A CODED-MASK IMAGER
AS MONITOR OF
GALACTIC X-RAY SOURCES

Jean in 't Zand



ISBN 90-393-0473-4



A Coded-Mask Imager as Monitor of (Galactic
X-Ray Sources

Een Schaduwmaskercamera als Monitor van Galactische Rontgen-bronnen
(MET EEN SAMENVATTING IN HET NEDERLANDS)

PROEFSCHRIFT

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR AAN DE RIJK-
SUNIVERSITEIT TE UTRECHT, OP GEZAG VAN DE RECTOR MAG-
NIFICUS PROF. J.A. VAN GINKEL, INGEVOLGE HET BESLUIT VAN
HET COLLEGE VAN DECANEN IN HET OPENBAAR TE VERDEDI-
GEN OP WOENSDAG 14 OKTOBER 1992 TE 12.45 UUR

DOOR

Johannes Joseph Marie in ’t Zand

GEBOREN OP 13 OKTOBER 1960 TE BUNDE



Promotor: Prof. Dr. Ir. J.A.M. Bleeker,
SRON-Laboratorium voor Ruimteonderzoek, Utrecht en
Sterrekundig Instituut, Rijksuniversiteit Utrecht
Co-promotor: Dr. J. Heise,
SRON-Laboratorium voor Ruimteonderzoek, Utrecht

This investigation was performed at the Laboratory for Space Research Utrecht of the Space
Research Organization of the Netherlands (SRON), which is financially supported by the
Netherlands Organization for Scientific Research (NWO).



Contents

Summary 1
1 Introduction 3
1.1  Advent of X-ray astronomy . . . . . . .. ... 3
1.2 Bright compact galactic X-ray sources . . . . . . .. .. . ... . . 4
1.3 The variability of bright galactic X-ray sources . . . .. .. ... ... ... ..... 6
1.3.1 Rapid variability . . . . .. .. . 6

1.3.2  Orbital modulations . . . . . . .. . ... ... 7

1.3.3 Pulsations . . . . . . .. L 7

1.3.4 Bursts . . . . . e 8

1.3.5 QPO and their relation to spectral variability . . . . .. ... ... ... ... 8

1.3.6 Transient behavior . . . . . . . . ... 8

1.3.7 Longtermcyclesin XBs . . . . .. .. ... 10

1.4 Instrumentation for the study of transients and bursters . . . . . . . ... ... ... 10
1.5 Motivation of the research discussed in this thesis . . . . . . . .. ... ... ... .. 11

2 The Mir- Kvant module and the Rdntgen observatory 17
2.1 Imtroduction . . . . . . . . .. 17
2.2 The Rontgen observatory . . . . . . . . .. e 17
2.2.1 Payload description . . . . . ... 17

2.2.2  Some basic principles of operations . . . . . ... ... L. 19

2.3 Short history of Rontgen operations, up to February 1992 . . . . . ... ... .. .. 19

3 X-ray wide-field camera imaging concept 23
3.1 Introduction: multiplexing techniques as alternative to focusing techniques . . . . . 23
3.2 Basic concept of coded-mask imaging . . . . .. ... oo 24
3.3 Mask pattern . . . . . . . L 24
3.4 Optical design . . . . . . . . L e 28
3.4.1 Optimum and simple configurations . . . . . .. ... ... .. ... ..., 28

3.4.2 Angular resolution . . . . . ... 31

3.43 Fieldof view . . . . . . 31

3.5 Detector requirements . . . . . . . .. L e e 31
3.5.1 Spatial resolution . . . . . . ... 31

3.5.2 Samplingrate . . . . . ... 33

3.5.3 Flat-field response of the detector . . . . . . .. .. ... L. 33

3.5.4 Tolerance on relative positioning and alignment of the detector body and mask 33

3.6 Reconstruction methods . . . . . . . .. Lo 35
3.6.1 Linear methods . . . . . . . . . .. 36

3.6.2 Iterative methods, Maximum Entropy Method . . . . ... ... ... ... .. 39



4 (COMIS design aspects and hardware

4.1 Introduction . . . . . . . . oL
4.2 Optical design . . . . . . . . . e
4.3 Mask . . .
4.4 Detector . . . . . . . e

4.4.1 Internal counter configuration . . . . . . . . . .. ... L L.

4.4.2 Processing electronics . . . . . . . ...
4.5 Star SENSOT . . . . . .o e e e e e
4.6 CDMS and telemetry . . . . . . . . . oL

Formalism and implementation of reconstruction technique

5.1 Introduction; choice of reconstruction method . . . . . . . . ... ... ... ... ..

5.2 Cross-correlation technique for an ’ideal’ detector in a simple system . . . . . . . ..
5.2.1 Notation . . . . . . . . . e
5.2.2 Exposure of the detector . . . . . . . . ...
5.2.3 Cross correlation . . . . . . . .. .
5.2.4  Error in the reconstructed sky . . . . . . ... oo oL

5.3 Suppression of coding noise: Iterative Removal Of Sources (IROS) . . . .. ... ..

5.4 Suppression of Poisson noise: weighing detector subsections . . . . ... ... . ...

5.5 Combining reconstructed sky images of different observations . . . . . . ... .. ..

5.6 Detector binning; finely-sampled balanced correlation . . . . . . . . .. ... .. ...

5.7 Complications in non-ideal situations . . . . . . . . . .. ... Lo,
5.7.1 Effect of window support structure on reconstruction . . . . . . . .. ... ..
5.7.2  Derivation of fluxes and positions of point sources in a reconstructed sky

5.8 Implementation of the reconstruction technique in the computer . . . . . ... ...
5.8.1 Computer hardware . . . . . . . . . . . o
5.8.2 Standard reconstruction algorithm for the total observed sky . . . ... ...
5.8.3 Reconstruction for selected parts of the observed sky . . . . . . . ... .. ..

COMIS calibration and performance
6.1 Introduction . . . . . . . . . . e e
6.2 Spectral reSpONSe . . . . . . ... e e e
6.2.1 Photon energy - ADC channel relation . . . . . . ... ... ... ... ...,
6.2.2 Resolution . . . . . . . . ..
6.2.3 Efficiency as a function of energy . . . . . . . . ... Lo
6.2.4 In-flight calibration with Crab . . . . . ... ... ... ... ... .. ...
6.3 Dead times as determined from rate meters . . . . . . . ... ... ...
6.3.1 Live-time fraction of event input and processing . . . ... .. .. ... ...
6.3.2 Live-time fraction due to pile-up effect . . . . . . .. .. ..o
6.3.3 Telemetry coverage . . . . . . . . ..
6.4 In-flight calibration of the mask-detector misalignment angle . . . .. ... ... ..
6.5 Point Spread Function (PSF) . . . . .. . .. ...
6.5.1 Pointing stability . . . . . .. .. o
6.5.2 Photon penetration. . . . . . . ... L
6.5.3 Noise in the position-readout system of the detector . . . . . .. . ... ...
6.5.4 Spatial response to reconstruction algorithm . . . . . ... ... ... ...
6.5.5 Point source location accuracy (SLA) and sensitivity . . . . . . ... .. ...
6.6 Detector and sky background . . . . .. ..o L Lo oL
6.6.1 Sources of backgrounds . . . . . .. ... L
6.6.2 Background measurements . . . . ... ..o

43
43
43
45
48
48
50
54
54

57
o7
58
59
59
60
62
64
66
68
70
71
71
74
76
76
[
79



7 Monitor-results of TTM during Oct. 1988 — Feb. 1992 109

7.1 Introduction . . . . . . . . e e 109
7.2 Characteristics of the observing program . . . . . . .. . ... ... ... ... ... 109
7.3 An archive of TTM observations . . . . . . . . . o o v v v v v i ittt 112
7.3.1 Construction of the archive . . . . . . . ... . . ... ... ... .. .... 112
7.3.2 General characteristics of archive . . . . . . . . . ... ... ... ... . 113
7.3.3 Burstevents . . . . . . . ... e 118
7.3.4 Remarks on individual sources . . . . . . . ... ... ... .. 118

7.4 Discussion of selected sources . . . . . . . .. 123
7.5 Summary and conclusion . . . .. ..o 126
8 Two new X-ray transients near the galactic center 129
8.1 Introduction . . . . . . . . . . e e e 129
8.2 Observations . . . . . . . . e e e e e e 130
8.3 Results and discussion . . . . . . . . ... e 130
8.3.1 KSIT32—273 . . . . 131
8.3.2 KS1741-293 . . . . .. 132
8.3.3 Bursts from KS1741—-293 . . . . . . . . ... 133

9 The spectral variability in 2—28 keV of GS2023+4338 during its 1989 outburst 137

9.1 Introduction . . . . . . . . . . e 138

9.2 Observations . . . . . . . . . . e e e e e e 138
9.3 The data: lightcurve and spectrum . . . . . . . . . .. ... 139
9.4 Spectral variability . . . . . . .. Lo 141
9.4.1 Analysis method . . . . . . ... L 141

9.4.2 Results on GS2023+338 . . . . . . .. 142

9.5 Discussion . . . . . .. e e 146
9.6 Conclusion . . . . . . . . . . e e 150

A References to papers concerning TTM 153
A.1 Papers with the author of this thesis as contributor . . . . . . . ... ... ... ... 153
A2 Other papers . . . . . . . . . e 154
Inleiding en samenvatting 157
Curriculum vitae 163

vii



Abbreviations and acronyms

AC — Anti Coincidence

ADC —  Analog-to-Digital Converter or Accretion Disk Corona

AGN — Active Galactic Nucleus

ASM — All-Sky Monitor

BASUB - BAckground SUBtraction on detector

BHC — Black Hole Candidate

CDMS — Command and Data Managing System

COMIS - (COded-Mask Imaging Spectrometer

CPU — Central Processing Unit

Cv — Cataclysmic Variable

FFT —  Fast Fourier Transform

FOV —  Field Of View

FWHM - Full-Width at Half Maximum

FWZR — Full-Width to Zero Response

GC — Galactic Center

HEXE — High-Energy X-ray Experiment

HLD — High-Level Discriminator

HMXB — High-Mass X-ray Binary

IFC — In-Flight Calibration

IKI — Russian abbreviation for the Space Research Institute in Moscow

IROS — TIterative Removal Of Sources

LLD — Low-Level Discriminator

LMC — Large Magellanic Cloud

LMXB — Low-Mass X-ray Binary

LTF — Live-Time Fraction

MEM —  Maximum Entropy Method

MES — Mask Element Size

MIF —  MiInor telemetry Frame

NM —  Normal Mode

NS — Neutron Star

PSF — Point-Spread Function

QPO —  Quasi-Periodic Oscillations

RM1/5 — Rate Meter 1 through 5

RMC — Rotation-Modulation Collimator

SAA — South-Atlantic Anomaly

SLA — Source Location Accuracy

SNR — Signal-to-Noise Ratio

SRON — Space Research Organization of the Netherlands

SS —  Star Sensor

SWA —  Simplified Weight Averaging of detector subsections

TTM — Russian abbreviation for shadow mask telescope, used as
alternative name for COMIS

URA —  Uniformly-Redundant Array

WA —  Weight Averaging of detector subsections

WD —  White Dwarf

XB — X-ray Binary

viii



Summary

This thesis concerns subjects from the development, calibration and scientific output of the COMIS
instrument, which was launched in 1987 as part of the Rontgen observatory in the Kvant module
of the manned space station Mir. COMIS is a collaborative effort between the SRON-Laboratory
for Space Research Utrecht (the Netherlands), the University of Birmingham (United Kingdom)
and the Space Research Institute in Moscow (Russia). It brings into practice coded-mask imaging
in X-ray astronomy (at photon energies between 2 and 30 keV). Due to the wide field of view
(16 x 16 square degrees) and an angular resolution of 2/, the instrument is capable of studying
simultaneously several X-ray sources that are within the observed sky. Thus, it can monitor the
behavior of persistent sources as well as watch the sky for unexpected events such as short outbursts
of otherwise undetectable sources (e.g. transient sources).

Chapter 1 gives a general introduction to the physics and characteristics of bright galactic X-
ray sources, a discussion of the contribution that coded mask imaging devices can provide to the
understanding of these sources and a motivation of the research discussed in this thesis.

A coded-mask imaging device basically consists of three components: the mask plate (and the
pattern of holes in it), the detector and the reconstruction hard- and software. In part I of this
thesis the development considerations and calibration of these components are discussed for the
COMIS instrument. This starts in chapter 2 with an overview on all the instruments of the Rontgen
observatory, indicating the scientific role of COMIS within the observatory. In chapter 3, the concept
of coded-mask imaging is introduced; an account is provided of the requirements to the pattern
of mask holes, the capabilities of the detector and the reconstruction algorithm, to arrive at an
optimum imaging performance. In chapter 4 the development considerations and implementation
of the mask and detector hardware of COMIS are discussed that determine the scientific capability
of the instrument. The applied reconstruction hard- and software are presented in chapter 5; new
algorithms are put forward to suppress Poisson noise (this algorithm specifically concerns the mask-
detector configuration as applied in coded-mask systems like COMIS) and to deal with imperfections
in the imaging capability of the detector. These algorithms potentially improve the statistical quality
of the data several times. Finally, in chapter 6, pre- and in-flight calibration items of COMIS are
discussed, as performed by the author, that are crucial in the scientific analysis of the data, e.g. the
spectral response, the point-spread function and the dead times of the detector.

Part II deals with scientific results obtained with COMIS by the author. Apart from the scientific
relevance, these results indicate the potential of observations with a wide-field coded-mask imaging
device. At first, in chapter 7, an overview is given of the monitor results of COMIS on 65 point
sources, detected between October 1988 and February 1992. COMIS has observed in this period
the X-ray sky for about a total of 150 hours, of which 80% in 1989. The top-priority target in this
period was the galactic bulge, to which 20% of the exposure time was dedicated. Four of the sources
detected are transients, that had not been detected previously with other instruments. Furthermore,
fourteen burst events were observed which could be attributed to persistent X-ray sources within
the galactic bulge.

Three of the new transient sources are situated within a few degrees of the galactic center. Two
of these were seen to burst more than once. KS1732—273 and KS1741—293 are weak transients,
with a peak intensity less than 30 mCrab. They are discussed separately in chapter 8.



2 Summary

In chapter 9 the observed spectral variability of the X-ray transient GS2023+338 is discussed.
This bright transient and best galactic black hole candidate is shown to exhibit in essence variability
in two spectral components which are superposed on a power-law spectrum with a constant index:
a low-energy absorption whose variability decays with time and a Compton-reflected component
whose relative magnitude decays with time. The decay observed in both components is probably
due to a clean-up of environmental material by accretion.

In conclusion, it is shown that wide-field coded-mask imaging is a valuable tool to monitor the X-ray
sky. Its capability conveniently fills the gap between all-sky monitors and narrow-field instruments.
On the one hand it compares to an all-sky monitor by the potential of quicker localization of short
events and on the other hand it enables the simultaneous study of more than one strong X-ray
source. The term ’selected-sky monitor’ well characterizes such an instrument. The results stress
the importance of monitoring the X-ray sky with similar instruments, e.g. the wide-field cameras
currently developed at SRON-Utrecht for use aboard the Satellite per Astronomia a raggi X (SAX),
an Italian-Dutch X-ray observatory which is due for launch in 1994.



Chapter 1

Introduction

1.1 Advent of X-ray astronomy

Prior to 1962 it was generally thought that celestial sources outside the solar system radiate the
same proportion of their bolometric luminosity in X-rays as the sun does (about 1077). It therefore
came as a surprise when in that year, during a tentative observation of the moon, the first extra-
solar X-ray source was detected in the constellation of Scorpius (Sco X-1, Giacconi et al. 1962) at
the sensitivity level of the early X-ray detectors (~ 1077 erg s 'em™2 in 1—-10 keV). Assuming
that Sco X-1 is a nearby star, it would emit X-rays at a rate 107 to 10® greater than the sun'!
This discovery initiated a decade of rocket and balloon-borne X-ray measurements of the sky and
substantial theoretical effort to explain the source of the high X-ray emission in Sco X-1 and in
other subsequently discovered strong celestial X-ray emitters. A major breakthrough occurred in
1972 when space-borne measurements with the first X-ray satellite Uhuru showed signs of orbital
motion in Cen X-3 (Schreier et al. 1972). This confirmed the suspicion that many such X-ray
sources originate in galactic close binary star systems in which mass is transferred from a 'normal’
star to a collapsed star; the mass in-fall into the deep gravitation well of the collapsed star serves
to power the energetic X-radiation. In a few other sources the X-rays were found to originate
from synchrotron emission in the nebulae of young supernova remnants. Although the physical
nature of these sources has since been firmly established, many questions remain to be answered.
These questions predominantly concern the evolutionary history and present status of these binary
systems. In practice this means that basic system parameters need to be determined, e.g. masses
and dimensions. Since the nineteen sixties a large effort has been made to accomplish this.

Space-borne observational work? started off in the early seventies with the main purpose to make
an archive of celestial X-ray sources and their X-ray characteristics (with satellites such as Uhuru,
Ariel-V and HEAO-1). In the next decade, more sensitive instrumentation was launched into space
(e.g. Einstein, EXOSAT, Ginga) which permitted a more careful temporal and spectral study of
X-ray sources. These studies contributed considerably to the understanding of the environment of
X-ray sources and often provided the necessary data to obtain the basic parameters of such close
binary star systems. This thesis describes the application of a novel observing technique, coded-
mask wide-field imaging, which is specifically relevant to the investigation of variability in bright
X-ray sources, particularly those sources which are bright for only a short time (several seconds to
weeks).

The following chapter introduces the reader to the main physical aspects of high-luminosity com-
pact galactic X-ray sources and to the observational techniques applied for studying the variability
of these sources on time scales of several seconds to weeks.

Tn 1966 the optical counterpart of Sco X-1 was discovered (Sandage et al. 1966, Johnson & Stephenson 1966). It
was found that this object emitted 1000 times more power at X-ray wavelengths than at optical wavelengths.
2For a review of X-ray astronomy missions, see Bradt et al. 1992.
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1.2 Bright compact galactic X-ray sources

Many galactic objects emit X-radiation but the range in luminosity is large, from ~ 10?7 erg s~!

for weak coronal emission to ~ 10%® erg s~! for the strongest accretion-driven binaries. The latter
category of sources is of primary interest in this thesis and the subsequent discussion will focus on
these sources.

A binary star system may contain a collapsed star, which is the end-product of stellar evolution.
This can either be a white dwarf (WD), neutron star (NS) or black hole (BH). If, by some mechanism,
mass is transferred from the 'normal’ companion star to the collapsed component, this matter will
fall into a deep gravitation well and potential energy is transformed into kinetic and thermal energy.
The energy-transformation is highly efficient: for a NS the energy produced is equivalent to about
10% of the rest mass of the in-falling matter. This energy may again be transformed into radiation,
with typical wavelengths in the X-ray regime. The precise mechanisms at work in the transformation
of energy and the resulting characteristics of the radiated energy depend on the specific physical
circumstances in the binary as a whole and on the characteristics of the individual components,
e.g. the masses My and M. of the collapsed object and companion star respectively, the mechanism
responsible for the mass loss of the companion star, the mass accretion rate My of the collapsed
object, the nature of the collapsed object, the magnetic field strength B of the collapsed object,
the rotation periods (P and P.) and the orbital period P,. These parameters are set by the
evolutionary history of the binary system.

The luminosity of these binaries depends in particular on M, and the radius of the collapsed
object (Rx). A simple estimate for the power W of the liberated potential energy can be inferred
from

G My M,

L (1.1)

A typical mass accretion rate is My ~ 1078 Mguyr—! (Savonije 1983), resulting in roughly W = 1038
erg/s for a NS and 10% erg/s for a WD. If all this energy were thermally radiated with a single
temperature at the collapsed object’s surface, the maximum of the black body distribution would
lie at 7 and 0.04 keV respectively. Therefore, it is expected that binaries containing a WD have
a substantially lower hard X-ray luminosity® than those containing a NS or BH. Because of this,
binaries with the latter types of collapsed objects are generally called X-ray binaries (XBs). A
recent overview of these systems was given by White (1989). Two types of XBs are distinguished,
depending on the nature of the companion star:

HicH-MAss X-rRAY BINARIES (HMXBs). The companion star has a mass of > 10M, and an early
spectral type (earlier than ~B2). It looses matter predominantly through a wind —the accretion
is then designated as 'wind driven’— although in some cases incipient Roche-lobe overflow is
suspected. There is indirect evidence for the presence of an accretion disk in some systems.
HMXBs are generally young (< 107 yr) and if the collapsed object is a NS it may possess
a magnetic field strong enough (~ 10'? G) to funnel the mass accretion along the field lines
to the magnetic poles. If the magnetic and rotation axes are not co-aligned, the X-radiation
beam may periodically sweep through the line of sight, thus creating a pulsating signal to the
observer. The ratio of optical to X-ray flux of HMXBs is < 1, while the X-ray spectrum is hard
(typical kT > 15 keV).

The group may further be subdivided in two groups (each comprising about half of the
HMXBs): super-giant X-ray binaries (the companion is of luminosity class I-II) and Be X-ray
binaries (class III-IV).

Low-Mass X-RAY BINARIES (LMXBS). In these systems the companion star has a mass of
< 2Mg, is of a late spectral type and looses matter through Roche-lobe overflow. These

SHARD X-radiation is here defined as radiation with photon energies between 1 and 10 keV.
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systems are generally old and the magnetic field of a possible NS is weak (B ~ 10% — 10° G).
Due to the high angular momentum of the transferred matter, an accretion disk is formed; the
accretion is designated as ’disk driven’. This accretion disk forms a buffer in the mass trans-
fer. To this date, no pulsars have been found among LMXBs, most probably due to their low
magnetic field. The X-radiation dominates the optical luminosity (Ly/Lopt ~ 350 on average).
In fact, the optical radiation of the companion star may be so weak that the optical radia-
tion observed is dominated by reprocessed X-radiation from the accretion disk and by X-ray
heating of the companion star. Luminous LMXBs located in the galactic bulge have not yet
been identified with optical counterparts, owing to the strong interstellar absorption in that
direction. For those that have an identified counterpart, the optical spectrum is often a-typical
for a main-sequence star. The X-ray spectrum is relatively soft (typical kT < 15 keV).

The above-mentioned groups are rather well defined. Only a few XBs (e.g. GX1+4, 4U1626-67,
H2259+4-035 and Her X-1) are difficult to classify, because they show characteristics of both groups.
Van Paradijs (1991) lists 44 HMXBs and 43 LMXBs that have been identified with optical coun-
terparts. Other luminous X-ray sources have also been classified on the basis of their analogy with
those optically identified. The total amount of known XBs is 124.

The X-ray intensity of XBs is often persistent, suggesting a continuous mass transfer. Some sources,
however, "turn on” their X-ray flux for only a short time. These are transient sources, in the
sense that their X-ray luminosity remains most of the time below the detection threshold of the
X-ray detectors. This phenomenon is basically attributed to an irregular mass transfer rate. The
observational aspects of transient sources are discussed in 1.3.6.

The luminosity arising from in-falling matter on a collapsed object has an upper limit. If the
mass transfer gives rise to so much radiation that the radiation pressure balances the gravitational
attraction, no accretion is possible anymore. A simple estimate (i.e. employing spherical symmetry)
for the upper limit to the X-ray luminosity and the corresponding mass accretion rate is obtained
by balancing the gravitational force and the radiation pressure due to Thompson scattering by
hydrogen atoms and is called the Eddington limit:

M, . M,
Lega = 1.3x 1038M— erg/s; Megg = 1078 i Mg /yr (1.2)
© ®©

A couple of X-ray characteristics of XBs are clear indicators for the NS nature of the collapsed
object. These include bursts and pulsations (see 1.3). However, such characteristics are in many
cases not found and the nature of the collapsed component remains uncertain. Till now, six XBs
are suspected to contain a BH, on the basis of lower limits to the collapsed object’s mass. Theory
predicts that collapsed objects more massive than 3 Mg will collapse to form a BH. Objects with
lower mass limits in excess of this value are designated as BH candidates (BHC); the candidacy
refers to the fact that the theory is not fully secure regarding the existence of BHs. The lower mass
limits for these six BHCs have been obtained by the measurement of the radial velocity curve of
Doppler-shifted optical spectral lines (i.e. shifted due to the orbital motion of the companion star)
and application of Kepler’s third law.

Binaries with a WD as collapsed object were first recognized in the optical band and are called CAT-
ACLYSMIC VARIABLES (CV). Typical for most of these binaries is that they show outburst behavior
in their optical lightcurves. These outbursts may be either single or quasi-periodic events, possible
causes comprise thermonuclear runaway in the grown envelope of the WD, irregular accretion rates
or accretion disk instabilities. Several subclasses have been recognized (see e.g. Cérdova & Mason
1983), including classical novae, dwarf novae and recurrent novae. Most of the CVs emit X-rays at
a level of < 1033 ergs/s (0.1-4 keV) during quiescence.
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Table 1.1: Types of XB Variability in order of time scale

Name Type® Time scale On-Time Suggested Origin
S s
Rapid variability A <1071— > 103 — Instabilities in
accretion
QPO Q 1072 — 102 — Beat of rotation and

revolution or accretion
disk instability

Pulsation P 1072 - 103 — NS rotation

Type II Burst A 10t — 103 10° —10%  Accretion instabilities

Type I Burst A 103-> 10° 10° — 10> Thermonuclear flash

Orbital P 103 — 107 — Revolution of binary
modulation components or matter

Hard transient A/P 109 — 108 10° Irregular wind and/or
behavior eccentric orbit

(Ultra-)Soft transient A > 107 10° Unstable accretion
behavior

Fast transient A ? 102 — 10* Magnetic surface
behavior? activity

Long-term cycles A/P 10— > 108 — Precession or companion

variability

#Type of signal: P = periodic, A = a-periodic, Q = quasi-periodic.
® This type of variability does not apply to XBs, but to stars of late spectral type.

1.3 The variability of bright galactic X-ray sources

The X-ray flux of compact galactic sources often is very variable. Several types of variability have
been recognized, based on observational characteristics (i.e. the appearance of the lightcurve and
sometimes its Fourier spectrum). The relation between these various types of variability and the
underlying physical processes is reasonably understood, although certainly not completely. The
designation of the various types is summarized in Table 1.1. In the following section they will be
described in some detail.

1.3.1 Rapid variability

Aperiodic X-ray rapid variability or 'flickering’ (see e.g. Van der Klis 1989 or Makishima 1988) is
seen in members of all types of XBs (as well as in other types of emitters). The most prominent
flickering sources are Cyg X-1 and Cir X-1. Rapid variability is characterized by a power-density
spectrum of the time series which follows a power law within a restricted range of frequencies:
P(v) = A v=9, where v is the frequency, ¢ the power-law slope and A a normalization constant.
Observed power-law slopes lie roughly between 1 and 2 and are, for each source, independent of the
X-ray energy considered (except for Cyg X-1, see e.g. Miyamoto & Kitamoto 1989). The lower limit
to the frequency range of the power-law spectrum has for a few sources been detected at ~0.1 Hz,
but the LMXB cases in particular do not show a flattening of the power-density spectrum down to
~1 mHz (which is the detection limit).

The amplitude of the rapid variability, expressed in integrated fractional rms variation within
2-250 mHz, varies between a few percents to > 20%. Characteristic for LMXB cases is that the
amplitude increases with photon energy and with persistent X-ray luminosity.

The physical origin for rapid variability has not been firmly established yet. However, a model
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has been proposed for the rapid variability of Cyg X-1, which includes the random accretion of
clumps of matter with different sizes onto the collapsed object (Miyamoto & Kitamoto 1989). Each
accreted clump gives rise to a ’shot’ in the X-ray intensity, which shows spectral hardening with
time and thus results in a phase lag in the variability between two different photon-energy ranges.

1.3.2 Orbital modulations

Measured Py’s (from X-ray as well as optical data) range from 0.19 to 235 hr for the LMXBs
(Parmar & White 1988) and from 1.4 to several hundred days for the HMXBs (Stella et al. 1986).
The difference in P, between both groups is clearly related to the different size of the companion
stars. The X-ray orbital modulation is either found in a periodic Doppler shift of pulse arrival times
(see e.g. Rappaport & Joss 1983) or a periodic modulation of the X-ray flux.

Some ~ 30 XBs show orbital modulation in their X-ray flux due to eclipses. The shape of
the X-ray lightcurve is determined by the geometry of the X-ray emitting region and that of the
eclipsing object(s). The potential X-ray emitting regions include the surface of the collapsed object,
an accretion disk and an accretion disk corona (ADC, this term refers to both coronae and winds
surrounding the accretion disk, the X-rays observed originate from the accretion disk and the NS
and are subsequently scattered by the ADC). Eclipses may arise from the companion star and/or
an accretion disk rim.

Eclipses seen in HMXBs are mostly caused by the companion star. The (OB) companion in
a bright HMXB is usually large with respect to the distance between both components, therefore
the probability of an eclipse is larger than in LMXBs. The X-ray lightcurves often show additional
structure, due to density variations of wind material in the line of sight (see e.g. White 1989).

In LMXBs the geometry is more complicated because of the presence of an accretion disk. T'wo
types of modulation are typical for LMXBs: dips and smooth (quasi-sinusoidal) variations (see e.g.
Parmar & White 1988). The dips (a reduction of X-ray flux for a time which is short with respect
to Pypit) are due to a combination of a small X-ray emitting area (i.e. the inner accretion disk or
the surface of a NS) and a structured accretion disk rim. The presence of dips is very sensitive to
the inclination angle. Smooth periodical X-ray variations can be modelled by an ADC as the X-ray
emitter (the central X-ray source being obscured by an accretion disk) which is periodically eclipsed
by the companion or a local thickening of the accretion disk rim.

1.3.3 Pulsations

Some 40-50 X-ray pulsars have been found to this date, with pulse periods between 0.033 and
835 s. About half of these are identified with HMXBs, on the basis of an identification with an
optical counterpart (see Van Paradijs 1991), the rest is either situated in a supernova remnant or
a CV system or is not yet classified (the latter group probably consists of HMXBs with no optical
counterpart).

XB pulsar periods provide a powerful tool to describe the XB’s parameters (see e.g. Rappaport
& Joss 1983). If Doppler shifts from orbital motion are detected in pulse arrival times (from the
collapsed object) as well as in optical spectral lines (from the companion star) and eclipses are seen,
one may infer the inclination angle, M., My, and R., when applying reasonable assumptions on
the binary’s geometry. Van Paradijs (1989) lists seven cases of NS mass estimates thus obtained
(including one radio pulsar). Remarkably, these are all consistent with a single mass of M, =
1.44+0.2 Mg, but it should be noted that the uncertainties in the mass determinations are sometimes
quite large.

Worth mentioning is the potential of period-derivative studies: due to the transfer of angular
momentum to the NS in XBs, the NS is often spun-up. This is expected if the rotation sense of the
NS is the same as that of the orbital motion. The efficiency of angular momentum transfer is high
if the companion looses mass through Roche lobe overflow, via an accretion disk. Characteristic for
many HMXBs, however, is that the companion looses matter via a radiatively-driven wind. This
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degrades the transfer of angular momentum and the pulse period history may show erratic changes.
Erratic changes (’glitches’) may also arise from changes in the internal structure of the NS.

1.3.4 Bursts

X-ray bursts pertain to flux increases that last for only a very short time. The typical rise time
is ~ 1 — 10 s and the decay time ranges from seconds to minutes. Two types of bursts have been
recognized (Hoffman et al. 1978): Type I and Type II bursts. Type I bursts are characterized by
a spectral softening during decay. The intervals between these bursts vary from 4 minutes to more
than a day. It is generally accepted that such bursts are caused by thermonuclear flashes on a NS
surface, induced by the build-up of temperature and pressure in a nuclear fuel reservoir of Hydrogen
and Helium. Studies of Type I bursts provide a valuable test for constraining the equation of state
of NS matter, since the bursts reflect physical conditions on the NS surface, which in turn relate to
the average mass density of the NS.

Currently almost 40 Type-I burst sources have been identified (for a relatively recent list, see
Damen 1990). Most of these sources show a persistent X-ray flux as well, usually with a soft spectrum
(kT ~5 keV), and are concentrated on the sky towards the galactic center. None of the bursters
detected so far show X-ray pulsations. These two characteristics clearly demonstrate the association
of burst sources with the LMXBs. Slightly over 10 sources have been proven to be LMXBs through
identification of an optical counterpart.

Type II bursts show no spectral softening during decay and have bursts intervals 2 to 3 orders
of magnitude shorter than Type I bursts. Type II bursts have till now only been found in one single
source, the 'rapid burster’ (X1730-333), and are thought to result from instabilities in an accretion
disk.

1.3.5 QPO and their relation to spectral variability

Quasi-periodic oscillations (QPO), as found in LMXBs (see e.g. Van der Klis 1989), are defined
as broad symmetric peaks in the power spectrum of a time series of the intensity. The centroid
frequency is between 5 and 60 Hz, the peak width is roughly half the centroid frequency and the
rms-amplitude lies between 1 and 10% of the total intensity. The data are always found to be too
noisy to 'see’” QPO directly in the X-ray lightcurve itself. Van der Klis lists 8 bright LMXB QPO
sources. Slower QPO, with frequencies down to a factor of ~ 103 less, have been found in a few
cases of HMXBs and BHCs.

The QPO behavior in LMXBs seems related to their spectral behavior (Hasinger & Van der
Klis 1989). In the subclass of so-called ’Z-sources’ (the 'Z’ refers to the pattern traced out by the
source in color-color or color-intensity diagrams), three spectral states are recognized with each a
different QPO signature. In the hard spectral state high-frequency QPO (20-45 Hz) occur, which
have been suggested to be due to the interaction of clumps of material, in Keplerian motion around
the NS, with the magnetic field of the NS (’beat-frequency modulated accretion’, Alpar & Shaham
1985 and Lamb et al. 1985). In a softer state, 6 Hz QPO emerge which are thought to originate
in resonances within the accretion flow (Lamb 1989). Recent observations of Cyg X-2 (Hasinger
et al. 1990) indicate that the changes of spectral state and QPO behavior might be due to a varying
mass accretion rate which influences the thickness of the accretion disk and its interaction with the
magnetosphere.

1.3.6 Transient behavior

Van Paradijs & Verbunt (1984) define transient sources (in short ’transients’) as sources that emit
the bulk of their X-ray emission in rather well-defined events, which last for at least a few days,
during which the X-ray luminosity increases by at least a factor of 10. In contrast to these (slow)
transients, so-called ’fast transients’ are known (sometimes called "high-latitude transients’), whose
on-state lasts typically three orders of magnitude shorter. This difference in transient time scale
points at totally different physical processes.
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Slow transient sources during outburst show many similarities with persistently bright XBs in their
major characteristic features, such as pulsations or bursts. In fact, the same classification scheme
of low- and high-mass XBs can be applied; the equivalent designations are ’hard’ (kT > 15 keV)
and ’soft transients’ (k7" < 15 keV) respectively. The important difference between persistent and
transient sources is the stability of the mass accretion or transfer.

Non-steady accretion in HARD X-ray transients is mostly attributed to a combination of irregular
winds from a fast rotating Be star and the motion of a NS in an eccentric orbit (e ~ 0.1—0.5, see e.g.
Priedhorsky & Holt 1987). These two properties provide an environment for irregular mass accretion,
which is sometimes correlated with P,,. Many hard transients show flux levels at quiescence of
about a factor 10 lower than during outburst (sometimes this factor is more than 100), which
indicates a low-level accretion flow from the companion’s wind. Recently, Koyama et al. (1990) have
discovered 7 new probable Be XBs, concentrated in the sky in the Scutum region. These discoveries
are important, since they imply that the galactic population of Be XBs is large (> 1000), which is
supported from an evolutionary point of view (Rappaport & Van den Heuvel 1982).

The accretion in SOFT transients is thought to be due to either an intermittent flow through the
inner Lagrangian point or continuous Roche lobe overflow mediated by an accretion disk in which
material is stored until it is released by an instability. The occurrence of soft transients with a peak
X-ray luminosity exceeding 1037 erg/s is estimated at ~ 6 yr~! (Van Paradijs & Verbunt 1984). The
observed rise time lies between 2 and 10 days, while the typical e-folding decay time is ~ 1 month.
The associated optical lightcurve, if observed, always decays slower than the X-ray lightcurve, with
a decay time ~ 2 times longer (Van Paradijs 1983). The optical emission is due to reprocessed
X-rays in an accretion disk; during decay, the black-body temperature of the disk decreases and a
larger fraction of the total disk luminosity emerges in the visual region of the spectrum. Observed
recurrence times, which are sometimes inferred from outbursts in only the optical band, range from
0.5 till 50 years. It has been suggested by White et al. (1984) that mass accretion may become
unstable if its rate is less than ~ 5 x 10719 Moyr~!, which applies to soft transients. This would
imply that no persistent LMXBs with a luminosity below a few times 1036 erg/s do exist; this seems
supported by the available observational data. Finally it has been noted that soft transients are
similar to dwarf novae, the difference between both being essentially the nature of the collapsed
object (NS versus WD). The list provided by Van Paradijs (1991) (see also Bradt & McClintock
1983), covering 20 years of space-borne X-ray studies, lists 19 bright galactic LMXB transients (of
which 13 have been optically identified).

Besides (slow) hard and soft X-ray transients a third group has been recognized: that of the
ULTRA-SOFT X-ray transients. These are thought to contain a BH instead of a NS. The X-ray
spectrum then only comprises the soft accretion-disk-originated emission; the (harder) thermal
bremsstrahlung component of the spectrum, otherwise apparent from the regions near to a NS,
is missing.

We note that the above classification of slow transients is not strict. This is illustrated by the
case of GS2023+338, a transient which flared in 1989 in the constellation of Cygnus (see e.g. chapter
9): despite its hard X-ray spectrum, the optical counterpart was shown to be of a late spectral type
and the compact object a BHC.

Fast transients in general presumably have a completely different origin than the slow transients.
This is indicated by those that have been found in two surveys: one through Ariel-V data (Pye &
McHardy 1983) and the other through HEAO-1 data (Connors et al. 1986). Together these surveys
revealed 35 fast transient events, with on-states lasting between 60 s and 93 h. The number-flux
relations of both surveys are consistent with a homogeneous spatial distribution, suggesting a nearby
(<100 pc) or an extra-galactic origin. The frequency of the events is expected to be at least >10%
yr~! above 1 mCrab? (2-20 keV). The identification of these events with known sources of radiation
proved to be difficult due to the bad positional accuracies of both surveys. Some of the Ariel-V

4One Crab unit is a common intensity unit in astrophysical applications, it refers to the ratio of the intensity of the
source and the intensity of the Crab source, as measured with the same type of detector; the Crab source has a flux of
1.0 mJy at 5.5 keV or 2.4 x 1078 erg s cm ™2 in the 2-10 keV band or 3.5 x 1078 erg s *cm ™2 in the 2-30 keV band.
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events were attributed by Pye & McHardy to RS CVn systems (these are thought to exhibit high
coronal activity) while Connors et al. found some of the events in the HEAO-1 survey to be hard
flares from dMe-dKe stars. It remains essentially an open question what objects are responsible for
fast transient events and a monitoring device with high positional accuracy is needed to answer this
question.

1.3.7 Long term cycles in XBs

Priedhorsky & Holt (1987) have given an overview of long-term cycles in X-radiation variation (i.e.
cycles longer than P,},) of XBs. Different time scales and underlying physical mechanisms apply to
HMXBs and LMXBs.

Among HMXBs (excluding Be XBs, see 1.3.6), long term cycles in X-radiation have been found
for about 10 sources. The cycle period (with various degrees of coherence), Pong, ranges from 5.6
to ~ 165 d, a factor of 5 to 60 larger than Py,. The modulation depth varies between sources from
10 to 100%. The explanation is sought in precession of either an accretion disk or a NS.

Among LMXBs, long-term cycles may arise from variations in the mass transfer rate (although
the evidence for this is circumstantial). Amplitudes range up to 100% and time scales are in the
order of a year, which is much longer than P,.4,. The evidence for a periodic nature is not so strong as
in HMXBs. There are indications that long-term cycles among LMXBs are only present in medium-
luminosity sources (i.e. a luminosity less than 1037 erg s~1) which often show bursting activity. In
several sources the long time scale lightcurve is sawtooth-shaped, i.e. a sharp rise (extending to
~0.2 cycles) followed by a gradual decay.

1.4 Instrumentation for the study of transients and bursters

The previous section summarized the types of X-ray variability seen in bright galactic sources and
the relevance that timing measurements have on developing physical models for these objects. Of
particular interest in this thesis are studies on time scales from seconds to weeks, concentrating on
transient and bursting behavior, resulting from either irregularities in the mass accretion rate onto
a collapsed object or flaring activity on a neutron or late-type star.

The population of burst and transient sources, i.e. their number-flux relation, has remained
rather unclear. Up till now ~ 40 slow transients have been recognized (Van Paradijs 1991), both hard
and (ultra-)soft transients. These transients are mostly bright
(> 100 mCrab), relatively little is known about weak transients. Furthermore, ~ 40 burst sources
are known (Damen 1990) and ~ 35 fast transients. Presumably many of the short-duration events
from these type of sources have been missed all together. In any case, the fast transients that have
been detected are often located with a bad accuracy. One may ask what type of instrument is
needed to fill this lack of information.

The classical instrument which is intended for research in part of the above-mentioned field, is
the all-sky monitor (ASM). Conventional ASMs are operative in the 2-10 keV range and intended as
an alarm device for the onset of slow and bright transients (providing the requirement to observe the
transient with a more sensitive instrument) and as a monitoring device for the long-term variability
of bright X-ray sources. The ASM instrument is typically either a scanning slit collimator, a rotation
modulation collimator or a pinhole camera (see e.g. Holt & Priedhorsky 1987 and Priedhorsky &
Holt 1987). Typical characteristics of these instruments are a sensitivity of ~ 100 mCrab in one
day of observation, an angular resolution of the order of degrees and a duty cycle (i.e. the fraction
of time that each sky position is covered) between 10~* and 1072. Three successful ASMs have
flown up till 1992°5. The most sensitive ASM was that on board the Ginga satellite (Tsunemi et al.
1989), which scanned every day, during 20 minutes, a 360° x 45° region of the sky, observing each
sky location for typically 7 s at a 50 detection threshold of ~ 50 mCrab (2-30 keV) at an angular

®We do not address here successful ASMs operating at photon energies above ~ 15 keV, e.g. BATSE on the
Compton observatory and Watch on the Granat observatory.
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resolution of 1°. Other (non-scanning) types of ASMs are studied (e.g. Holt & Priedhorsky) that
watch the complete sky simultaneously with similar sensitivities, slightly better angular resolutions
and higher duty cycles.

It is clear that ASMs fall short in the other fields of interest mentioned above, i.e. monitoring
burst activity and weak or short transient behavior. This is mainly due to the small duty cycle of
conventional ASMs. This point is illustrated by the fact that much of the knowledge in these fields
has not been acquired from ASM data, but by fortunate pointed observations with higher-sensitivity
instruments. Furthermore, the location accuracy of ASMs is insufficient to locate events without
the help of other instruments. However, the requirement of large sky coverage, inherent to ASMs,
remains mandatory for observing burst and short transient events, since these events take place
unexpectedly.

Further characteristics of the burst and weak transient sources may be utilized to put constraints
on the definition of an optimum instrument for their study. Most importantly, one may ask whether
it is essential that the WHOLE sky should be monitored. The answer is negative regarding the XBs
and slow transients: they are mainly located along the galactic plane (see e.g. Van Paradijs 1991).
Bursters are even more concentrated, towards the galactic center (see e.g. Damen 1990). Therefore,
to make a study of these sources it is most efficient to concentrate the observations on this part of the
sky. The situation is different for the fast transients, with their isotropic sky distribution. However,
an instrument with a somewhat limited sky coverage could still make a worthwhile contribution to
the study of these sources, provided that the source location accuracy is better than 1 arcminute,
to enable identification with counterparts in other spectral regimes.

Given the above requirements, a good alternative to an ASM is a wide-field coded-mask camera.
This instrument principally has the potential of a higher duty cycle and angular resolution, and
indirectly provides better sensitivity and temporal resolution. Coded-mask cameras are particularly
suited for monitoring selected parts of the sky, such as for instance the galactic center and galactic
plane regions. Their use on the galactic center is specifically worthwhile since they do not suffer from
source-confusion problems, in contrast to conventional ASMs. One could designate a coded-mask
camera as 'selected-sky monitor’. It compares to an ASM (as defined by Holt & Priedhorsky 1987)
by stressing temporal and angular resolution at the expense of sky coverage.

1.5 Motivation of the research discussed in this thesis

The SRON-Laboratory for Space Research in Utrecht, in collaboration with the School of Physics
and Space Research of the University of Birmingham (UK) and on invitation by the Space Research
Institute (IKI) of Moscow in 1981, has developed and built an X-ray wide-field coded-mask camera,
to be part of an X-ray observatory on the Soviet manned space station Mir. The scientific aims of
the utilization of this instrument, called the COded-Mask Imaging Spectrometer (COMIS®), have
been described briefly in the previous section, i.e. the monitoring of X-ray sources (particularly
transients and bursters) situated in the galactic bulge and plane. The complete X-ray observatory
was launched and coupled to Mir (in the Kvant module) in April 1987. Since then, it has completed
a large number of observations on an intermittent basis.

COMIS is the first WIDE-FIELD coded-mask camera ever launched”. Therefore, it also serves as
an important pilot experiment regarding the ’hands-on’ data handling for such a type of instrument.
This is non-trivial: the direct output of a coded-mask camera is not an image of the sky. To arrive
at such an image, the raw data needs to be decoded. Computer hardware and software for this
decoding process constitute essential parts of the instrument. These parts are not incorporated
in the space segment but are located on earth at each of the collaborating institutes. Since the

5The instrument is in the literature mostly referred to as TTM, which is the Russian abbreviation for shadow mask
camera. This name will also be used in part II of this thesis.

"i.e. with a field of view in excess of 10 x 10 square degrees. In 1985, the XRT coded mask camera was launched
with Spacelab-2 on an eight day long mission (Skinner et al. 1987). It had a field of view of 6 x 6 square degrees and
its optical design was different to that of COMIS.
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instrument is a non-direct imaging device, it is strictly speaking better to name it ’imager’ rather
than ’camera’. However, since the latter term is more common in the literature, ’camera’ is used
throughout this thesis.

An important part of the operations of such an instrument is the in-flight performance verification
of the space-based as well as ground-based parts. This includes the optimization of the decoding
software and the in-flight calibration of the detector and its electronics. For COMIS, this task
has been handled by the author; the results are treated in part I of this thesis. They provide a
fruitful reference to the handling of coded-mask imaging data for future projects carrying similar
instruments. Two such cameras are at this date being build by SRON (Jager et al. 1989), and will
become part of the SAX observatory, which is due for launch in 1994. The experience obtained
with COMIS, both on hardware and software issues, is extensively used in the development of the
SAX wide-field cameras.

In the second part of this thesis astrophysical results of COMIS are highlighted. This includes
an overview of the data obtained in the period Oct. 1988-Feb. 1992, a presentation and discussion
of the archive obtained from COMIS-data on most of the observed X-ray sources, specific results on
transients and particularly on the bright X-ray transient GS2023+338.

Some final remarks:

e Unfortunately COMIS did not yield a database as large as was originally envisaged. Therefore,
the results are as yet meager for population studies of transients and bursters. Instead, the
author has emphasized in this thesis the presentation of the problems related to coded-mask
imaging in practice, i.e. the decoding process and calibration-items that are particularly im-
portant for coded-mask imaging. The potential of coded-mask camera observations for future
population studies of transients and bursters can, nevertheless, be convincingly demonstrated.

e Chapters 1 to 4 form an introduction to the remainder of this thesis. Chapter 4 was written in
collaboration with W.A. Mels. The investigations discussed in chapters 5 to 7 have been carried
out by the author in collaboration with several persons at the SRON-Laboratory for Space
Research Utrecht: J.A.M. Blecker (Chs. 6 and 7), A.C. Brinkman (Ch. 2), J.J. Blom (Ch. 7),
J. Heise (Chs. 5 and 7), R. Jager (Chs. 5 and 7), W.A. Mels (Chs. 6) and J.J. Schuurmans
(Ch. 5). Chapter 8 has been published in Advances in Space Research and chapter 9 is
accepted for publication in Astronomy & Astrophysics. The investigations discussed in these
two chapters were carried out by the author in collaboration with a number of co-authors who
are mentioned on the chapter title pages.
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Photograph of the COMIS detector (top) and its electronics (bottom). Clearly visible is the support
structure grid in front of the entrance window (see Chapter 4).



Chapter 2

The Mir- Kvant module and the Rontgen
observatory

The Mir-Kvant module and the Rontgen observatory

Abstract — An overview is given of the four X-ray instruments that are contained in the Réontgen
observatory, indicating the scientific role of COMIS (the subject of this thesis) within the observatory.
Furthermore, the basic principles of operations of Réntgen are discussed as well as a short history
of observations.

2.1 Introduction

In the early 1980’s the Space Research Institute (IKI) in Moscow took the initiative to develop and
build a scientific module with astrophysical experiments, to be attached to the Saljut-7 manned
space station. A collaboration was formed with institutes from four west-European countries (the
Netherlands, United Kingdom, Germany and Switzerland) and the European Space Agency. This
resulted in five experiments. Four of these cover the medium and high X-ray regime part of the
electromagnetic spectrum between 2 and 800 keV. This group of experiments was given the name
"Rontgen observatory’. The fifth experiment, GLAZAR, measures at UV wavelengths.

In reality, the scientific module was attached to the first of a new generation of space stations,
Mir, and given the name Kvant. Docking of the module took place on April 12th 1987, about one
year after the launch of Mir. Fig. 2.1 shows the general layout of Kvant in cutaway.

2.2 The Rontgen observatory

The Rontgen observatory

2.2.1 Payload description

All four X-ray instruments of the Rdntgen observatory are rigidly fixed to Kvant and point towards
the same point in the sky. In order to move from one target to another, the entire space station has
to be re-oriented. This is accomplished by the use of gyroscopic flywheels. Kvant is provided with
6 of these, two in each of three mutually perpendicular planes. To supply the necessary amount of
electric power to the gyros, a third blanket of solar cells was installed.

The X-ray instruments cover X-ray energies between 2 and 800 keV (or wavelengths between
1.6 x 1072 and 6.2 A) Fach of the instruments covers a complementary part of this range, except
for SIRENE-2 (see below). In the following, a brief description of each instrument is given:

1. COMIS (COded Mask Imaging Spectrometer, Brinkman et al. 1985) has a useful energy range
of 2-30 keV, with a spectral resolution of 18% full-width at half-maximum (FWHM) at 6 keV.
It is the only imaging instrument of the observatory with a wide field of view (FOV) of 7.8 x 7.8
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Figure 2.1: General layout of the Kvant module in cutaway (from Beatty 1987)

square degrees (FWHM of the collecting area) and an angular resolution of 2. The detector
(a proportional counter) has a geometric area of 655 cm?. The data-packing provides a time
resolution of 1.0 s. Furthermore, the COMIS instrument block includes a star sensor that
provides the pointing information for all instruments of the observatory. COMIS was built
by the SRON-Laboratory for Space Research in Utrecht (the Netherlands) and the School of
Physics and Space Research of the University of Birmingham (UK). The design and the analysis
of data of this instrument is the subject of this thesis.

. HEXFE (High Energy X-Ray Experiment, see Reppin et al. 1985) is a joint project of the

Max Planck Institut fiir Extraterrestrische Physik at Garching and the University of Tiibingen
(Germany). It is a follow-up in a series of HEXFE detectors that have flown in balloon flights. It
consists of a 750 cm? geometric area Nal/CslI phoswich detector that operates at X-ray energies
of 15-200 keV with an energy resolution of 30% (FWHM) at 60 keV (Mony et al. 1989). Its
FOV is defined by two honeycomb shaped collimators, each with a 1.6 x 1.6 square degrees FOV
(FWHM). Each collimator can be tilted by 2°3 to allow for a measurement of the background
at 2 minute intervals. The instrument can be used at time resolutions of 0.3 or 25 ms; the
latter is used most frequently.

SIRENE-2, a high pressure gas scintillation proportional counter (GSPC), has a useful sensi-
tivity in the same energy range as COMIS and partly HEXE: 2-100 keV. It was built by ESA
at ESTEC in Noordwijk (the Netherlands) (Smith 1985). Its spectral resolution is better than
the other two instruments, e.g. 10.5% (FWHM) at 6 keV. This is coupled to an effective area
of 170 cm? at 6 keV. Two telemetry modes provide a time resolution of 1.25 and 2.50 ms. The
FOV is 2°3 FWHM.

Pulsar X-1 is the Soviet contribution to the payload of the Rdntgen observatory, built at the
Space Research Institute (IKI) in Moscow (Sunyaev et al. 1987). It is sensitive to X-ray energies
from 50 to 800 keV, the X-ray photons are detected with four 20 cm diameter Nal/CsI phoswich
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detectors. The FOV is 3° FWHM and the time resolution 5 to 10 s.
Both SIRENE-2 and Pulsar X-1 depend for background measurements on the rocking mode of the
space station (see 2.2.2).

The Réntgen observatory is furthermore equipped with the ’Burs’ system, that takes care of the
telemetry control and allocation to all X-ray instruments, and ’Spectr-3’, an on-board quick-look
facility to monitor the time-variability of the X-ray fluxes detected in the experiments. Finally, a
power-supply filter block is present.

2.2.2 Some basic principles of operations

Mir’s orbit is about 350 km above the earth at an inclination angle of 57°. Several items associated
with this orbit have impact on the programming of observations with Rontgen:

e During the 1% hour orbit, the station may cross the South Atlantic Anomaly (SAA). All X-ray
experiments are then turned off to prevent damage by high fluxes of energetic particles and
photons, present in this magnetic belt.

e Ground contact is only available during a limited part of the orbit, either with a ground station
in the former USSR or with a communications ship.

e Observations are usually done in day light, to acquire enough power from the solar panels.
Furthermore, the orientation of the Mir in space must ensure an optimal orientation of the
solar panels with respect to the sun.

The precise constraints that determine the observation’s programming are not publicly available;
however, practical experience during the first three years of operations (based on the data of 128
operational days of COMIS) has shown that:

e The effective useful observing time per orbit can be as high as half an hour; on average it
amounts to 20 minutes.

e Out of 16 orbits per day, at most 7 to 8 are used for operating Rdintgen, the average is about
4 to 5 orbits per observing day.

e Due to the multi-purpose use of the manned station, interference with Rdntgen observations
is likely. This can result in prolonged periods of inactivity of Rdntgen.

As discussed above, the Pulsar X-1 and SIRENE-2 experiments can only do a background mea-
surement by slewing the entire station, so that both instruments will be pointed away from the
X-ray source being studied. Therefore, the 'rocking’” mode has been introduced. In this mode the
station is rocked at time intervals of 4 minutes between two attitudes 4 to 12° apart. One attitude
coincides with the position of the target X-ray source to enable the measurement of the flux of that
source (plus background), the other attitude enables a background measurement on ”empty” sky.
The typical slewing time between the two attitudes is 100 s. The rocking mode is only used when
observations with Pulsar X-1 or SIRENFE-2 have priority, the mode is inconvenient for COMIS and
HEXE. In practice about one out of five observations is done in rocking mode.

2.3 Short history of Rontgen operations, up to February 1992

Short history of Rontgen operations, up to February 1992

Operations with the X-ray instruments aboard Kwant started in June 1987. Within a short
time it was clear that two of them did not function properly. COMIS and SIRENE-2 encountered
problems with the high-voltage control, ie. the detector gas gain was found to be unstable, thus
deteriorating the spectral resolution of the instruments. The problems with COMIS became more
serious by the end of August 1987 when no scientific data could be extracted anymore from this
instrument.
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Figure 2.2: Histogram of observation frequency of COMIS through almost 5 years of operation
(updated to February 1992)

The problem with COMIS could be traced to the malfunctioning of a single electronic component
(the high-voltage converter). Despite the fact that COMIS was not built to be repaired in-flight,
the Soviets offered to carry out an exchange with the flight spare detector during an extra vehicular
activity (EVA). Thus a repair program was initiated that involved refurbishing and testing the spare
flight detector in Utrecht, the design of repair tools in Utrecht, the construction of these tools in
Birmingham, the set-up of repair procedures at the cosmonaut training center in Moscow and the
training of the cosmonauts aboard Mir for the necessary EVA-procedures. A first repair attempt
was made on June 30th 1988, but could not be completed. This was achieved during a second EVA
on October 20th. Observations started the next day and showed the repair to be a complete success.

Unfortunately, the star sensor experienced also a malfunction, in March 1988. A repair attempt
on October 20th failed. Although the Mir station was better stabilized than anticipated and COMIS
could act as a substitute star sensor most of the time, working at X-ray instead of visual wavelengths,
the absence of the star-sensor data complicated the X-ray analysis considerably. In particular, if
no accurate pointing information can be provided by COMIS (when there are less then two X-ray
sources detected), the uncertainty in the response of the other instruments is large.

During all this time HEXFE and Pulsar X-1 functioned without much trouble.

In November 1989, observations with Kvant were stopped temporarily because the Mir station
was reconfigured with two additional modules, Kvant-2 and Kristall. The on-board activity associ-
ated with this change of the station’s configuration lasted almost a full year. An attempt was done
in October 1990 to restart the observations again. However, it was soon recognized that slewing the
revised station cost too much energy: instead of only using the gyroscopic flywheels, rockets were
necessary to aid the re-orientation of the station. This situation was solved in about a years time
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and operations started again on a reasonably regular basis early 1992. In Fig 2.2 the observation
frequency of COMIS since launch is presented.
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Chapter 3

X-ray wide-field camera imaging
concept

Abstract — The concept of coded-mask imaging, as applied to X-ray wide-field imaging, is reviewed.
The three principal components of a coded-mask imager (mask, detector and reconstruction) are
discussed and requirements are introduced to arrive at an optimum imaging capability.

3.1 Introduction: multiplexing techniques as alternative to focus-
ing techniques

In the energy range under consideration (2—30 keV) it is only partly possible to make use of tradi-
tional methods to image the sky. Focusing of X-rays is technically feasible for photon energies up
to about 10 keV through grazing incidence reflection (Aschenbach 1985). This method can provide
a very good angular resolution, i.e. down to 0.5” which is the value proposed for AXAF (van Spey-
broeck 1987). The sensitivity is optimized through the use of nested grazing incidence mirrors. The
field of view (FOV) is limited by the grazing incidence to about 1°, but can be enlarged by using a
special configuration of the mirrors ("Lobster-eye’ telescopes, Aschenbach 1985).

An alternative class of imaging techniques employs straight line ray optics that offer the op-
portunity to image at higher photon energies and over larger FOV’s. These techniques have one
common signature: the direction of the incoming rays is, before detection, encoded; the image of
the sky has to be reconstructed by decoding the observation afterwards. It is apparent that this
method of producing sky images is a two-step procedure, in contrast to the direct or one-step imag-
ing procedure of focusing techniques. These alternative techniques are referred to as MULTIPLEXING
techniques.

Multiplexing techniques can be divided in two classes: those based on TEMPORAL multiplexing
and those on SPATIAL multiplexing (Caroli et al. 1987). A straightforward example of temporal
multiplexing is the scanning collimator: when the direction of a collimator is moved across a part
of the sky which contains an X-ray point source, the number of counts per second that is detected
as a function of time has a triangular shape. The position of the maximum of the triangle is set by
the position of the source along the scanning direction and the height of the triangle is set by the
flux of the source. A second scan along another direction completes the two-dimensional position
determination of the source. More scans may be necessary if the source is extended or when there
are more sources in the FOV of the collimator. The Large Area Counter (LAC) of the Japanese X-
ray satellite Ginga (Makino et al. 1987 and Turner et al. 1989) is a recent example of an instrument
employing a collimator. Another obvious example of time multiplexing is the covering of an X-ray
source by the moving moon.

A more complex but popular device that is based on time multiplexing was introduced by Mertz
(1968) and further described by Schnopper et al. (1968): the rotation modulation collimator (RMC).
RMCs are often used as all-sky monitor. Several RMCs have flown, for instance in Ariel-V (Sanford
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1975), SAS-8 (Mayer 1972) and Hakucho (Kondo et al. 1981) and in several balloon experiments
(see e.g. Theinhardt et al. 1984). The most recent example is the Granat observatory which carries
4 RMCs (Brandt et al. 1990). In its basic form an RMC has the disadvantage of being insensitive
to short term (with respect to the rotation period of the aperture) fluctuations of X-ray intensity,
because the temporal information must be used for reconstructing the position of sources. However,
techniques to circumvent this problem have been developed (Lund 1985).

Temporal multiplexing techniques in principle do not need a position-sensitive detector, contrary
to spatial multiplexing techniques. Spatial multiplexing techniques can be divided in two subclasses:
in the first subclass two or more collimator grids, widely separated, are placed in front of a detector,
and in the second subclass one or more arrays of opaque and transparent elements are placed there.
Instruments of the former class are called 'Fourier transform imagers’ (Makishima et al. 1978 and
Palmer & Prince 1987). These