appearing at instrument absorption edges are reduced. According to
figure 3.1, the correction made still has to align the Cas-A spectra in FF and
BU mode. Thus, the goal is to find a solution, which not radically change the
alignment in Cas-A.

At the moment, modifications to the gain correction is the only way to reduce
any misbehaving features in the model fit. The model of the effective area is
believed to be correct for the more frequently used operating modes. In the
following subsections, different suggestions of modifying the energy correction
function will be stated and discussed.

Winroth, 2007 35
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4.1.1 Modifying the Parameters of the Existing Function

The simplest and most intuitive approach is a simple alteration of the four para-
meter values obtained by the curvefit-routine in IDL. A give-or-take situation
arise, where relaxation of the correction and sequentially smaller residuals lead
to misfit of the Cas-A spectra. However, as it will turn out, the residuals are
more sensitive than the energy shifts in the Burst mode spectrum.

Series of batch processed tests were performed, with different CCFs. The raw
observation data was re-evaluated with the new CCFs and spectra for Cas-A
and the Crab nebula were produced. In total, 15 different CCFs were prepared
for the processing in order to get an overview of the effects of what happens
when each parameter in the Boltzmann function (eq. 3.7) is changed.

Since the spectrum contains residuals in the region 1.5-2.5 keV, the relaxation
has been focused to that region. The parameters A1 and x0 in eq. 3.7 have to
be altered the most to reduce the correction in this energy interval. A2 defines
the correction at higher energies and the dx should be held at a value close to
the fitted value to keep the transition, from lower to higher energies, smooth.

The best try is presented in figure 4.1 and 4.2 below. For the spectrum of the
Crab nebula, in figure 4.1, the residuals are reduced and stay within 5-7 % from
the model, except for the Au-M edge and some outliers for higher energies.
A side-effect is a swaying pattern similar to the Crab spectrum with the old
correction shown in figure 2.7.

The impact of the energy alignment concerning Cas-A is visible in figure 4.2.
The Si-Kα-peak has shifted towards lower energies. Estimations of the line po-
sitions are visible in table 4.1. In table 4.2, the ratios between this adjusted
BU-spectrum and the spectrum in FF mode have been calculated. The differ-
ence in position between the two modes stays within 1 % for the entire region
from 1.8-6.6 keV, where spectral peaks are available.

Table 4.1: Peak positions in Burst mode, in keV, when the correction parameters are
changed for the adjusting to the Crab Nebula.

Confidence level: 90 %, χ2

Peak # Position Lower limit Upper limit
Si 1 1.82689 1.82426 1.82963
S 2 2.40415 2.39650 2.41060
Ar 3 3.06823 3.05198 3.08329
Ca 4 3.83287 3.81050 3.86115
Fe 5 6.52842 6.44896 6.60066

This solution is the most probable to be implemented since it requires only a
modification of existing parameters and still reaches the requirements stated.
As a comparison, appendix A presents the current relative calibration to the
FF mode of all the modes of EPIC-pn when Cas-A is observed.
Still, a more elaborate solution is presented in the subsection 4.1.2 below, which
is more costly both in development and processing time.
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Fig. 4.1: The Crab spectrum in BU mode, when the parameters for the correction
function have been adjusted to reduce the residuals as much as possible.

Table 4.2: The ratios between FF and BU in energy, along with their corresponding
errors, according to equation 3.6.

Confidence level: 90 %, χ2

Peak # Ratio (FF/BU) ±∆err

Si 1 0.98963 0.00143
S 2 0.99008 0.00247
Ar 3 0.98922 0.01161
Ca 4 1.00441 0.01033
Fe 5 0.99585 0.01174
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4.1.2 Changing the Correction Locally at Edges

Another approach is to modify the Boltzmann function and to introduce local
sharp dimples over the absorption edges. These dimples could compensate for
the modelling of the XAFS of the instrument components, as discussed in the
section about the effective area, section 4.2.1.

This approach requires a rebuild of the SAS-software used for the data extrac-
tion, which means that it cannot be achieved only by modifying the CCF alone.
By using the parameters presented in figure 3.5, the energy alignment in the
Cas-A spectra is conserved and it is possible to concentrate the effort to local
features over a smaller energy region.

For a modifiable implementation, dimple-functions will be multiplied with the
existing Boltzmann function. The dimples have to have parameters that can
decide the placement in energy, the width and the depth of the dimple.

The differentiation of the Boltzmann function is such a function. However, that
function contains two exponentials and the same parameters are repeated at
different places, which take up unnecessary processing time.

Another typical dimple function is the differentiation of an arbitrary arctan-
function on the form expressed in equation 4.1. The differentiate is presented
in equation 4.2 below.

A(x) = −Nf · arctan
x− x0

dx
, (4.1)

where x0 is the offset in x, dx describes the width of the slope and Nf is the
normalization factor.

The differentiation (eq. 4.2) costs less in processing time than the one based on
the Boltzmann function, thanks to the exclusion of exponentials. The only really
time consuming part is the inverted square, but still less than an exponential
term.

f(x) = A′(x) = −Nf

dx

1

1 +
(

x−x0
dx

)2 + 1 .= −Sf ·
1

1 +
(

x−x0
dx

)2 + 1 (4.2)

where Sf is a scale-factor, or the depth, and independent of dx, since dx de-
scribes the width of the indent, by being more or less the FWHM, Full Width at
Half Maximum, of the indent. The plus one at the end is for the multiplicative
inclusion of the function.

Another difference between Boltzmann-based and arctan-based dimples, al-
though minor, is the shape of the indent. The arctan-dimple has a smoother
shape, by following a x2-curve down in the indent, while the Boltzmann-dimple
follows the sharper exponential e-shaped curve.

Before initiating any modifications to the correction function, it has to be un-
derstood that the correction is folded through the instrument. This means that
any features in the correction will be redistributed through convolution with
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Table 4.3: The parameters of the dimple-function
Si-K Au-M

S1 0.05 S2 0.10
x1 1700 eV x2 2030 eV
dx1 5.0 eV dx2 10 eV

instrumental properties. Hence, a dimples will affect a wider energy region than
given in the correction function and with different magnitudes as well.

The function has to be defined in the correct method of the subroutine for the
energy correction for EPIC-pn. The method is written in C++, and has to be
rebuilt before processing the data. The relevant environment variables in UNIX
that point to the SAS software and its version have to be redirected towards
the directories containing the new build.

The new correction function will follow the general expression

f(x) = B(x) ·
l∏

i=1

−Si ·
1

1 +
(

x−xi

dxi

)2 + 1

 , (4.3)

where B(x) is the Boltzmann function with the parameters given in figure 3.5, l
is the number of dimples and {Si, xi, dxi} are the parameters for dimple i ∈ [1, l].

Several dimples have been evaluated and the best dimple-function achieved
is two dimples correcting the residuals appearing over the Si- and Au-edges.
The parameters are presented in table 4.3, and the plot is shown in figure 4.3.
The Al-edge is considered to not be the priority since its magnitude of absorp-
tion depends on the filter-wheel position used for each individual observation
[ESAC (2006)a].

Looking at the resulting spectrum for the Crab, in figure 4.4, the residual at
the gold edge has its peak 10 % from the model, which is sufficient to make an
overall precision of ∼ 5 %. The residual originating from Si-K-absorption has
almost disappeared and no longer appears as one distinct peak.

Figure 4.5 compares the spectra of Cas-A in FF and BU mode. No apparent
shift can be seen between a Burst spectrum corrected with dimples and the
same spectrum corrected only with the Boltzmann function (figure 3.7).

A major drawback with this method of is that virtual residuals without any
physical origin accumulate at some energy distance below the original peak.
The virtual residual, that comes from the Au-M edge can be spotted close to
2.1 keV in figure 4.4.

4.2 Possible Sources of Error

This section concerns the errors that might exist and could have a significant
influence on the analysis. An estimation of the impact of each source is given,
along with suggestions of how to correct for the errors, if necessary and possible.
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4.2.1 The Effective Area

The effective area is a measure of the effectiveness of the telescope. It describes
the cross-section of the incident flux that can be detected by XMM-Newton, as
a function of energy. The effective area depends on different properties of the
telescope, like the field of view, the mirrors’ reflectivity, the absorption in the
filter and the quantum efficiency, QE, of the CCD.

The QE of the pn-CCD is presented in chapter 1. It has a classical XAFS around
1.8 keV. Moreover, more structure appears if the SiO2 is strongly adsorbed on
the surface, as in figure 4.6 [Owens et al. (1997)], and not only around 500 eV
as previously described.

The abbreviation XAFS, X-ray Absorption Fine Structure, is used here as a term
for both XANES, X-ray Absorption Near Edge Structure, treating structure
close to the main absorption edge (<40 eV) and for EXAFS, Extended X-ray
Absorption Fine Structure, which concerns the oscillations extendable several
hundreds of eV’s, depending on the element.

The Al-Kα edge at 1.5 keV originates from absorption in the optical filter,
as ground measurements confirm. The amplitude and shape depends on which
filter being used for the specific observation. As a reference, one can use the syn-
chrotron measurements made on the 800Å thick optical filter from the cancelled
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modified and lowered for clarification reasons.
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project JET-X, in figure 4.7. This can be compared with the medium filter of
the XMM-Newton which has a 800Å thick aluminium layer too [ESAC (2006)b].

No. 2, 1997 X-RAY ABSORPTION FINE STRUCTURE 927

3.2. Detector-induced Structure
shows the measured quantum efficiency fromFigure 3

300 to 10,000 eV for the JET-X CCDs et al.(Owens 1995a).
The data were assembled from synchrotron mappings of the
O, N, and Si K-edges ( Ðlled circles) carried out at the SRS
and Monte Carlo calculations (solid line) based on the
photoionization code of et al. The relativeMcCarthy (1995).
precision in both data sets is estimated to be at the 1% level.
The data were then normalized using discrete line measure-
ments (open circles) at energies 277 (C), 523 (O), 927 (Cu),
1487 (Al), 4509 (Ti), 4950 (V), 7470 (Ni), 6400 (Fe), and 8040
(Cu) eV. The statistical uncertainties in the individual mea-
surements are less than 1% and based on the residuals from
the calculated efficiencies, we estimate the systematic uncer-
tainties to be at the 3% level. Therefore, the total uncer-
tainty, p, is D4%. Using the calculated curve in conjunction
with n data points, the overall uncertainty in the calibration
away from edges is estimated to be p/n1@2D 4%/
131@2D 1%. Note that the depth and structure around the
edges are accentuated because the measurements reÑect the
eV energy resolution of the monochromators and gratings
used at the SRS to scan the edges and not the intrinsic
energy resolution of the CCD.

The data show considerable XAFS. The Si edge shows
the largest amount of structure, followed by the O edge,
which shows a strong white line and evidence for EXAFS.
The N edge shows little structure, and even the white line is
washed out. The N and O edges arise from the nitride and
oxide layers used in Metal Oxide Semiconductor (MOS)
construction. From the depletion layer outward, these are
comprised primarily of a (850 100% area) passiva-SiO2 Ó,
tion layer, a (850 100% area) dielectric layer andSi3N4 Ó,
an outer vapox layer covering the electrode structuresSiO2

(D8000 50% area). The remaining 50% not covered byÓ,
the vapox layer has a 1700 thick Si layer that comprisesÓ
the polysilicon poly3 electrode. It is covered by a thin
(D100 thermal oxide.Ó)

The inset of shows an expansion in the region ofFigure 3
the Si K-edge. We note that the data show both near edge
structure (XANES) and the characteristic oscillatory
extended XAFS (EXAFS). The amplitude of the white line is
D50%, whereas the EXAFS is at the 5% level with a
periodicity of D40 eV. The FWHM instrumental energy
resolution in this region is D80 eV. For comparison, we
show also the edge shapes predicted from a classical calcu-
lation based on attenuation coefficients given in Saloman,
Hubble, & ScoÐeld and on new derived(1988) coefÐcients1
from silicon photocurrent data (i.e., Si-c, Si-a, SiO2-a,

measured on the same beam line et al.Si3N4-a) (Owens
Detailed modeling using the new coef-1996b). (Owens 1995)

Ðcients has shown that the response of the CCD just below
the edge is dominated by the depletion depth, whereas
above the edge it is dominated by the overlying electrode
structure and gate dielectrics. Although andSi3N4 SiO2XAFS are similar in both shape and amplitude, there is a 2
eV shift of the Ðrst nitride peak to lower energies. Since the
Ðrst XAFS peak is measured at 1844 eV and shows no
evidence of a component at 1842 eV, we may conclude that
what we are primarily looking at is a combination of trans-
mitted (D70%) and (D30%) Si XAFS. The siliconSiO2XAFS originates at the surface of the poly3 electrode. Since
the XAFS originates from the vapox layer, we deduceSiO2that surface chemistry is dictating the CCD X-ray response

1 Available on the internet at http ://www.star.le.ac.uk/mcp/
linearac.html.

FIG. 3.ÈThe measured CCD quantum efficiency for 1È4 pixel events. For comparison, we show also individual discrete line measurements (open circles)
along with Monte Carlo calculations (lines). The inset shows an expansion in the region of the Si K-edge. As expected, the quantum efficiency above the edge
shows considerably more structure than that expected from silicon alone, showing clear evidence of a strong component. For comparison, we show alsoSiO2the shape of the edge predicted from standard atomic and nuclear data tables and on newly measured cross sections.

Fig. 4.6: Synchrotron measurements
of the QE of the CCD at the Si-K
edge from JET-X, which shows struc-
ture also from the adsorbed oxide layer.
The x-axis represents the energy in eV.
[Owens et al. (1997)]FIG. 4.ÈThe soft X-ray transmission efficiency as a function of energy for the 800 JET-X optical Ðlter. The curve is a composite of calculation (based onÓ

the classical tables of et al. and SRS measurements normalized by discrete line measurements. The inset shows an expansion in the region ofSaloman 1988)
the Al K-edge.

FIG. 5.ÈPredicted JET-X mirror reÑectivity for an angle of incidence of based on single reÑectivity Au measurements. For comparison, we show27@.375
also calculated values based on the calculations of & LibermanCromer (1970).

Fig. 4.7: Synchrotron measurements
of the filter transmission around the
Al-K edge from the JET-X telescope.
The x-axis represents the energy in eV.
[Owens et al. (1997)]

The JET-X telescope was also equipped with gold mirrors for focusing the X-rays
at grazing incidence. Owens et al. (1997) present, in figure 4.8, the synchrotron
measurements for the Au-M edge. Comparing with the calculations from theory,
the measurements agree well, except close to the edge. Owens argues that
contamination may be the reason for the misfit at the edge.

It is essential to understand the sources that affect the effective area. When
working with space instruments, these sources have to be evaluated before
launch. This might be difficult, as Owens et al. (1996) explain by compar-
ing the Total Electron Yield with the measured absorption and X-ray Photo-
electron Spectroscopy, XPS. A significant difference of 10 eVs appears between
the measurements, which is enough to introduce an uncertainty in the model.
XMM-Newton is capable of high-resolute spectroscopy, making it even more
important to perform synchrotron measurements of the instrument parts. How-
ever, no matter how thourough this process might be, the modelling of the
effective area might miss features that appeared after launch, and features that
were ignored when ground measurements had to be cost-effective and not too
time-consuming.

Structure close to the edges gets redistributed when folded through the tele-
scope. The magnitude of the residuals that appear depends on the gain correc-
tion applied. By relaxing the correction around the edges, the residuals go down
as seen in section 4.1, since fewer counts are corrected to fall over the edge.

As for the relative alignment in the Cas-A spectra, the impact of overcorrection
is not as obvious as for the Crab spectrum where the absorption edges are clearly
visible. It can be discussed if the effective area is well modelled. In any case,
the gain correction has to be adjusted carefully where complex structure appear
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in the effective area. An example is the narrow dimples in section 4.1.2 that can
reduce the residuals significantly even though they are only 10-20 eVs wide.

4.2.2 Center of Flux in the Cas-A

The observation of the Cas-A, requested especially for this project, was not
pointed in the center of the incident photon flux. Also, the telescope was rotated
from what is the normal observation position for the Cas-A. This can bring as
an effect a shift in the energy spectrum in the timing modes.

A script was written in IDL (appendix B.2) to define the offset from the true
center of flux. In principle, the script reads in the calibrated events-file, in
Full Frame mode, counts all the photons and makes an average RAWX and
RAWY from all events, disregarding properties like their energy. The result,
when taking the source region (86 % of total counts in CCD4) for the FF mode,
is that the center point is placed at (RAWX,RAWY) = (36.98, 189.7).

Regarding the BU energy spectrum, the most interesting value is the value in
RAWY, since the energy is corrected relative to a reference row. By default and
in the analysis, row 189 is used as the reference. Taking into account that for
a photon of 6 keV and a CTE in the order of 0.999, the difference between the
reference point and the actual center of flux is only a few eV’s of undercorrection.
This is not enough to radically change the energy spectrum in Burst mode, since
the differences between the FF and the Burst line positions are in the order of
hundreds of eV’s.

FIG. 4.ÈThe soft X-ray transmission efficiency as a function of energy for the 800 JET-X optical Ðlter. The curve is a composite of calculation (based onÓ
the classical tables of et al. and SRS measurements normalized by discrete line measurements. The inset shows an expansion in the region ofSaloman 1988)
the Al K-edge.

FIG. 5.ÈPredicted JET-X mirror reÑectivity for an angle of incidence of based on single reÑectivity Au measurements. For comparison, we show27@.375
also calculated values based on the calculations of & LibermanCromer (1970).

Fig. 4.8: The reflectivity of the gold mirrors at the AuM-edge of the JET-X for an
incidence angle of 27.375 arcmins or 0.45625◦. [Owens et al. (1997)]
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4.2.3 CTE Rate Dependency

The incident photon rate can effect the CTE. If the rate increases, the number
of occupied traps increases as well. This leads to that additional charge units
will be available at the readout node, thus increasing the CTE. If, in the data
extraction, a CTE-value is used other than the actual value, a shift in the energy
spectra may appear. Analogously, a low count rate leads to fewer occupied traps
and a decreasing CTE.

1

XMM-NEWTON OBSERVATIONS OF THE MICROQUASARS GRO J1655-40 AND GRS 1915+105
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ABSTRACT

We present results of a sequence of XMM-Newton obser-
vations of the two microqasars GRO J1655-40 and GRS
1915+105. The observations were preformed using the
EPCI pn camera in the Burst mode. The observations
of GRO J1655-40 in a bright state have made possible
a substantial improvement in the calibration of the Burst
mode, with determination of the rate dependence of the
Charge Transfer Efficiency (CTE). We detect He-like Fe
K-shell absorption features in the EPIC-pn spectrum of
GRO J1655-40, indicating the presence of a highly ion-
ized absorber, and clear absorption features at 0.71 and
0.72 keV in the RGS spectrum, most probably identified
as blueshifted Fe XVIII.

Key words: binaries: close - stars: individual (GRO
J1655-40, GRS 1915+105)- X-rays: stars.

1. INTRODUCTION

Microquasars are accreting binary systems in our Galaxy
ejecting jets at relativistic velocities. The microquasars
GRO J1655-40 and GRS 1915+105 were the two first su-
perluminal sources discovered in our Galaxy. The dy-
namical mass of the central object, determined to be
7 M¯ for GRO J1655-40 (Orosz & Bailyn, 1997) and
14 M¯ for GRS 1915+105 (Greiner et al., 2001), indi-
cates that it is a black hole in both cases. GRO J1655-
40 and GRS 1915+105 also share the peculiarity of be-
ing thought to contain a maximally spinning black hole
(Zhang et al., 1997). ASCA observations of GRO J1655-
40 in August 1994 and August 1995 provided the first de-
tection of absorption lines in an accretion powered source
(Ueda et al., 1998). The energy of the lines was found to
depend on the X-ray intensity, being 6.95 keV (Fe XXVI
Kα) at 2.2 Crab, and 6.63 and 7.66 keV (Fe XXV Kα and
Kβ) at 0.27-0.57 Crab, revealing the presence of a highly
ionized absorber. Similar absorption features were also
detected for GRS 1915+105 (Kotani et al., 2000).

After 7 years of quiescence, GRO J1655-40 started a
period of activity in February 2005, with RXTE/ASM
showing a first outburst between March 10 and April 1,

reaching ∼2 Crab, followed by a month and a half of
increasing X-ray flux and a strong outburst on May 20,
when the source reached more than 4 Crab. Here we
present the results of four XMM-Newton observations of
GRO J1655-40 performed on 27 February (40 ks, TOO),
and on 14, 15 and 16 March 2005 (GT, 15 ks each).

2. EPIC-PN CTE CORRECTION

The bright state of GRO J1655-40 at the time of our
XMM-Newton observations (almost twice brighter than
the Crab, the source used for Burst mode calibration) has
shown that the Charge Transfer Efficiency (CTE) in the
Burst mode has a stronger rate-dependence than previ-
ously modeled. An inaccurate calibration of the EPIC-pn
CTE leads to a bad energy determination, which becomes
evident in the large residuals around the instrumental Si
and Au edges. From our GRO J1655-40 observations,
the offset in energy has been found to be rate depen-
dent, being stronger at the center of the PSF, which im-
plies that it can not be directly corrected in the extracted
spectrum. We have determined the CTE gain for differ-
ent rates, selecting and evaluating the energy gain linear
factor for spectra extracted from different regions of the
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Figure 1. Calibration of the gain linear factor f as a func-
tion of rate per pixel r.Fig. 4.9: The Gain linear factor as a function of the rate, in the 1.0-3.0 keV interval.

Dotted line is a polynomial expression (see eq. 4.4) [Sala et al. (2006)].

Sala et al. (2006) made a study on the rate dependency of EPIC-pn. Their
result regarding the gain linear factor is presented in figure 4.9. The polynomial
expression of the fitted function, f(r), where r is the photon rate, is stated in
equation 4.4.

f(r) = 0.98 + 0.015 · r − 0.0022 · r2 + 1.1 · 10−4 · r3 (4.4)

The photon rate in Cas-A at one of the brightest points reaches only 0.2 counts
pixel·s

for the same energy interval. Looking at the diagram in figure 4.9, the Burst
spectrum for the Cas-A should be placed on the left. Extrapolating the function
to lower rates, i.e. r ' 0.2, a factor close to 98 % could be assumed to be applied
for the Cas-A BU spectrum. This would make the spectrum undercorrected by
2 %.

However, one might argue that towards lower rates, the number of free traps
are not increasing as much as the equation 4.4 indicates. In fact, there is a
limited, finite number of available traps, since the CCD-cells are not infinite



4.2. Possible Sources of Error 47

in size. Thus, the Gain linear factor should approach the value corresponding
to all the traps in a cell, when no trap is occupied. The data points in figure
4.9 might just as well indicate a lower asymptote, at a value of about 99 %,
which reduces the undercorrection of the spectrum to a mere 1 %. One percent
is practically within the error margin of the peak ratios, and does not have a
significant impact on the output of the analysis.

Looking in figure 4.9, the factor for the Crab is close to 1. No obvious gain
shift should occur for sources with intensity like the Crab. It should be noted
though, that the calibration of the rate dependency in flight has used the Crab
nebula as a reference, so it is quite natural that the factor for the Crab should
be close to 1.

Check of new CCF with Bright Sources

The CCF with the parameters presented in section 4.1.1 has been checked with
sources with a specially high incoming photon flux, by Gloria Sala at MPE. The
sources which have been processed are called GRO-J1655-40, also presented in
figure 4.9 and XTE-1817-330.

The same features as for the Crab Nebula appear. No deterioration compared
to the spectrum with the old CCF. On the contrary, in certain regions, the fit
actually improves. The spectra are shown in figures 4.10 and 4.11.

Fig. 4.10: The spectrum of XTE 1817-330 with model ratio. The model fits are
almost not distinguishable. The spectrum with the new CCF has a clear residual at
the Au-M edge. (G.Sala, MPE)
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4.2.4 The Use of Extended Sources

Cas-A is an extended source, which normally is not observed in Burst mode.
Point sources, incident on a few pixels only and especially bright, are targets
intended for observation in Burst mode. Due to reasons stated before, the SNR
Cas-A has been used for the energy alignment. Due to the source’s extent,
photons are incident on more rows than the extraction process accounts for.
These photons fill up traps and sequentially increasing the CTE. A better CTE,
than the data processing is expecting, leads to an overcorrection in energy.

K. Dennerl at MPE (e-mail conv. 11/29/2006) estimates that an extended
source, incident on the last ∼30 rows, should not shift the spectrum significantly.
The charge has to travel at least 170 rows in this case in order to arrive at the
readout node, which is many more rows than the rows on which the source is
incident. Thus, in theory a shift may appear, but by comparing with the rows
where the source do not shine, it can be neglected.

4.2.5 Energy Resolution of the Burst Mode

F. Haberl mentions in an e-mail conversation (11/16/2006) that the energy
resolution of the Burst mode has never been calibrated explicitly. If there is a
significant difference in line-width between BU and FF mode, Haberl points out

Fig. 4.11: The spectrum of GRO J1655-40 with model ratio. The spectrum with the
new CCF has a ratio below 1 up until 2.0 keV. Above 2.2 keV it fits well until 7.0 keV.
(G. Sala, MPE)
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that this could indicate that the resolution is not well calibrated. The calibration
of the energy resolution is added into the file describing the response matrix. If
the response matrix is not correct for the Burst mode, this can produce features
like residuals at the instrument edges.

Assessing the impact of a resolution calibration is beyond the scope of this
thesis, since that is another calibration issue. Nonetheless, a confirmation of
defect calibration data can be performed by measuring the line width ratios,
which correspond to the sigma-ratios for Gaussian functions. Key peaks in the
CasA-spectrum are the Si-K, S-K and Fe-K peaks.

By fitting the function in equation 3.5, locally to each peak in XSpec as for
calculating the peak positions in chapter 3, the σ-parameters are given. The
result is presented in table 4.4, along with their respective errors. At Fe-Kα, the
statistical population is not good enough, in BU mode, for an error estimation
of the σ-ratio. For the Si-Kα peak, a width difference of 20 % is measured.
Since the CCDs are made of silicon, absorption structure appears in this region
too, thus the lack of calibration of the energy resolution in Burst mode may be
a cause of the residuals in the Crab spectrum.

The errors of the σ-ratios, ∆σ, are derived based on equation 3.6. This gives
the expression in equation 4.5. The fitting and error estimation are done on
the Burst mode spectrum where no special gain correction is on, eliminating
the possibility that the correction function might redistribute line positions and
their widths.

(
∆σ

ratio

)2

=
(

∆σFF

σFF

)2

+
(

∆σBU

σBU

)2

, (4.5)

where ∆σFF and ∆σBU are the errors of σ in each mode.

Table 4.4: Line width ratios, between Burst and FF mode, for prominent peaks in
the CasA spectrum. The errors, ∆σ, are on the 90 % confidence level, χ2.

Peak σFF [keV] σBU [keV] Ratio ±∆σ

Si-Kα 4.596 · 10−2 5.804 · 10−2 0.792 0.054721
S-Kα 6.853 · 10−2 6.424 · 10−2 1.07 0.179663

Fe-Kα 0.1331 0.1195 ←Low Statistics
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Chapter 5

Conclusions

No hay libro tan malo que no tenga algo bueno.
– Miguel Cervantes –

C
alibration is one of the major elements in producing quality data
from remote sensing units such as space telescopes. This project is a
part of the overall calibration of XMM-Newton, and the second of its

kind for the BU mode. However, comparing with the first alignment, this second
calibration now corrects the BU mode to agree within 1 % with the FF mode,
concerning the energy accuracy.

This report has treated the course of calibrating one operating mode relatively to
one other. There has been a planning and preparation phase for the calibration
observation of Cas A, which was used to compare lines between the modes.
The parameters of the implemented energy or gain correction function were
then modified such that, with the new correction, the line ratios are close to
1, with an error of ±0.01 compared to ±0.07 with the old correction. The
new correction was applied to the continuous spectrum of the Crab Nebula.
The residuals between the model and the data are identified as consequences of
modelling difficulties due to X-ray absorption by the instrument parts. Since the
same model is used for the more commonly used modes and works satisfactory
for those, it is only allowed to modify the gain correction. Two different types of
relaxation to the correction have been suggested, and both reduce the residuals.
However, as discussed, the modification of the existing parameters is easier
to implement than to modify the actual function, since that modification also
requires the software to be rebuilt. Thus, the final product is a set of new
parameters to the implemented gain correction function that align the peaks in
the region 1.8-6.6 keV within 1 % between the BU and FF modes. Additionally,
the function reduces the residuals in the Crab spectrum to less than 10 % at
the peaks and well within 5 % from the model for the overall spectrum.
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5.1 Future Improvements

The alignment of the spectra has been made on the energy region 1.8-6.6 keV,
where strong lines in the Cas-A spectra appear. A line-rich source should be
observed for lower energies where the effective area still gives good enough sta-
tistics. As the Crab spectrum in BU mode does not fit for energies below 0.7
keV, such observation is needed. Along with more lines, a real energy calibration
has to be performed for the BU mode, concerning the line widths, and adding
the results to the special response matrix that the BU mode has.

The shape of the existing function should be revised when more data points
over a larger spectral region are obtained. A more flexible function with more
slopes could be needed, depending on what these additional points tell about
the local energy shifts.

As for the errors, the CTE rate dependency for both bright and faint sources as
well as for extended sources should be observed in BU mode and evaluated in
order to fully understand the impact of using this kind of calibration sources for
the BU mode. Today, this effect is believed to be minor, but it should evaluated
when higher priority work has been finished.
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Appendix A

The Relative Energy
Calibrations of EPIC-pn

E
PIC-pn has six modes in total and the tables and graphs presented in
this appendix are based on the calibrations that will be introduced to
the CCFs in early 2007.

All the graphs contain spectra that have modified normalization in order to
make the plots easier to overview. All the peaks have been fitted locally with a
Gaussian distribution. The line positions are evaluated on the 90 % confidence
level for χ2. All modes are compared to the FF mode, and to the modes of the
same observation id if applicable. The different CCDs in the eFF mode have
been calibrated with an individual gain correction for each CCD by M. Kirsch,
also presented in table A.1. This does not change the alignment of the BU
mode, since the CCD4 is the reference for this calibration and has not changed.

The regions have to be the same for each plot and comparison to avoid a signif-
icant influence of red- and blueshifts. For observation 0412180101 the regions
have been presented in chapter 3.

For observation 0137550301:
Background for FF and SW:
((DETX,DETY) IN box(2728.75,3182.5,437.75,997,0))
Background for TI:
((RAWX,RAWY) IN box(5.75,120,5.25,40,0))
Source for FF and SW:
((DETX,DETY) IN box(-126.25,233,2042.25,1371,0))
Source for TI:
((RAWX,RAWY) IN box(40,110,16.5,87.5,0))

For observations 0110011801 and 0165560101:
Background: ((X,Y) IN circle(27014,37976,1598.43))
Source:((X,Y) IN circle(27710,26840,3029.61))
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Appendix B

IDL-scripts for Curvefit and
Count Analysis

B.1 Curvefit

Below the IDL-script for the curvefit-routine is presented together with its
subprocesses.

;IDL script for fitting a boltzmann function with
:four unknown parameters to a small dataset (five points)
;Remember to set the starter-values of the parameters
:for sequential fitting
;At least 1 iterations will be performed
;For IDL 6.1 and up
;Version 1.2 Gustaf Winroth 2006-09-28

print, systime() ;system time
;read in the peakposition and the confidence range for
:the positions in the burst mode
print, ’Reading datafile’
readcol, ’peak_pos.txt’, ff_energy, burst_energy, $
lowFF, highFF, lowend, highend, FORMAT = floating

;Current weights
weights = [0.8,0.8,0.8,0.8,1.0]

X = ff_energy*1000
Y = ratio

print, ’Energy in FF Mode’
print, x
print, ’Ratio between FF and Burst’
print, y
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print, ’Weights for each peak’
print, weights

;starter values as derived after a
;few manual iterations, 21 Sept 2006
B = [2770.18, 378.666] ; latest x0, dx
A = [1.06917, 1.04302] ; latest A1, A2
;export to main level variable to be read by the subprocesses
(Scope_VarFetch(’L’, LEVEL=1, /ENTER)) = A
;export to main level variable
(Scope_VarFetch(’E’, LEVEL=1, /ENTER)) = B

;Iterations of the sequence, NOT for CURVEFIT
iterations = 100
;Ask for number of iterations
;Read terminal input
READ, iterations, PROMPT = ’Enter # of Iterations: ’
ite = iterations
;Parameter guesses
;A = L;for the linear fit
;B = E;for the exponential fit

;calculating the errors
errFF=(highFF-lowFF) / 2
errB=(highend-lowend) / 2
print,’Errors in FF mode’
print,errFF
print,’Errors in Burst mode’
print,errB
err = sqrt((errFF/ff_energy)^2+(errB/burst_energy)^2) * ratio
print,’Ratio Errors’
print,err

;The curvefit-loop
repeat begin
iterations = iterations - 1
d = CURVEFIT(X, Y, weights, A, FUNCTION_NAME=$
’boltzmann_lin’, ITER=50, /noderivative)
(Scope_VarFetch(’L’, LEVEL=1, /ENTER)) = A
c = CURVEFIT(X, Y, weights, B, FUNCTION_NAME=$
’boltzmann_exp’, ITER=50, /noderivative)
(Scope_VarFetch(’E’, LEVEL=1, /ENTER)) = B
endrep until iterations le 1

;for the linear fit
PRINT, ’Linear function parameters (A1, A2):’, A
;for the exponential fit
PRINT, ’Exponential function parameters (x0, dx):’, B

end
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Subroutines:

;Exponential parameters to be fitted
PRO boltzmann_exp, X, A, F, pder
;fitting of the exponential parameters
L = (Scope_Varfetch(’L’, LEVEL=1))

;for the exponential fit
F = (L[0]-L[1]) / (1 + EXP((X-A[0])/A[1])) + L[1]
bx = 1/(1 + EXP((X-A[0])/A[1]))

END

;fitting of the linear parameters
PRO boltzmann_lin, X, A, F, pder
;fitting of the linear parameters
E = (Scope_Varfetch(’E’, LEVEL=1))

;for the linear fit
F = (A[0]-A[1]) / (1 + EXP((X-E[0])/E[1])) + A[1]
bx = 1/1/(1 + EXP((X-E[0])/E[1]))

END

B.2 Analysis of Counts

Below the source-code for the counts-script is written, which calculates the
photon rate and the center of flux within a defined region.

;Script for the counts per second per each
;pixel in the source area of the full frame.
;Also gives center of balance to the respect
;of counts within the given region.
;Events-file should be stored in the
;same library and named infile_pn.fits
;By Gustaf Winroth 2006-10-27

;The analysed region
centerx = 37
centery = 175
width = 27.5 ;half-width
height = 5 ;half-height

print, systime() ;system time
;read in the fits-file
print, ’Reading datafile’
file="infile_pn.fits"
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centery, width, height;, /SILENT
c = mrdfits(string(file),1, header)
obs_id=sxpar(header,"OBS_ID")
mode=sxpar(header,"submode")
print, ’------------------------------------------’
print, ’Information about observation nr. ’, obs_id,$
’ in ’, mode
time= c(*).TIME
exposure=max(time)-min(time)
print, ’------------------------------------------’
print, ’ $
Exposure time:’,exposure, ’ seconds’

rawx = c(*).RAWX
rawy = c(*).RAWY
lowx = centerx - width
lowy = centery - height
highx = centerx + width
highy = centery + height

s_counts=where(c(*).CCDNR EQ 4 AND rawx GE lowx $
AND rawy GE lowy AND rawx LE highx AND rawy LE highy, $
z_s, COMPLEMENT=comp, NCOMPLEMENT=count_comp)

;Sub-structure of fits-table w/ only events
;from within the region
subc = c[s_counts]

;calculating center of balance of counts in RAWX-direction
sumx = TOTAL(subc(*).RAWX)
xcoord = sumx / z_s
;calculating center of balance of counts in RAWY-direction
sumy = TOTAL(subc(*).RAWY)
ycoord = sumy / z_s
f_counts=where(c(*).CCDNR EQ 4)
z_f = n_elements(f_counts)
percfs = z_s*100/z_f
print, ’Number of counts within the source region: ’, $
z_s, percfs,’% of total counts in CCD4’

pixels = width*2 * height*2
print, ’Number of pixels within the source region: ’, pixels
rate = z_s/(exposure * pixels)
print, ’ The photon rate [counts / (pixel*sec)]: ’, rate
print, ’ Center of balance in counts, RAWX: ’, xcoord
print, ’ Center of balance in counts, RAWY: ’, ycoord
print, ’------------------------------------------’

end
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användning av dokumentet p̊a ovan beskrivna sätt samt skydd mot att doku-
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