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STELLINGEN N 

behorendee bij het proefschrift 

Gamma-rayy observations of X-ra y binaries wit h C O M P T E L 
AA study of black-hole candidates and 2CG 135+01 

1.. The overall 7-ray spectrum of Cyg X-l shows evidence for the existence of an additional 
plasmaa component, with a characteristic temperature of several hundreds of keV. 

Reference:Reference: Chapter 5 of this thesis. 

2.. The non-detection of correlations of the Galactic diffuse MeV emission with the CO dis-
tribution,, and the possible spatial variations of the C0-to-H2 conversion factor, introduce 
aa large uncertainty in the contribution from the molecular cloud W3 to the COMPTEL 
fluxesfluxes for 2CG 135+01. 

Reference:Reference: Chapter 6 of this thesis; Digel et aJ. 1996, ApJ 458, 561 

3.. It is not correct to treat photon interactions between the COMPTEL Dl and D2 detectors 
ass pure attenuation. 

Reference:Reference: Chapter 2 of this thesis. 

4.. The instrumental background of COMPTEL, in particular that of the time-of-flight con-
tinuum,, is dominated by two-photon events. 

Reference:Reference: Chapter 3 of this thesis. 

5.. The next leap forward in imaging MeV astronomy requires telescopes on space platforms 
employingg new types of detectors, such as silicon strips. 

6.. All data used in scientific publications should be made readily available to the general 
public,, preferably on Internet, 

7.. Eigenwijsheid bestaat slechts in aanwezigheid van andermans vermeende wijsheid. 

8.. Het ontbreken van een wetenschappelijke verklaring voor de positieve effecten van al-
ternatievee geneeswijzen mag geen reden zijn voor ziektekostenverzekeraars om ze niet te 
vergoeden. . 



9.. Een verzameling pessimisten en optimisten heeft fractal-achtige eigenschappen: elke 
deelverzamelingg lijk t op het geheel. 

10.. Het grote aantal voorstanders van het openbaar vervoer is te danken aan het kleine aantal 
regelmatigee gebruikers ervan. 

11.. Flexibilisering van de arbeidsmarkt, in de vorm van niet-verlengbare korte contracten, 
komtt bij grote projecten neer op nodeloze geldverspilling. 

12.. De uitermate beperkte kunstmatige intelligentie van huidige schaakcomputers wordt zon-
neklaarr wanneer men ze een 10 x 10 bord voorhoud. 

13.. Zin in het leven is belangrijker dan de zin van het leven. 

Leiden,, 15 mei 1996 Robb van Dijk 
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W:: "What about this background, then?" 
H:: "Ah! . .. The background . .. Well, I would not be surprised if 

itt would turn out to be elementary after all, my dear Watson." 
unpublishedd conversation 

TerTer nagedachtenis aan mijn vader 
AanAan mijn moeder 

VoorVoor Claudia 
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Chapterr 1 

MeVV astronomy 



2 2 CHAPTERCHAPTER 1. MEV ASTRONOMY 

1.11 Introductio n 
Withh the launch of the Compton Gamma-Ray Observatory (CGRO) on April 5, 1991, which 

carriedd the four 7-ray instruments BATSE, OSSE, COMPTEL and EGRET into space, a new era of 
7-rayy astronomy began. Spanning an energy range from 20 keV to 10 GeV, these instruments allow 
forr the most sensitive high-resolution broad-band 7-ray imaging to date. One of the instruments on 
boardd CGRO, COMPTEL, is a COMPton TELescope which observes the 7-ray sky, with a field-of-
vieww (FOV) of ~ 1 steradian, between energies of ~ 1 MeV and ~ 30 MeV. Being the first space-borne 
MeVV imaging, telescope, able to locate point sources to an accuracy of the order of ~ 1°, COMPTEL 
hass since carried out a survey of the complete sky, and has obtained additional exposure for various 7-
rayy sources. The scientific interest in MeV astronomy, and in 7-ray astronomy as a whole, is manifold. 
Physicall  processes that may generate an appreciable flux of photons in the COMPTEL energy range 
includee synchrotron radiation, bremsstrahlung, nuclear interactions and decays, and inverse Compton 
scatteringg (see, e.g., Morrison 1958; Rybicki & Lightman 1979; Longair 1992). Needless to say, all 
off  these processes involve particles of high energies and 7-ray observations thus probe some of the 
mostt extreme objects and events in the Universe. The nearest example is provided by energetic solar 
flares,flares, of which both the 7-ray and neutron emission have been measured with COMPTEL. Other 
Galacticc sources involve processes around compact objects such as pulsars and black holes, nuclear-
decayy radiation from supernova remnants, and the interstellar medium which contributes both a 
continuum-typee of spectrum (the Galactic diffuse emission) and 7-ray lines (e.g., the 1.809 MeV line 
fromm the decay of Galactic 26A1). The most energetic phenomena detected with COMPTEL are the 
blazar-typee active-galactic nuclei and 7-ray bursts (if of cosmological origin). 

Ann overview of the scientific results obtained with CGRO is given in Section 1.5. However, the 
instrumentss on board CGRO are not the first 7-ray telescopes ever built, but form the (current) 
apotheosiss of several decades of pioneering 7-ray astronomy. It is therefore appropriate to start with 
aa summary of the discoveries made in the pre-CGRO era, and of the instruments that were used in 
thesee observations. 

1.22 Histor y 
Thee history of 7-ray astronomy can be told in many different ways. An extensive description 

mightt go back as far as the start of this century when research in the field of atomic physics revealed 
thee existence of extremely penetrating particles which, in logical order following the less-penetrating 
aa and ƒ? radiation, were dubbed 7 rays. One might also start with the discovery made by V. Hess from 
balloonn flights in 1912 that the ionizing radiation which was known to exist at sea level, increased in 
intensityy with increasing altitude and therefore had to have an extraterrestrial origin. Good reviews 
whichh cover these historical subjects and more can be found in, e.g., Chupp (1976), Longair (1992) 
andd Ramana Murthy & Wolfendale (1993). Here, however, we will not cover the pioneering work 
thatt was done in the first half of this century and start at the beginning of the sixties. At that time, 
althoughh no detections of extraterrestrial 7 rays had been found yet, many of the basic 7-ray emitting 
processess in astrophysics now known had already been predicted (Morrison 1958). Emphasis is here 
givenn to measurements in the COMPTEL energy range (0.75-30 MeV), but occasional sidesteps to 
lowerr and higher energies are helpful in obtaining a complete picture. 

1.2.11 7-ray observations unti l ~1973 
Forr the mere detection of the presence of a celestial 7-ray signal, it suffices to operate relatively 

simplee omni-directional detectors at locations far from Earth. It is therefore no surprise that, with the 
availabilityy of the Ranger spacecraft, the cosmic-diffuse 7-ray background (CDG) spectrum at MeV 
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energiess was claimed to have been measured as early as 1962 (Arnold et al. 1962; Metzger et al. 1964). 
Ass we know now, however, these early measurements were dominated by instrumental background 
radiationn with only a small contribution from the CDG (p. 10). At energies above 100 MeV, where 
thee instrumental background is less of a problem, the ~ 600 events detected with the collimated 7-
rayy detector on board the Orbiting Solar Observatory (OSO-3: Clark, Garmire & Kraushaar 1968; 
Kraushaarr et al. 1972) showed evidence for non-zero celestial emission at high Galactic latitudes. 
Moreover,, there was an apparently strong concentration of the 7-ray emission towards low Galactic 
latitudes.. The measurements with OSO-3 are now generally considered the first evidence for the 
CDGG and the Galactic diffuse emission at high 7-ray energies. However, various experiments (mostly 
balloon-borne)) in the years 1968 to 1972 did not always give consistent results and the reality of the 
Galacticc component remained unclear [see Chupp (1972), p. 170, for an overview]. The situation 
changedd when in 1972 the Small Astronomy Satellite (SAS-2) was launched, carrying a spark-chamber 
7-rayy telescope with a much improved sensitivity and angular resolution compared to that of OSO-
3.. The results obtained with this instrument ended the existing contradictions by firmly detecting 
Galactic-diskk emission which, in the Galactic center region, was confined to less than a ° latitude 
rangee (Kniffen et al. 1973). In addition, the CDG component at high latitudes was confirmed and 
shownn to be consistent with a power-law spectrum with a spectral index of ~ 2.7 (Fichtel, Kniffen 
&;; Hartman 1973). At lower energies (~ 1 — 10 MeV), experiments similar to those flown on the 
Rangerr spacecraft (omni-directional scintillators on an extensible boom) had been used on various 
otherr spacecraft as well (e.g., ERS-18: Vette et al. 1970 — Cosmos 461: Mazets et al. 1975 — 
Apolloo 15: Trombka et al. 1973). In all of these measurements, the CDG flux was found to lie, to 
somee degree or another, above the extrapolations from the spectra at lower and higher energies. To 
measuree the CDG from balloons, more sophisticated telescopes with a restricted FOV and a relatively 
loww instrumental background were needed. Using the Max-Planck Institüt (MPI) Compton telescope 
(seee Section 1.3), Schönfelder & Lichti (1974) performed such a balloon-borne measurement of the 
CDG,, thereby confirming the findings of the previous experiments, of the apparent MeV bump in the 
CDGG spectrum, (see also p. 10). 

Thee first convincing evidence for 7-ray line emission from celestial objects was not obtained until 
thee beginning of the seventies. Johnson et al. (1972) had observed the Galactic center region with a 
balloon-bornee telescope (developed at Rice University) and found evidence (at a 4er confidence level) 
forr a 7-ray line at (473  30) keV. During later observations, a slightly weaker line at (530 ) keV 
wass found (Haymes et al. 1975). Later observations using telescopes with a higher energy resolution 
(seee Section 1.2.2) suggest that the electron-positron annihilation line was probably seen in these 
experiments.. The Sun, due to its proximity to the Earth, was an obvious target of the early 7-ray 
observationss as well [see Chupp (1976) for a summary], but was convincingly detected in 7 rays only 
afterr the discovery of the 473 keV line from the Galactic center region. This took place in 1972 (August 
44 and 7); during observations with the 7-ray spectrometer on board the OSO-7 satellite, significant 
7-rayy emission was measured that was correlated in time with the detection of Solar flares at other 
wavelengthss (Chupp et al. 1973). 

1.2.22 7-ray observat ions durin g 1973—1980 
Severall  major experiments were flown in the second half of the seventies. The COS-B satellite, 

launchedd in 1975, greatly contributed to the existing knowledge of the 7-ray sky above ~ 100 MeV. 
Apartt from confirming the bright 7-ray point sources that were known from the SAS-2 observations, 
suchh as the Crab pulsar (Bennett et al. 1977; Clear et al. 1987), the Vela pulsar (Bennett et al. 1977; 
Grenier,, Hermsen & Clear 1988) and Geminga (Hermsen et al. 1977), the COS-B observations revealed 
thee presence of several more, including the quasar 3C 273 (Swanenburg et al. 1978; Hermsen 1980). 
Mostt of the new high-energy 7-ray sources, however, did not have evident counterparts at other 
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FigureFigure 1.1. This figure shows the MeV spectral bump in the spectrum for the black-hole candidate 
CygCyg X-l, as observed with the HEAO-3 GRS in the fall of 1979 (from Ling et ai, 1987, ApJ 321, 
LILI  17). 

wavelengths.. One example was 2CG 135+01 (Hermsen et al. 1977), a bright source near the Galactic 
planee which now probably has been detected with COMPTEL as well (see Chapter 6). Due to the long 
durationn of the COS-B mission, ~ 6 years, an unprecedented coverage and detection of the high-energy 
7-rayy emission from the Galactic plane was obtained (Mayer-Hasselwander et al. 1982), which allowed 
forr detailed comparisons of this so-called Galactic diffuse emission with the theoretical predictions [see 
Bloemenn (1989) for an overview]. At lower 7-ray energies, long-term space-based observations were 
performedd from the Ariel 5 (1974-1980), HEAO-1 (1977-1979) and HEAO-3 (1979-1981) satellites. 
Wit hh the Imperial College high-energy Scintillation Telescope (ST) on board Ariel 5 both the Crab and 
thee previously discovered COS-B source 2CG 135+01 were detected above ~ 500 keV (Coe, Quenby 
&&  Engel 1978). For both sources, however, the inferred fluxes are at least an order of magnitude 
abovee those found with COMPTEL (see also Chapter 6) and other instruments, which possibly points 
too unidentified background problems. The observations made with the Gamma-Ray Spectrometer 
(GRS)) on board HEAO-3 have produced several exciting, but sometimes disputed, results as well (see 
Ramm an a Murthy & Wolfendale (1993) for an overview). These include a 7-ray line at ~ 1.5 MeV from 
SSS 433, which was tentatively interpreted as the blue-shifted 1.37 MeV line from the decay of  2 4M g 
(Lambb et al. 1983), and an MeV bump in the spectrum of Cyg X- l (Fig. 1.1; Ling et al. 1987; see also 
Bassanii  et al. 1989). The HEAO-3 GRS was also the instrument with which the first evidence for the 
1.8099 MeV line from the decay of  26A1 was found (Mahoney et al. 1984). 
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Off  the balloon-borne observations in the second half of the seventies, we mention the detections 
off  the galaxy NGC 4151 with both the MISO telescope (Di Cocco et al. 1977) and the MPI Compton 
telescopee (Schönfelder 1978), and of the galaxy MCG +8-11-11 (Perotti et al. 1981) and the high-
energyy 7-ray source 2CG 135+01 (Perotti et al. 1980), both with the MISO telescope. For all of these 
detections,, however, the reported fluxes are high and these sources have never been observed at these 
fluxflux levels again. The same holds for the 7-ray lines at 1.6 MeV and 4.5 MeV, observed with the 
Ricee University balloon-borne telescope, in the spectra for Cen A (Hall et al. 1976; see also Baity et 
al.. 1981; Gehrels et al. 1984; von Ballmoos, Diehl k Schönfelder 1987). Finally, more observations of 
thee CDG were performed with improved Compton telescopes from Rice University (White et al. 1977), 
fromm the University of New Hampshire (Lockwood et al. 1981) and from MPI (Schönfelder, Graml 
&&  Penningsfeld 1980). These measurements of the CDG at MeV energies again showed evidence for 
thee previously discovered bump in the CDG spectrum relative to the extrapolations from lower and 
higherr energies (Section 1.2.1; see also Section 1.5 for the COMPTEL results on this subject). 

1.2.33 7-ray observations since ~1980 
Majorr space-borne observatories launched since 1980, capable of performing 7-ray observations, 

weree the Solar Maximum Mission (SMM), carrying a wide-field 7-ray spectrometer (GRS), and the 
Soviet/Frenchh GRANAT satellite, carrying the SIGMA telescope. Due to its large FOV and the long 
durationn of the mission (1980-1989), the SMM-GRS has contributed significantly to the knowledge 
onn MeV emission in general, by placing restrictions on the MeV time variability claimed by other 
instrumentss (e.g., Share et al. 1988; Schwartz et al. 1991; Harris et al. 1993). SIGMA has detected, 
e.g.,, low-energy 7-ray emission from several black-hole candidates up to 1 MeV, including broad and 
narroww line features around 500 keV (see Chapter 4 for references). 

Thee 511 keV line, which lies just below the energy range that can be observed with COMPTEL, 
waswas studied in great detail over the last 15 years and deserves our attention. Measurements, yielding 
bothh upper limits and detections of a 511 keV line with varying flux, were performed using both 
high-resolutionn Ge(Li) semi-conductor spectrometers (e.g., Leventhal et al. 1980, 1989, 1993; Riegler 
ett al. 1981, 1985; Paciesas et al. 1982; Gehrels et al. 1991) and low-resolution Nal(Tl) scintillators 
(e.g.,, Share et al. 1988; Kurfess et al. 1995). The picture that has slowly emerged from all these 
observationss of the 511 keV line, both balloon- and satellite-borne and both with wide and narrow FOV 
instruments,, is that it consists at least of one or two steady extended diffuse components (Lingenfelter 
&&  Ramaty 1989; Purcell et al. 1994). The possible presence and identification of additional variable 
pointt source(s) in the Galactic center region, as was suggested from the apparent time variability 
off  the 511 keV line seen by different instruments and the observations of nearby sources exhibiting 
spectrall  features near or at 511 keV (Sunyaev et al. 1992; Briggs 1995), is currently under debate 
(Leventhall  et al. 1993; Purcell et al. 1994; Teegarden 1994; Malet et al. 1995). 

Thee overview would not be complete if we did not mention SN 1987A. This supernova was an ideal 
eventt for which measurements of 7-ray line emission (the 847 keV and 1238 keV lines from the decay 
off  56Co) could finally be compared to theoretical predictions of the nuclear processes occurring in such 
objects.. Apart from the monitoring by the SMM-GRS, SN 1987A was observed by several balloon-
bornee telescopes within ~ 2 years after the explosion [see Teegarden (1994) for an overview]. One 
unexpectedd result was that the X-ray and 7-ray emission were measurable 100 to 150 days earlier than 
anticipatedd on the basis of the predicted absorption (Leising 1991; Teegarden 1991). Moreover, the 
observedd 847 line was slightly broader than predicted and showed evidence for a redshift instead of the 
predictedd blueshift. A possible explanation for these discrepancies may be a clumped or fragmented 
shelll  structure (Teegarden 1994). 
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1.33 Previously flown 7-ray telescopes 

Mostt telescopes for 7-ray astronomy have so far, depending on the energy range, been based on 
onee of the physical processes that dominate above ~ 1 MeV: Compton scattering and pair production 
(seee Fig. 1.2). The latter dominates above ~ 30 MeV and there the detection of a 7-ray photon comes 
downn to measuring the energies and directions of the high-energy electrons and positrons created in the 
pair-productionn process. Some of the earliest telescopes that were built, used emulsions to track the 
particless (see Kmffen (1971) for an overview). However, temporal information could not be obtained 
thiss way and the high background allowed only for a search for strong discrete sources. Later telescopes 
weree based on combinations of pair converters, (directional sensitive) Cerenkov counters and energy 
calorimeters,, and could detect each of the electron-positron pairs individually. The detector on board 
OSO-33 is an example of such a 7-ray telescope (Kraushaar et al. 1972). A significant improvement 
inn detector development was obtained by placing spark chambers in front of the Cerenkov counters. 
Thesee spark chambers, which also functioned as pair converters, allowed for a determination of the 
directionss of motion of the electron and positron, and thus indirectly of the direction of the incoming 
photon.. All of the large space-borne high-energy experiments conducted since the beginning of the 
seventies,, i.e., the SAS-2, COS-B and EGRET telescopes, were based on this technique. 

Att energies between ~ 1 MeV and ~ 10 MeV, Compton scattering dominates the photon-matter 
interactionss and greatly complicates any attempt of measuring the direction of the incoming photons. 
Manyy of the early experiments in MeV astronomy were therefore simple omni-directional inorganic 
scintillationn detectors*, such as the CsI(Tl) and Nal(Tl) crystals flown on the Ranger 3, Ranger 5 and 
Apolloo 15 spacecraft respectively (Arnold et al. 1962; Metzger et al. 1964; Trombka et al. 1973). Using 
aa construction of lead to collimate the incoming photons, these telescopes could also be given a crude 
directionall  response (e.g., Jones 1961; Vette 1962). The rejection of charged-particle interactions in 
thesee and following instruments was performed using combinations of scintillators with different pulse-
shapee characteristics (so-called phoswiches), and/or shields of either inorganic or low-weight plastic 
scintillatorss (e.g., the 7-ray monitor on board OSO-7: Higbie et al. 1972 — the 7-ray spectrometer 
onn board SMM: Forrest et al. 1980 — the UCSD/MIT A4 Hard X-ray/Low-Energy Gamma-Ray 
Experimentt on board the HEAO-1 satellite: Matteson 1978). Active collimators, which (partly) 
consistt of scintillator material, often combined the functions of collimation of the incoming photons, 
charged-particlee rejection and the suppression of Compton-scattered photons in the main detector 
(e.g.,, the balloon-borne telescope with which the first Galactic-center lines were detected: Johnson k 
Haymess 1973 — the ST telescope on board Ariel 5: Engel & Coe 1977 — MISO: Baker et al. 1979). 
AA modern version of a (passively) collimated low-energy 7-ray telescope is OSSE (0.1-10 MeV) on 
boardd CGRO, consisting of four NaI(Tl)-CsI(Na) phoswiches surrounded by a Nal anti-coincidence 
assemblyy (Johnson et al. 1993). Collimation is performed with a tungsten-alloy construction, providing 
aa rectangular FOV of 3.8° x 11.4°. The major improvement compared to the earlier collimated 
telescopess is the ability to subtract the instrumental background by means of offset pointings, which 
aree usually performed every two minutes. 

Towardss the end of the seventies, cooled semi-conductor Ge(Li) detectors started to replace the 
usee of scintillators for 7-ray spectroscopy. The prime advantage of this type of detectors is their 
highh energy resolution, which is of the order of ~ 2 keV at 511 keV (cf. the typical value of ~ 50 
keVV for inorganic scintillators). The disadvantages, however, are the relatively low efficiency and 
thee required cooling which is usually performed with liquid nitrogen. Examples of balloon-borne 
telescopess that utilized cooled (non-imaging) Ge(Li) detectors surrounded by active collimators are 

**  In scintillators, the energy that is transferred by an incoming high-energy photon to an electron, 
iss converted to optical photons (typical wavelength ~ 420 nm), which in turn can be measured with 
simplee photomultiplier tubes [see Knoll (1979) for an overview]. 
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FigureFigure 1.2. This figure shows the mass attenuation coefficients for the various photon interaction 
processesprocesses in the inorganic scintillator sodium iodide (Nal). Without going into details, the figure 
nicelynicely illustrates that the total attenuation for photons in the COMPTEL energy range (upper curve 
labelledlabelled 'Total attenuation po/p') is low compared to that for the surrounding energy ranges, and that 
thethe dominant interaction process at MeV energies is Compton scattering (curve labelled 'Compton 
totaltotal o/p'). From R.D. Evans, 1955, The Atomic Nucleus (McGraw-Hill Book Company). 

thee experiment of Leventhal, MacCallum & Stang (1978), which provided the evidence for the electron-
positronn annihilation line at 511 keV from the Galactic center region, and the Gamma-Ray Imaging 
Spectrometerr (GRIS), which so far did not have imaging capabilities but was collimated only (FOV 
17°° FWHM at 500 keV; see Barthelmy et al., 1994, and references therein). Also the Gamma-Ray 
Spectrometerr (GRS) on board HEAO-3, which was operational from September 1979 to June 1980, 
consistedd of an actively collimated cooled Ge(Li) detector with a FWHM of 30° (Mahoney et al. 1980). 

Althoughh collimation is useful for restricting the FOV of the telescope and providing a crude type 

off  imaging due to temporal modulation of the celestial signal, imaging at MeV energies has been 
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achievedd utilizing either the Compton-scattering property of these energetic photons (see below), or 
byy means of coded-mask techniques. In the latter, the entrance opening of the telescope is covered 
byy a plate which consists of elements that are either transparent or opaque [see in 't Zand (1992) 
forr a comprehensive description of the coded-mask principle]. The emission from celestial sources 
forms,, depending on their location on the sky, a distribution on the detector plane similar to the mask 
pattern.. This distribution can be decoded to obtain the sky image. The coded-mask technique has 
beenn used, e.g., in the balloon-borne Directional Gamma-Ray Telescope from the University of New 
Hampshiree (DGT; Dunphy et al. 1989) and in the space-borne SIGMA telescope on board GRANAT 
(Paull  et al. 1991). It will also be applied in the INTEGRAL mission, expected to be launched in 2001. 
Thee coded-mask technique becomes less applicable towards higher energies due to the increasing 
transparencyy of the mask to the energetic photons, which is the reason why Compton-scattering 
telescopess such as COMPTEL are used in the 1-30 MeV energy range. 

Thee developments that eventually led to the launch of COMPTEL on board CGRO started in the 
beginningg of the seventies with the construction of balloon-borne telescopes that utilized the process of 
Comptonn scattering (Schönfelder, Hirner fa Schneider 1973; Herzo et al. 1975). In these telescopes, an 
incomingg photon was detected if it deposited energy in two scintillator detectors which were separated 
byy a distance of the order of one meter, and which were completely surrounded by plastic-scmtillator 
shieldss to reject charged particles. The locations of the scattering in the upper detector and the 
(possible)) absorption in the lower detector, in combination with the energy deposits, gave information 
onn the initial direction of the photon. An effective reduction of the overwhelming background radiation 
wass achieved by a measurement of the time difference between the interactions in both detectors, 
byy means of which it was possible to recognize both slower moving neutrons, and photons moving 
inn the opposite direction. The early Compton telescopes lacked a good angular resolution (due to 
thee limited accuracy in the interaction-location determination), but did achieve relatively narrow 
acceptancee cones (FWHM ~ 40°). They have been used for balloon-borne measurements of the CDG 
(Schönfelderr fa Lichti 1974). Later Compton telescopes had better angular resolutions (White et 
al.. 1977; Schönfelder, Graml fa Penningsfeld 1980), while the measurement of the pulse shape of the 
signall  allowed for a rejection of many neutron-induced interactions (Schönfelder, Graml fa Penningsfeld 
1980;; Lockwood et al. 1981; Schönfelder, Graser fa Diehl 1982). COMPTEL, the first space-borne 
imagingg Compton telescope, is very similar to the latest Compton telescopes flown on balloons, but 
hass a greater sensitivity, and better energy and spatial resolution. In Chapter 2, a detailed overview of 
thiss instrument is given, together with a description of investigations of various instrument-response 
items. . 

1.44 Instrumental background 

7-Rayy telescopes, whether they are operated from a balloon or carried into space, are continuously 
bombardedd with cosmic-ray protons and electrons, and atmospheric neutrons. Many of these particles 
interactt in the instrument, and produce photons which may be recorded by the instrument with 
propertiess that are similar to those for celestial photons. In the MeV range, the count rate resulting 
fromm these instrumental background photons can be high and may exceed the celestial signal by several 
orderss of magnitude. 

Theree have been various studies of the observed and predicted characteristics of the instrumental 
backgroundd in low-energy 7-ray space-borne telescopes, both in circular near-Earth orbits similar to 
thatt of CGRO, and in large elliptical orbits such as that of GRANAT. The instrumental background 
inducedd in the A4/HEAO-1 experiment and in SIGMA/GRANAT was shown to exhibit several 7-ray 
lines,, many of which could be traced back to the elements in the Nal crystals and the side housings 
(Gruber,, Jung fa Matteson 1989; Lei et al. 1992). Models for the observed continuum spectra and the 
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superimposedd 7-ray lines, including spallations by cosmic-rays and neutron-induced reactions, were 
calculatedd for, e.g., the 7-ray spectrometers on board the Apollo satellites (Trombka et al. 1977J and 

thee balloon-borne DGT telescope (Dunphy et al. 1989). 

Inn C O M P T E L, however, the triggering of an event requires interactions in both of the detectors 
(Sectionn 2.1.1), which are separated by 1.58 meters. The efficiency for single photons to generate 
suchh events appears to be much smaller than that for pairs of photons (Section 3.3.1). Moreover, the 
majorityy of events that involve photons originating in the Nal crystals of the D2 detector, can be 
rejectedd on the basis of the time difference between the interactions in the Dl and D2 detectors. It is 
thereforee not expected that the studies of the background in previously flown telescopes (other than 
Comptonn telescopes), apart from providing basic knowledge on general processes and variability, can 
bee straightforwardly used to interpret the COMPTEL instrumental background. The backgrounds 
inn balloon-borne Compton telescopes have previously been studied by, e.g., White k Schönfelder 
(1975)) and Schönfelder et al. (1975). They found that the neutron-induced interactions which cannot 
bee distinguished from double-scattering celestial photons, might result in count rates similar to that 
inferredd for the CDG. Similar results have been found for COMPTEL, which was specifically exposed to 
aa neutron bombardement during calibration measurements. The COMPTEL instrumental background 
inn orbit, however, still needs to be (and is being) thoroughly investigated (see, e.g., Chapter 3). An 
importantt difference with the background in the balloon-borne Compton telescopes appears to be the 
influencee of the large amount of mass contained in the spacecraft and the other instruments on board 
CGRO. . 

1.55 Contribution s made wit h COMPTE L 
 AGNs. Considering the number of 7-ray emitt ing Active Galactic Nuclei (AGNs) now known, 

onee may easily forget that before 1991 only four extra-galactic sources had been detected above a few 
hundredd keV: Cen A, NGC 4151, MCG 8-11-11 and 3C 273 ( the last source only above 50 MeV; see 
alsoo Section 1.2.2). These sources have been confirmed by one or more of the instruments on board 
CGROO and many additional AGNs have been detected. The following general picture of the 7-ray 
emissionn from AGNs has emerged. At hard X-rays/low-energy 7-rays, most of the detected AGNs are 
foundd to be Seyfert galaxies with spectra that can be described by a power law with a typical spectral 
indexx of ~ 2.4 (Kurfess, Johnson & McNaron-Brown 1995). At energies above 100 MeV, on the other 
hand,, the AGNs detected with EGRET are all of blazar-type: flat-spectrum radio-loud AGNs with a 
compactt radio core and strong optical polarization (e.g., Hartman 1995). With COMPTEL, covering 
thee energy range in between, MeV emission has been detected from several blazar-type AGNs (3C 
279,, 3C 273: Hermsen et al. 1993— PKS 0528+134: Collmar et al. 1994— Cen A: Collmar 1993). In 
addition,, evidence has been found for AGNs that are excessively bright at MeV energies: the so-called 
MeVV blazars (Bloemen et al. 1995; Blom et al. 1995; Blom et al. 1996). Observations of Seyfert 
galaxiess with C O M P T EL have only revealed upper limit s on the flux in the 0.75-3 MeV energy range, 
whichh are two orders of magnitude below those reported in the past (Maisack et al. 1995). 

 7-ray bursts. 7-ray bursts can be studied with COMPTEL using the complete telescope, which 
allowss for a determination of the location of strong bursts, but also using the dedicated burst modules 
inn the D2 detector (see Schönfelder et al. (1993) for an overview of the instrument). The imaging 
capabilitiess of COMPTEL, which are better than those of BATSE, have lead to the setup of a 'Rapid 
Burstt Response1 program (Kippen et al. 1993; Harrison et al. 1995). This allows for C O M P T EL 
determinationss of 7-ray burst positions only hours after the BATSE trigger (see also the W W W 
pagee http://wwwgro.unh.edu:8080/bursts/cgrbpa,ge.html at the University of New Hampshire). An 
overvieww of the 7-ray bursts observed with COMPTEL during Phase I (Section 2.1.4) can be found 
inn Hanlon et al. (1994). Most of these could be fitted with a single power-law spectral model in 

http://wwwgro.unh.edu:8080/bursts/cgrbpa,ge.html
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thee COMPTEL energy range (0.3 MeV - 10.0 MeV for the burst modules), except for GRB 910814, 
whichh required a broken power-law model. For an analysis of a selected set of COMPTEL 7-ray bursts 
duringg the first three years of the CGRO mission, the reader is referred to Kippen (1995). The celestial 
distributionn of these bursts is found to be isotropic, with a ~ 98.5% probability that GRB 930704 and 
GRBB 940301 have the same origin (Kippen et al. 1995; Hanlon et al. 1995). 

 The Sun. When CGRO was launched in 1991, the Sun had just passed the peak activity in the 
ll  year solar cycle. Many flares were detected with COMPTEL in the subsequent months (Suleiman 

1995),, most noticeably the large X-class flares in June, 1991, when the Sun was very active (Sun spots 
couldd then be observed with the naked eye; J. van Paradijs, private communication). The unique 
capabilitiess of COMPTEL allowed for studies of these flares both in 7 rays and in neutrons (Ryan et 
al.. 1993). The photon spectra showed pronounced 2.224 MeV lines due to neutron capture by protons, 
andd several nuclear de-excitation lines of which the 1.634 MeV line from 30Ne'was sometimes found 
too be the strongest spectral feature (Suleiman 1995). The time history of the 2.224 MeV photons 
forr the Hare on June 11, 1991, was found to exhibit two time scales: one of 11.8 minutes during the 
flareflare itself, while the detection of 2.224 MeV photons up to 2 satellite orbits later points to prolonged 
neutronn production (Rank et al. 1994). Extended emission was observed with COMPTEL in more 
casess (McConnell 1994), and for the June 11th flare was even detected up to 10 hours after the onset 
att energies above 50 MeV (Kanbach et al. 1993). A catalog of solar flares observed with COMPTEL 
cann be found in Suleiman (1995). If the CGRO mission extends only a few years more until the next 
solarr maximum, more flares will probably be added. 

 Black-hole candidates. For the COMPTEL results on this class of objects, the reader is referred 
too Chapters 4 and 5 of this thesis (see also Section 1.6). 

 Pulsars. Similar to the pre-CGRO situation of AGNs, only 2 radio pulsars had been identified 
att 7-ray energies before 1991: the Crab and the Vela pulsars. Observations with COMPTEL have 
yieldedd firm detections of both of these pulsars (Bennett et al. 1993; Hermsen et al. 1994; Much et 
al.. 1995), while weak detections of several others were obtained as well (PSR 1509-58: Carramihana 
ett al. 1995 — PSR 1951+32: Carraminana et al. 1995; Kuiper et al. 1996 — Geminga: Hermsen et al. 
1994).. Of these pulsars, only PSR 1509-58 is not detected above 100 MeV with EGRET, while it is 
seenn up to ~ 500 keV by the BATSE and OSSE instruments on board CGRO. On the other hand, two 
off  the high-energy 7-ray pulsars that are detected with EGRET (PSR B1055-52 and PSR 1706-44; 
Thompsonn et al. 1995) do not produce a measurable signal at lower-energy 7 rays (Carraminana et 
al.. 1995). None of the 7-ray pulsars detected so far with the instruments on board CGRO belongs to 
thee class of millisecond pulsars (O'Flaherty et al. 1995; Fierro et al. 1995), even though 7-ray emission 
wass expected due to the similarity of these sources to young radio pulsars (e.g., Stumer & Dermer 
1994). . 

 Galactic diffuse emission. The many COMPTEL observations of the Galactic plane that have 
beenn performed up to now, have resulted in the first maps ever of the Galactic diffuse emission at MeV 
energies.. Contrary to what is seen above 100 MeV, however, the emission appears not to correlate 
welll  with the interstellar-gas distribution. More information on this subject, and an analysis of the 
COMPTELL data for this important celestial component, can be found in Section 4.3. 

 Cosmic-diffuse 7-ray background. Contrary to what has been observed in the past (Section 1.2), 
thee preliminary results obtained with COMPTEL do not show evidence for the famous MeV bump 
inn the CDG spectrum at energies above 2 MeV (Kappadath et al. 1996). The intensities between 
~~ 2 MeV and 30 MeV are a factor of 5-10 lower than those previously reported and are consistent 
withh the extrapolations of the power-law spectra measured at hard X-rays and at energies above ~ 50 
MeV.. This result undermines the various (cosmological) theories that were designed to predict such 
aa spectral bump at MeV energies. Below 2 MeV, the COMPTEL flux for the CDG lies above the 
extrapolatedd power-law spectrum. Since there may still be unidentified background components in 
thesee data, the flux below 2 MeV is presently treated as an upper limit . 
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 7-ray lines. The most convincing detections of 7-ray lines originating from outside the Solar 
systemm had been those of the 511 keV line from positron annihilation (below COMPTEL's energy 
range),, and the 1.809 MeV line from the decay of  26A1 (see Section 1.2.3). COMPTEL has now 
imagedd the 1.809 MeV line across the whole Galactic disk, showing a clear concentration towards 
thee inner Galaxy (Diehl et al. 1994; Diehl et al. 1995a; Knödlseder et al. 1996) and several localized 
excessess of emission in, e.g., the Vela and the Cygnus regions (Diehl et al. 1995b; Oberlack et al. 1996). 
Thiss new result may point to a significant contribution from spiral arms, in particular from the nearby 
locall  arm (see the above references). It still remains unclear, however, what fraction of the 1.809 MeV 
emissionn should be assigned to the potential classes of objects, e.g., supernovae, Wolf-Rayet stars and 
AGBB stars. 

AA new result obtained with COMPTEL is the detection of a large 3-7 MeV flux from the Orion 
complex,, possibly resulting from the decay of excited 12C and 1 60 nuclei (Bloemen et al. 1994). At 
somewhatt lower significance levels, evidence has been found with COMPTEL for 7-ray lines from the 
decayy of "4Ti in Cas A (at 1.156 MeV; Iyudin et al. 1994), and from the decay of  56Co in SN 1991T 
(att 0.847 and 1.238 MeV; Morris et al. 1996). Unfortunately, most of these interesting detections are 
nearr the sensitivity limit of COMPTEL, limiting the scientific conclusions that can be drawn in this 
excitingg field of 7-ray spectroscopy. Additional exposure of the objects may help to resolve some of 
thee questions raised by these observations (e.g., the detailed spectral shape of the Orion emission — 
seee Bykov, Bozhokin & Bloemen 1996). 

1.66 Overview of thi s thesis 
Thiss thesis presents the analysis of three and a half years of COMPTEL observations of the 

Galacticc black-hole candidates (Chapters 4 and 5) and of the high-energy 7-ray source 2CG 135+01 
(Chapterr 6), including a preliminary analysis of the underlying Galactic diffuse emission in Section 4.3. 
Thee imaging Compton telescope COMPTEL, and several response issues, are introduced and discussed 
inn Chapter 2. The dominating source contributing to the COMPTEL signal, the instrumental back-
ground,, is treated in Chapter 3, At the end of the thesis, possible directions for future work are given 
(pagee 199). This is followed by Appendixes containing lists of all Phase I, II and II I CGRO observa-
tions,, a description of the data flow of the processing of COMPTEL data, and a list of abbreviations. 
AA Dutch summary of this thesis can be found on page 209. 

Sectionn 2.1 introduces many of the basic concepts and definitions used in this thesis, and thus could 
bee the starting point for readers not familiar with COMPTEL. It contains a concise description of the 
detectionn mechanism utilized in COMPTEL and of the instrument itself, and also describes the basis 
processingg steps of the COMPTEL data. In Sections 2.2 and 2.3, the models for the response in energy 
spacee and in the three-dimensional data space are given. The latter section introduces the various 
higher-levell  data products used in imaging, including the point-spread function, and the important 
££ event selection which is applied to avoid a contribution from atmospheric photons. Other items 
relatedd to the analysis of COMPTEL data, such as the standard event selections, the flux correction 
factorss and the imaging analysis techniques, are given in Section 2.4. 

Followingg these introductory sections, several characteristics of the instrument response are further 
investigated.. Section 2.5 shows that fits to the measured energy response of the lower COMPTEL 
detectorr improve significantly at low energies when a constant distribution is included in the energy 
responsee model. It is argued that this component is the averaged result of Compton scatterings 
off  many photons in various parts of the instrument before reaching the D2 detector. Monte Carlo 
simulationss of a bare scintillator crystal and of a D2 module embedded in COMPTEL strengthen this 
hypothesis.. Section 2.6 gives the corrections that can and have been applied to the raw time-of-flight 
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(TOF;; see p. 27) in order to improve the TOF resolution, and briefly discusses the improvement in 
detectionn significances which can be achieved in imaging analysis (typically 0.3<r — 0.7(T). The highest-
qualityy TOF data are used in Chapter 3 for the instrumental background analysis. The influence of 
thee event selections involving the pulse-shape discriminator values (PSD; see p. 27) on the response 
off  the instrument are discussed in Section 2.7. The loss of signal due to the standard PSD selection, 
whichh may be as high as ~ 16% for a soft input spectrum, is corrected for by means of modifications 
off  the point-spread functions. Finally, Section 2.8 shows that dead-time effects during observations of 
'normal11 objects (i.e., excluding 7-ray bursts and solar flares) are only of the order of ~ 3%, and can 
bee treated an overall flux normalization. 

Chapterr 3, on the instrumental background, starts with an introduction to the in-orbit radiation 
environmentt and the observed dependencies of the count rates on the main parameters rigidity (R; 
p.. 68) and geocentric elevation (GCEL; p. 68), and describes the main channels through which events 
mayy be created. Section 3.2 gives an overview of the main instrumental 7-ray lines, which are located 
att 1.46 MeV, 2.224 MeV and 4.44 MeV in the total energy-deposit spectra, and around 1.37 MeV and 
2.755 MeV in the individual energy-deposit spectra for the two detectors. For each of these lines, typical 
ratess are given in the subsequent sections. Using Monte Carlo simulations, it is shown that the 1.46 
MeVV line {<p > 30°) is consistent both with the distribution and with the total mass of  4DK contained 
inn the photomultipher tubes in the Dl detector, as specified by the manufacturer (Section 3.2.2). In 
Sectionn 3.2.5 it is shown that, instead of an instrumental origin involving neutron scattering on carbon, 
thee 4.44 MeV line is more likely to be due to photons originating in the Earth's atmosphere. 

Thee second large part of Chapter 3 is concerned with the various components of the instrumental 
backgroundd as a function of TOF. Comparing the expected rate and characteristics of the random 
coincidencess (events caused by two uncorrected photons) with those observed at high and small TOFs, 
thee need for an additional instrumental background component in these TOF regions is made plausible 
(Sectionn 3.3.2). The obvious candidate for this is argued to be the type of events that is caused by 
twoo photons which are temporally, but not spatially, correlated. In Section 3.3.3, it is demonstrated 
thatt the events in the TOF continuum, a broad distribution in TOF space on top of which the peaks 
off  double-scattering single photons reside (Fig. 3.7), can be understood in terms of two uncorrelated 
energyy deposits, i.e., they are caused by two interacting photons. This is one of the main results of my 
investigationss of the COMPTEL background. Although the physical background of the photon pairs 
iss not entirely unambiguous (Section 3.3.3.1), these findings allow for the first time a prediction of the 
<p-<p- and data-space distribution of a considerable part of the instrumental background (Section 3.3.4). 
Sincee that work is still in progress, the background models which have actually been used in Chapters 4 
too 6 are described in Section 3.4. 

Thee black-hole candidates (BHCs) are a subgroup of the X-ray binaries for which evidence for the 
presencee of a stellar-mass black hole exists (see Section 4.1 and its subsections for an introduction). 
Forr some BHCs, the (strong) evidence is a lower limit on the mass of the compact star obtained 
fromm the dynamical parameters of the binary system, which is higher than the maximum possible 
neutron-starr mass. For others, the black-hole candidacy results solely from the similarity of spectral 
and/orr temporal characteristics of the object with those of the stronger candidates. Many of such 
characteristicss have been proposed, and later on disproved, to be unique to binaries harbouring black 
holes,, as opposed to those harbouring neutron stars. However, emission above several hundreds of keV 
hass until now only been observed for the X-ray binaries belonging to the group of BHCs. Chapters 4 
andd 5 present the most sensitive measurements and upper limits in the 7-ray domain for BHCs to 
date. . 

Thee analysis of low Galactic-latitude COMPTEL data is complicated by the Galactic diffuse 
emission;; this subject is addressed in Section 4.3. Studies of this component above energies of ~ 100 
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MeVV have shown that it can be understood in terms of interactions of various cosmic-rays constituents 
withh the interstellar gas (from correlations of the emission with the HI and CO distributions), and of 
inversee Compton radiation (IC) from high-energy cosmic-ray electrons interacting with the interstellar 
radiationn field. Using the new background model from Section 3.4.4, which is specifically suited for 
studiess of large areas of the sky (i.e., for the sum of many observations), the diffuse emission as seen 
withh COMPTEL has been analysed in five regions across the Galactic plane. The models that are 
used,, are the observed HI and CO distributions and the predicted distribution of the IC component. 
Exceptt for the 10-30 MeV energy range, no evidence is found for emission correlated with the CO 
distribution.. Moreover, the scale factors for the HI and IC components are found to vary significantly 
betweenn the regions. Both these findings indicate that the relative model contributions to the Galactic 
diffusee emission at MeV energies are not yet well understood. At the same time, it is found that the 
totall  emission predicted by the sum of the fitted model components appear to describe the observed 
emissionn rather well. Therefore, these results are used as a first-order estimate of the contribution of 
thee Galactic diffuse emission to the fluxes assigned to the BHCs and to 2CG 135+01. 

Thee remainder of Chapter 4 is concerned with a search for MeV emission from all objects that have 
beenn proposed to be BHCs (except for GRO J0422+32 and Cyg X-l) . The search is performed both in 
broadd energy ranges, which are sensitive to continuum emission, and in narrow energy intervals around 
thee (redshifted) energies of predicted 7-ray lines. In all cases, the detection significances for sources at 
thee positions of the BHCs in the data from the first three and a half years of COMPTEL observations 
aree less than Za. The upper limits for the time-averaged emission from BHCs are typically more than 
ann order of magnitude below those previously obtained. In Obs. 318, hints are found for MeV emission 
fromm both GS2023+338 and GRS 1915+105, the latter of which was then in a state of outburst in 
hardd X-rays. 

Chapterr 5 presents detailed analyses of the BHCs GRO J0422+32 and Cyg X-l . The former is 
detectedd between 1 and 2 MeV during the second week of the outburst in August, 1992, and between 
0.755 and 1 MeV ~ 2 weeks later. When the 1-2 MeV flux, and the highest data points obtained 
withh SIGMA, are compared to inverse-Compton models, there are indications for a spectral hardening 
(relativee to the models) around 1 MeV. The BHC Cyg X-l is firmly detected in the sum of all 
observations.. When nearby sources, such as the pulsar PSR 1951+32 are taken into account, emission 
fromm Cyg X-l appears to be observed up to ^ 2 MeV. Also for this source, the COMPTEL fluxes ue 
aboveabove the extrapolated models fitted to (non-contemporaneous) hard X-ray/low-energy 7-ray data. 
Evenn when one allows for a factor of 2 difference in flux levels during the observations with the various 
instruments,, the spectral hardness of the MeV emission as observed with COMPTEL is difficult to 
reconcilee with inverse-Compton emission from a single plasma component. The results are compared 
too a model for a two-temperature accretion disk, which predicts an additional spectral component 
aroundd 1 MeV at flux levels comparable to those observed. 

Thee high-energy 7-ray source 2CG 135+01, discovered with COS-B, was found to be one of the 
brightestt 7-ray sources in the sky above 100 MeV. Within the positional accuracy at these energies, 
whichh is of the order of 33' for the EGRET instrument on board CGRO, there is only one plausible 
candidatee counterpart: the highly variable non-thermal radio source GT 0236+610. Proposed models 
forr the observed radio and 7-ray emission from this system are based on binary systems containing a 
Bee star, with either an old neutron star or a young pulsar as companion. In the former case, the 7-ray 
emissionn is thought to arise in supercritical accretion processes, while the 7-ray emission in the latter 
modelmodel is based on the interaction of the relativistic pulsar wind with the outflow of the Be star. 

Chapterr 6 presents an analysis of all COMPTEL observations of 2CG 135+01, performed during 
thee first three and a half years of the CGRO mission. In the sum of the observations, a source 
consistentt with the position of 2CG 135+01 is detected in all three standard energy ranges above 1 
MeV.. When the possible contribution from the Galactic diffuse emission is neglected, the detection 
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significancee at the location of 2CG 135+01 is 6.7tr in the 1-30 MeV range. The fluxes drop by roughly 
aa factor of 2 when the models for the Galactic diffuse emission are included, and are more than an 
orderr of magnitude below the fluxes previously reported for MeV emission from this celestial region. 
AA temporal analysis does not show significant time variability correlated with the orbital motion of 
thee companion, so that a relation between the periodically variable GT 0236+610 (orbital period 
~~ 26.5 days) and the COMPTEL source cannot be substantiated. However, the COMPTEL fluxes 
aree found to be consistent with the extrapolation of the power-law spectrum inferred for 2CG 135+01 
att energies above 100 MeV (measured with EGRET). The COMPTEL/EGRET spectrum for 2CG 
135+011 combined with the ROSAT spectrum for GT 0236+610 necessitate a spectral break somewhere 
inn the MeV region. 

Acknowledgements:Acknowledgements: This research has made use of data obtained through the High Energy Astro-
physicss Science Archive Research Center Online Service, provided by the NASA-Goddard Space Flight 
Center. . 
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2.11 Introductio n 
Inn 1977, NASA distributed an Announcement of Opportunity, inviting the astrophysical commu-

nityy to propose their views on the next generation of hard X-ray and 7-ray telescopes. Eight years after 
thee originally planned lift-off , on April 5 1991, the shuttle Atlantis (STS-37) successfully launched the 
Comptonn Gamma-Ray Observatory (CGRO), which contained the product of more than a decade of 
planning,, designing, building and calibrating the selected instruments. The observatory, weighing 17 
tonss and thereby the heaviest scientific satellite to date, was released in a circular orbit at an altitude 
off  about 450 km above the Earth (Fig. 2.1). On board are four 7-ray instruments designed to monitor 
andd image the sky in different energy ranges from ~ 20 keV to 30 GeV at an unprecedented combina-
tionn of high sensitivity, energy resolution and spatial resolution. Each of these instruments is briefly 
introducedd below. For more information, see, e.g., Appendix G of the NASA Research Announcement 
92-0SSA-17,, or the WWW page http://eaemy.gsfc.nasa.gov/cossc/cossc.html at the NASA Science 
Supportt Center (SSC). 

BATSEE (the Burst And Transient Source Experiment) consists of eight identically configured detectors 
locatedd at the eight corners of CGRO (two BATSE detectors are indicated in Fig. 2.1), which together 
providee the powerful capability of continuously monitoring the complete sky. Each detector consists 
off  a directionally sensitive Large Area Detector (LAD; 20 keV-1.9 MeV) and a Spectroscopy Detector 
(100 keV-100 MeV), both of which are Nal(Tl) scintillation detectors with sensitive areas of 2025 cm2 

andd 127 cm2 respectively. The large sensitive area and the energy domain of the LADs make BATSE 
veryy suitable for two of its main objectives: studies of 7-ray bursts and of X-ray transients. Using the 
Earthh occultation technique, BATSE also monitors a large number of hard X-ray sources, among which 
aree several (transient and non-transient) black-hole candidates. Typical burst and 1-day occultation 
sensitivitiess are ~ 3 x 10- 8 erg cm- 2 and 100 mCrab (30-100 keV) respectively, although the latter 
cann be significantly improved upon by using more data. 

OSSEE (the Oriented Scintillation Spectrometer Experiment) operates in an energy range (50 keV-10 
MeV)) that overlaps that of BATSE, but it is more sensitive and has a higher energy resolution. It 
consistss of four collimated NaI(Tl)-CsI(Na) phoswich detectors with a3.8°x 11.4° FWHM rectangular 
fieldfield of view. These detectors can move independently of each other, and relatively independent of the 
spacecraftt orientation, in the X — Z plane*  of CGRO. With a photopeak effective area of ~ 470 cm2 

perr detector at 600 keV, the 3<r line and continuum sensitivities for a 5 x 105 seconds exposure are 
typicallyy ^ 8 x 1Ü"5 photons cm- 2 s- 1 and ~ 3.7 X 10- 4 photons cm~2 s- 1 MeV-1 respectively. The 
scientificc objectives of OSSE include the study of galactic and extra-galactic hard X-ray/low-energy 
7-rayy sources such as black-hole candidates, pulsars and AGNs. 

EGRETT (the Energetic Gamma-Ray Experiment Telescope) covers the 7-ray domain from — 20 MeV 
too ~ 30 GeV and utilizes a spark chamber to detect the high-energy photons through electron-positron 
pairr production. The effective area is ~ 1500 cm2 in the 200 MeV-1000 MeV range and the field of view 
hass a Gaussian shape with a FWHM of ~ 40°. For observations that are pointed far from the Galactic 
plane,, the estimated sensitivity to point sources for a two-week exposure is 6 X 10- s photons cm- 2 s- 1 

(>> 100 MeV). Primary objects for EGRET are blazar-type AGNs, pulsars and the diffuse Galactic 
emission. . 

Finally,, COMPTEL (the COMPton TELescope) fill s the spectral gap from ~ 1 MeV to ~ 30 MeV 
thatt exists between BATSE and OSSE on one side and EGRET on the other side. It was built by 

**  The right-handed CGRO [X,Y, Z) coordinate system has its origin 74.9 cm above the CGRO/ 
COMPTELL interface plane (or 13.2 cm above the middle of the COMPTEL D2 modules), with the 
positivee Z-axis pointing perpendicularly to and through the center of the COMPTEL Dl detector, 
andd the positive X-axis parallel to the longest sides of the spacecraft in the direction of OSSE. 

http://eaemy.gsfc.nasa.gov/cossc/cossc.html
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FigureFigure 2.1. This figure shows CGRO in orbit around the Earth only hours before it is released from 

thethe arm of the shuttle Atlantis. 
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aa collaboration of four institutes: the Max-Planck-Institiit fii r extraterrestrische Physik, Garching, 
FRG;; the Laboratory for Space Research (SRON), Leiden, the Netherlands; the Space Science Center 
off  the University of New Hampshire in Durham (NH, USA); and the Space Science Department of 
ESA,, Noordwijk, the Netherlands. 

COMPTELL has a wide field of view which can be approximated by a Gaussian with a FWHM of 
~~ 57° in the 1-3 MeV range, and has a typical energy resolution of 10% at 1 MeV and 5% at 6 MeV. 
Thee location accuracy varies with energy and source strength, but is typically of the order of 1°. In 
additionn to being an imaging 7-ray telescope, COMPTEL is (potentially) sensitive to polarized 7-ray 
emission,, and has also successfully been used as an imaging neutron detector. 

Inn this chapter, the COMPTEL instrument is described in detail to a level which allows the 
readerr to evaluate the scientific analysis and results presented in this thesis. In addition, several issues 
concerningg the analysis of COMPTEL data are addressed. Before the instrument and the quantities 
thatt are measured are described in Section 2.1.2, the reader is introduced to the principle of detection 
inn Section 2.1.1. An overview of the processing steps that are necessary to convert raw data into 
high-levell  scientific data is given in Section 2.1.3. The general introduction ends with the observing 
schedulee during the first three and a half years of the CGRO mission in Section 2.1.4. Next, the energy 
responsee and the response in the three-dimensional data space are described in Sections 2.2 and 2.3 
respectively.. General analysis issues, such as imaging methods, often used data sets and several flux 
correctionn factors, are discussed in Section 2.4. 

Thee following sections deal with detailed investigations of some of the instrument characteris-
tics.. In Section 2.5, an improvement of the model for the energy response of the lower detector 
iss discussed. Section 2.6 describes which corrections have to be applied to the raw time-of-flight 
(TOF)) values and how the associated flux correction factors (Section 2.4.4) have been calculated. The 
fluxflux corrections that are incorporated in the point-spread functions to account for selections on the 
pulse-shape-discriminatorr (PSD) values are derived in Section 2.7. Finally, algorithms for calculating 
thee instrument live time during normal observations and during 7-ray bursts are briefly discussed in 
Sectionn 2.8. 

2.1.11 D e t e c t i on pr inc ip le 

Thee detection principle of COMPTEL is conceptually very different from those utilized in instru-
mentss sensitive to hard X-rays or high-energy 7-rays and deserves a separate introduction. It makes 
aa clever use of the dominating photon-matter interaction process in the MeV energy range, which is 
Comptonn scattering (see Fig. 1.2). In the non-relativistic limit of this process, which is the domain 
thatt is applicable to COMPTEL, an incoming 7-ray photon of energy £7 is scattered by an electron 
att rest, which results in an energy transfer AEy from the photon to the electron and a deflection of 
thee photon through an angle <pg (the true or geometrical scattering angle; pronounced 'phigeo') with 
respectt to its original direction. The distribution of <pg is given by the energy-dependent cross section 
da/d<fda/d<fgg for Compton scattering, which is also called the Klein-Nishina function. 

Fromm the laws of conservation of energy and momentum, it can be shown that the scattering angle 
<p<pgg is related to the energy transfer &Ey as 

< ^ a r c c o s {ll  + m e c 2 ( ^ - ^ - ^ ) }  (2.1) 

Thee larger the deflection, the larger the energy transfer, with the maximum 

AA )?W £7 E^>mtc
2 1 2 
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reachedd for <pg = 180°. When both the energy increase of the electron A £ 7 and the energy of the 
scatteredd photon E-t — A£7 can be measured, the scattering angle <pg follows from Eq. (2.1). In 
combinationn with the directions of the electron and the scattered photon, this would allow for the 
determinationn of the original direction of the photon. 

Inn COMPTEL, the process of Compton scattering is utilized by a combination of two detectors 
roughlyy 1.5 m apart (see Fig. 2.2). We will first consider the detection of an event*  for the idealized 
casee when energy losses are negligible and energy and positional resolutions are infinitely good. An 
incomingg celestial photon from unknown direction s = ix*,^) 's Compton scattered once in the 
upperr detector Dl (which has been designed to optimize the chance for a single scattering), thereby 
transferringg an energy of A £ 7 to an electron. The photon of energy Ey — A £ 7 then continues in 
thee deflected direction ƒ = (x, V>) to the lower detector D2 {which is made uf high Z material) 
andd is completely absorbed. The important quantities that are determined for each event are the 
energyy deposits in the two detectors, Ei and E2, and the two interaction locations L\ — {Xi,Y\) and 
£22 - (^2,^2)- The calculated scattering angle <p (pronounced-'phibar') then follows from Eq. (2.1) by 
settingg £7 to ET = E\ + Ei and A£7 to £\. Furthermore, from the locations L] and L2 the direction 
off  the scattered photon / c an be inferred. The combination of ƒ and ip now defines a circle on the 
skyy (thick dotted line in Fig. 2.2), which consists of all the possible initial directions s of the photon. 
Forr the ideal case considered here (no energy losses etc.), the calculated scattering angle is equal to 
thee true, unknown, scattering angle {(p = <pg) and the circle intersects the source position ( \s, ip*). In 
Fig.. 2.2, the circle was chosen not to intersect the source position, i.e., <p > <pg, due to energy losses 
inn D2 (see below). Note that since the direction of the electron after the Compton scattering is not 
measured,, a circle rather than a single direction of incidence is obtained. 

Thee response to a single point source placed in front of COMPTEL consists of many of such event 
circles,, each having a different origin and radius, corresponding to different scattering directions and 
(^„-values.. In the ideal case, the source position is simply the common intersection point of all the 
eventt circles (Fig. 2.3a). 

Inn practice (the not so ideal case), the event circles do often not intersect the source location 
(Fig.. 2.3b). This is partly due to the uncertainties in the measured interaction locations L\ and £3 

(andd therefore in ƒ"), but, more importantly, because of the complex distribution of the measured 
scatteringg angle <p around the true scattering angle <pg. The latter uncertainty arises mainly from the 
factt that the measured energy deposits E\ and £2 which are used to calculate 9, are distributed around 
thee actual energies of the electron (A£7) and that of the scattered photon (£7 - A£ \) according to 
thee detector energy responses. For the Dl detector, the energy response Ri is basically just a Gaussian 
photopeakk with a width (energy resolution) of a{E) = 0.056 x E0b7 MeV (E in [MeV]). However, 
thee energy response for the D2 detector, #2, is a much more complicated function involving various 
typess of energy losses such as the escape from the D2 module of the electron or positron created by 
pairr production, or of the photon itself after one or more Compton scatterings (see Section 2.5). As 
aa result, the measured total energy deposit ET and the calculated scattering angle tp will also have 
complicatedd distributions around the initial energy £7 and the true scattering angle v?s respectively, 
withh in general ET ^ £> and <p> <pg. Typical examples of the distributions of some of the main event 
parameterss for a 4.438 MeV mono-energetic point source located at a zenith angle of 10°, are shown 
inn Fig. 2.4. The ET distribution consists of a photopeak at the input energy of 4.438 MeV (containing 
eventss that suffered no or negligible energy losses) and a broad tail to lower energies which contains 
eventss that primarily lost energy from the D2 detector. In particular, the features around 3.927 MeV 
andd 3.416 MeV are mainly caused by the escape from the D2 detector of one or both of the 511 keV 

**  The occurrences of interactions in both detectors within the coincidence time window of 40 ns, 
whetherr they are caused by a single photon or by multiple photons and/or particles, are called events. 
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^=^=  (r>r ) T= (x,v) 

FigureFigure 2.2. This figure shows the detection principle of COMPTEL. An incoming photon from direction 
ss = (xs?V's) is Compton scattered in the Dl detector, and continues its way to be (partly) absorbed 
inin the 1)2 detector. From the interaction locations ( X J , Y J) and (X2,Y2) the scattering direction 
ff = (w0) r a n ' ; e determined. Also shown are the true scattering angle <pg and the calculated 
scatteringscattering angle <p (> ipg). 
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FigureFigure 2.3. This figure shows four event circles on the sky for a point source located at (x '%^s) 
(denoted(denoted by the square). The scattering directions ( ƒ) are denoted by asterisks, the radii of the 
circlescircles are the calculated scattering angles (<p). (a): the ideal case, i.e., no energy losses and infinite 
energyenergy and location resolution; (b): a more realistic situation (<p > <pg). 

photonss liberated during the annihilation of the positron that was created by a pair creation process 
inn the D'2 detector. The fraction of events that ends up in the photopeak is called the photopeak 
efficiency.. Also shown in Fig. 2.4 are the Dl and D2 energy deposit spectra measured for this point 
source.. Noticeable features in these spectra are the bump around 3.4 MeV in the E\ distribution, 
correspondingg to pair-creation events in the Dl detector (correlated with a 0.511 MeV line in the D2 
distribution)) and the peak at low energies in the D2 distribution caused by bremsstrahlung emission 
generatedd in the Dl detector (Kappadath 1994). At low energies, the spectra exhibit a cutoff due to 
thee (simulated) on-board thresholds (units: channels), which correspond to cutoff energies of ~ 50 
keVV for the Dl modules and ~ 550 keV for the D2 modules. Because of the spread in the position of 
thee energy thresholds for the different modules, lower boundaries of 70 keV and 650 keV are used in 
thee scientific analysis (Section 2.4.1). Fig. 2.4 also shows the <p and ipg distr ibutions for the simulated 
pointt source. These obviously have very similar shapes, with the <p distribution extending to much 
largerr scattering angles due to the fact that for individual events (p > ipg. The difference between the 
<p<p and ifg values for an event is called the Angular Resolution Measure: 

ARMM = f - <pa. (2.3) ) 

Fig.. 2.4 also shows the ARM distribution for the simulated point source. Most prominent in this 
distributionn is the Gaussian peak at ARM = 0°, which corresponds to the photopeak in the Ej 
distribution,, i.e., consisting of events not suffering from energy losses. Events with large positive 
ARMM values are the result of escaping energy from the D2 detector, the small fraction of events to 
thee left of the ARM = 0° peak were subject to energy losses from the Dl detector. 
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FigureFigure 2.4. This figure shows typical distributions of some of the main event variables for Monte 

CarloCarlo simulations of a 4.438 MeV point source at a zenith angle of 10°. See the text for more details 

concerningconcerning these distributions. 

2.1.22 Instrumen t descript ion and data collection 

Noww that the general detection principle has been introduced, a concise description of the in-
strumentt is given for completeness. In short, the heart of COMPTEL is formed by the two detector 
layerss Dl and D2, separated by 1.58 m, and by four anti-coincidence domes, also called veto domes 
(Fig.. 2.5). The Dl and D2 detector layers consist of 7 and 14 modules respectively, the combinations 
off  which form the 98 so-called minitelescopes. Each of these components is further described below. 
Forr a complete description of the instrument and the performance characteristics, the user is referred 
too Schönfelder et al. (1993). Background information as well as current issues concerning the pro-
cessingg and analysis of C O M P T EL da ta can also be found on the W W W pages of the COMPTEL 
team,, e.g., see http://wsl3.sron.ruu.ni.8080/for that of the Laboratory for Space Research (SRON), 
thee Netherlands. 

Thee upper detector, Dl, has been designed to optimize the chance of a single Compton scattering. 
Itt consists of 7 cylindrical modules mounted on a support structure, each uniformly surrounded by 
88 photomultiplier tubes (PMTs). Below each module, circular holes were removed from the support 
s t ructuree in order to reduce unwanted scattering and absorption. The modules, with a height of 8.5 cm 

http://wsl3.sron.ruu.ni.8080/for
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andd a radius of 13.8 cm, consist of an aluminium housing filled with NE213A, a plastic liquid scintillator 
manufacturedd by Nuclear Enterprises Lt., which is composed mainly of carbon and hydrogen (see 
Kuchnirr & Lynch 1968 for some of the properties of NE213M=NE213A). The side housing contains 8 
openingss covered by quartz windows and viewed by the PMTs. Besides the modules, the Dl support 
structuree also contains liquid scintillator reservoirs, which are used to maintain a constant pressure 
inn the Dl modules, and an electronic device called the Front End Electronics (FEE). The relevant 
outputt from the Dl detector is processed by the FEEs and consists of, among other things, the PMT 
signals,, a fast-logic pulse for timing purposes and a Pulse-Shape Discriminator value (PSD). The 
(summed)) PMT signals are used to determine both the energy deposit and the interaction location 
duringg processing. The PSD (units: channels) is a measure for the decay time of the signal and can be 
usedd to distinguish photon-electron scattering (short decay time) from neutron-proton scattering (long 
decayy time). Section 2.7 describes the effect of selections on the PSD on the instrument response. 

Thee W er detector (D2) consists of 14 cylindrical modules of height 7.5 cm and radius 14.085 cm 
mountedd below a sandwich plate and has the purpose of absorbing the incoming photons that scattered 
inn Dl . The modules consist of an aluminium housing with low-density honeycomb top cover containing 
Nal(Tl)) crystals of mass ~ 17 kg each. Although a Ge(Li) semi-conductor has a much better energy 
resolution,, an Nal(Tl) scintillator has better timing-characteristics and a higher efficiency, and also 
doess not have to be cooled. Each module has 7 PMTs viewing the scintillator from below through 
openingss sealed with quartz windows. The relevant output from the D2 detector is processed by the 
FEEss for each module and consists of the PMT signals and a fast-logic pulse for timing purposes. The 
(summed)) PMT signals are later on used to determine both the energy deposit and the interaction 
location. . 

Thee anti-coincidence system consists of four veto domes completely surrounding Dl and D2 (see 
Fig.. 2.5). They are viewed by 24 PMTs each and have an estimated efficiency of > 99.9% for detecting 
chargedd particles. The relevant output from the anti-coincidence system is processed by the FEEs 
forr each veto dome and consists of a fast-logic pulse. Finally, for in-flight calibration purposes, 60Co-
dopedd scintillators are mounted roughly halfway between the Dl and D2 detectors (the CAL units). 
Thee radio-active ^Co decays with a half life of 5.3 years, thereby emitting a negative beta particle 
andd two 7-ray photons of energies 1.17 MeV and 1.33 MeV which may (or may not) interact in the Dl 
and/orr D2 detectors. The high efficiency of detection of the beta particle by the CAL units enables 
thee temporal identification of the so-called CAL events, which are caused by interactions of the 1.17 
MeVV photon and/or the 1.33 MeV photon in the main detectors. Apart from this type of calibration, 
eachh module and veto dome is also equipped with a Light-Emitting Diode (LED) for calibration and 
testingg purposes. 

Thee output of the various instrument components is fed into the Remote Electronic Assembly 
(REA),, located at the side of CGRO. This unit, consisting of the Analogue Electronics (AE) and the 
Digitall  Electronics (DE) further processes the raw signals. In particular, each event is time stamped 
withh an 1/8 ms accuracy and the modules that have been triggered are determined (one per detector 
forr a normal event). The fast-logic pulses from these modules are combined by the Fast-Coincident 
Circuitryy (FCC; contained in the AE) to form the Time Of Flight value (TOF; see also. Section 2.6). 
Thee TOF (units: channels, with 1 channel corresponding to ~ 0.28 ns), is a measure for the time 
differencee between the interactions in the detectors and can be used to distinguish photons moving from 
Dll  to D2 (this direction is referred to as downward, or forward) from photons moving the other way 
(upward,, or backward). Since the distance between the detectors is 1.58 m, the separation between 
thee forward peak in the TOF distribution (consisting of photons moving forward, and centered at 
channell  ~ 120) and the backward peak (centered at channel ~ 80) for vertically aligned modules is 
AtAt ss 2 x 1.58/c = 10.5 ns as 40 channels. 

Furthermore,, the AE/DE system samples and integrates various house-keeping parameters such 
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FigureFigure 2.5. This figure shows the main components of (he COMPTEL telescope. See the text in 
SectionSection 2.1.2 for descriptions of some of these components. 
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ass the detector and veto dome rates, and the temperatures of several instrument components. These 
sampless and integrations are performed once per superp&cket, which is equivalent to 8 packets, or to 
88 x 2.048 s = 16.384 s. Another task of the AE (FCC) is to pre-classify the events as either calibration 
events,, which are events that are coincident with a signal from one of the CAL units or with a LED 
stimulii  timing pulse, or as 'normal' events. At this stage, a huge background suppression is achieved 
byy selecting only those events for which there is no signal from any of the four veto domes, reducing 
thee event rate by ~ 99%. Note that there may be delayed signals from the veto domes, so that during 
thee processing one still has to require the absence of the anti-coincidence signals when selecting events 
(Sectionn 2.4.1). The DE further classifies the events according to a set of (programmable) selection 
criteria.. Events that are coincident with a signal from the CAL-units or with the firing of one of the 
modulee LEDs are automatically assigned to one of the CAL1 to CAL5 categories. All other events are 
firstt checked against the criteria for the so-called gamma-1 category. In normal mode, these criteria 
includee a minimum energy deposit in both detectors expressed in channels (corresponding to > 50 
keVV in the Dl detector and > 550 keV in the D2 detector) and a range for the raw TOF (channels 
95-150)) which accepts downward moving photons but rejects upward moving photons. The criteria 
forr the gamma-1 category have been chosen such that it contains nearly all of the signal, i.e., the 
celestiall  photons, that can be detected with COMPTEL, while limiting the event rate to typically 
<-- 6 - 30 events/second. Since the telemetry can handle 48 events/packet, a negligible loss of signal 
duee to telemetry saturation is ensured, except for the high rates that occur in deep Earth occultation 
att low rigidities. If the event does not belong in the gamma-1 category, it is checked whether it meets 
thee relaxed criteria for the gamma-2 category. In particular, all TOF values are allowed (channels 
0-255)) and the required minimum energy deposits are lowered from 20 to 5 channels. Mainly due to 
thee wide open TOF range, the gamma-2 rate is typically as high as ~ 40 - 130 events/second. Since 
thee gamma-1 events have a higher priority in the telemetry, this leads to a considerable dead time for 
gamma-22 events due to a saturated telemetry. When the event also fails the criteria for the gamma-2 
category,, it is included in the gamma-3 category for which a rate (combined with the gamma-0 class) 
off  1 event/packet is reserved in the telemetry. 

2.1.33 Processing the raw data 

Thee processing of raw data into higher-level data that can be used in scientific analysis involves 
severall  steps. A schematic overview of most of these processing steps is given in Appendix B. In 
thiss scheme, elliptical boxes contain the job names of the programs accessible through COMPASS, 
thee COMptel Processing and Analysis Software System. For a complete description of COMPASS 
andd its many possibilities, the reader is referred to the introductory guide to COMPASS (Stacy 
1995;; see also Diehl & Simpson 1985; den Herder 1992; de Vries 1994), or to the WWW site 
http://wsl3.sron.rmi.nl:8080/compass/compass.html. http://wsl3.sron.rmi.nl:8080/compass/compass.html. 

Firstly,, the flight tape with the raw data is read by the COMPASS job EVPRNN and the different 
typess of data (events, orbital parameters, housekeeping parameters) are written to a number of data 
filess (part labelled A in Appendix B). This step does not involve any corrections or calibrations, 
butt does include a calculation of the live time per superpacket. Subsequently, we can identify two 
majorr steps that convert the raw event data to calibrated event data (part B in Appendix B). The 
COMPASSS programs in the In-Flight Calibration (IFC) subsystem determine the PMT gains (using 
thee CAL events) that are needed for the energy calibration of the events. The actual energy calibration 
iss performed in EVPRNN, which converts the analogue sum of the PMT outputs (units: channels) to an 
energyy deposit (units: keV). In addition to the energy calibration, EVPRNN determines the interaction 
locationss from the PMT outputs using a neural network, and adjusts the raw PSD and TOF values 
usingg correction factors derived from pre-launch calibration data. After these corrections, the PSD 
forr photon interactions in Dl is ~ 80 channels, independent of energy, while for neutron interactions 

http://wsl3.sron.rmi.nl:8080/compass/compass.html
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HH is typically > 115 channels (see also Section 2.7). The TOF corrections are such that downward 
movingg photons end up at channel ~ 120, while upward moving photons are found at channel ~ 80. 
Inn Section 2.6 it is shown that the TOF resolution can be improved significantly with respect to the 
first-orderfirst-order corrections applied in EVPRNIf. 

Dataa sets containing the processed events are called EVP data sets. Together with, a.o, TIM 
dataa sets (containing the valid time intervals) and DAD data sets (containing orbit and aspect data 
perr superpacket), they form the low-level data. Other data sets in this category that are often used 
aree the ISD and HKD data sets, with the instrument status and housekeeping data respectively (see 
Appendixx C for a list of acronyms and abbreviations). 

Basedd on these low-level data, the first step to create high-level data, involves the generation of 
dataa sets representing the response components (part C in Appendix B). This task is performed by the 
COMPASSS program SKYDRI, which calculates the exposure and geometry functions (DRX and DRG data 
sets),, and bins the selected events into DRE datasets (see Section 2.3 for a description of the COMPTEL 
responsee components and. Section 3.4 for models of the instrumental background). Hereby the FPM 
andd EHS data sets are used to supply information about any D2 modules having failed PMTs and 
aboutt the desired minimum distance of the projected event circles to the Earths horizon respectively 
(Sectionn 2.3.3). Both of these datasets have a (different) influence on the selection of events and on 
thee calculation of the geometry function and are taken into account. Note that presently (1995/1996), 
fivefive D2 modules (D2-1, D2-2, D2-11, D2-13 and D2-14) contain one or more failed PMTs, and that 
bothh D2-1 and D2-2 are practically not used (D2-1 has been switched off completely in August 1994). 

Forr the standard imaging methods that create sky maps (part D in Appendix B), the only other 
dataa sets required are FAQs/IAQs, which contain the point-spread function in 3D/2D format (Sec-
tionn 2.3.2), and a model for the instrumental background (Section 3.4). The data sets containing 
thee final sky maps are designated MLM, if produced by a maximum-likelihood ratio method (e.g., 
thee COMPASS programs SRCLIX and SRCLIK), or HEA if produced by a maximum-entropy method 
(SKYMEM). . 

2.1.44 T he observ ing schedu le and Sky Survey 

Thee CGRO observing schedule during the so-called Phases I, II and II I is given in Appendix A 
andd consists of observations, or viewing periods, typically lasting a few days up to a few weeks. 
Startt and end times are usually given in terms of TJD, which is the truncated Julian date (TJD = 
JDD - 2440000.5), and the number of ticks since the start of the day (1 tick = 1/8 millisecond). After 
thee launch on April 5, 1991 and the usual period of outgassing and testing, several validation pointings 
weree performed. These observations, nïbst of which were pointed in the Galactic anti-center direction 
too view the Crab (a strong source for all four instruments), are denoted by a floating number smaller 
thann 1 (see Appendix A). The validation period was followed by the first full-sky survey at 7-ray 
energies.. This survey consists of observations Obs. 1 to 44.0 which together constitute the Phase I 
observations.. The Target Of Opportunity (TOO) pointings that were performed during these first one 
andd a half years are Obs. 2.5 for the Sun, Obs. 7.0 for Cyg X-3 and Obs. 36.0, 36.5 and 39.0 for GRO 
.10422+32. . 

Thee full-sky survey was followed by Phases II and III , consisting of the viewing periods Obs. 201.0 
too 232.5 and Obs. 301.0 to 339.0. The TOOs during these Phases are Obs. 216.0, 227.0 and 228.0 for 
SNN 1993J in M81, 230.0, 230.5 and 301.0 for GRO J1008-57, Obs. 302.0, 303.2 and 303.7 for Nova 
Cygg 1992, Obs. 303.0 for GRS 1009-45, and Obs. 336.5 and 338.0 for GRO J1655-40. 

Wee note that for some of the viewing periods no data are available. One of these is Obs. 22, 
whichh is the last observation for which the on-board tape recorders were used for storing the CGRO 
dataa during periods that no telemetry existed. The increasing number of bit errors that these tape 
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recorderss introduced forced the use of real-time telemetry from Obs. 23 onwards. Furthermore, no 
dataa are available during the reboost of the CGR.0 spacecraft from an altitude of 345 km to an altitude 
off  ~ 450 km, which was performed during Obs. 219.1, 219.7, 225.0, 303.5 and 308.3. Finally, to avoid 
anyy potential instrument damage during the Perseid meteor shower in 1993 (Obs. 229.3), the bottom 
off  the spacecraft was pointed in the direction of the radiant and the high voltages of the COMPTEL 
detectorss were switched off. 

2.22 The response in energy space 
Thee energy response of COMPTEL describes the distribution of the measured total energy deposit 

EjEj = E\ + &7 to incoming photons of energy Ey. From the description of the detection principle in 
Sectionn 2.1.1 it follows that this total energy response, apart from energy losses that occur between 
thee two detectors, is the convolution of the energy response of the Dl detector with that of the D2 
detector.. It has been determined in three different ways: ^empirically from calibration sources of 
discretee 7-ray energy, from Monte Cario simulations using a detailed mass model of COMPTEL, and 
fromm the convolution of analytical descriptions of the responses of the Dl and D2 detectors, which 
themselvess have been determined from single-detector calibrations. 

Inn Fig. 2.4, the total energy response RT(ET) for incoming photons of energy 4.438 MeV is 
shown.. Characteristics of the COMPTEL response are a photopeak consisting of photons that suffered 
negligiblee energy loss, and the tail extending to lower energies, consisting mainly of photons that were 
notnot completely absorbed in the D2 detector. The energy resolution, which is defined by the width of 
thee approximately Gaussian photopeak, was consistently determined from both empirical data and 
fromm Monte Carlo simulations and can be described by 

ff(f^)ff(f^)  = 0.01 X yJl4.61Ei + 2.53£2t (2.4) 

withh Ey in [MeV] (Schönfelder et al. 1993). 

2.33 The response in 3D data space 
Usually,, in astronomy the convolution of a two-dimensional'celestial distribution with the instru-

mentall  response results in a somewhat smeared, but still two-dimensional, data space. For COMPTEL, 
ann equivalent response description for a point source would consist of the event circles derived from the 
scatteringg directions and scattering angles (see Fig. 2.3b). However, since the full instrument response 
mustt be considered four-dimensional, e.g., the coordinates of the scattering direction and the energy 
depositss (Section 2.1.1), the event-circle representation neglects too much of the available information. 
Onn the other hand, the limitations on the available computing time and mass storage has rendered 
thee full four-dimensional representation impossible in the past and so a three-dimensional data space 
iss used (see Strong, Hermsen & Diehl 1986; Strong 1990). Only recently has it become possible to 
experimentt with a four-dimensional data space, but it still has to be proven whether incorporating 
thee extra dimension leads to a significant improvement of the analysis. 

Thee three-dimensional COMPTEL data space is formed by the event variables \ , ip and if, i.e., the 
coordinatess of the scattering direction and the scattering angle. After the selections on energy deposits, 
PSD,, TOF etc. (Section 2.4.1), the events are binned by the COMPASS program SKYDRI and stored 
inn so-called DRE data sets (Section 2.1.3), which usually have bin sizes of (Ax, Atf>, A<p) - (1°,1°,2°). 

Inn the remainder of this Section, the key building blocks of the instrument response in this three-
dimensionall  data space are introduced. These are the effective area (Section 2.3.1), the point-spread 
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functionn (Section 2.3.2) and the geometry function (Section 2.3.3). The complete response description 
iss given in Section 2.3.4, together with the introduction of the relevant COMPASS data set types DRX 
(thee exposure), FAQ/IAQ (the 3D/2D point-spread function) and DRG (the Geometry). 

2.3.11 The effective area and exposure function (DRX) 
Thee effective area A, without restriction on the scattered photon, is defined as the total surface 

areaa of the Dl detector ADI (= 4188 cm2), corrected for the energy- and incident-angle-dependent 
interactionn probability. With 9 the zenith angle between the direction of incidence of the photons and 
thee normal to the detector surface, d = 8.5 cm the thickness of a Dl module and y, the total linear 
attenuationn coefficient [cm-1] , the effective area for photons of energy En from direction (xs,i> s) can 
bee written as 

AA = A(E^9(xs,iPs)) = {AD I cos*}  { l - e - " ( ^ > ^ }  . (2.5) 

Thee term in the first pair of brackets describes the decrease of projected surface area as a function of 
zenithh angle, the term in the second pair of brackets is the energy-dependent interaction probability 
whichh depends both on the total linear attenuation coefficient y{E-y) and on the path length dj cos$ 
throughh the Dl module. Note that ji  is the sum of the linear attenuation coefficients for Compton 
scattering,, photoelectric absorption and pair production. Whether or not a valid event is produced by 
thesee processes is governed by the point-spread function (Section 2.3.2). Typical values for A for 0.75 
MeV/300 MeV point sources, are 1895 cm2/446 cm2 at a zenith angle of 0° and 1637 cm2/432 cm2 at 
aa zenith angle of 50°. 

Thee implementation of the effective area in the exposure of the response description (DRX; p. 41) 
differss from the definition given above. In order to obtain an exposure that is independent of the 
energyy of the incident radiation, it was decided to separate the term in the second pair of brackets in 
Eq.. (2.5) into an energy-dependent part and a ^-dependent part as 

A(E^6)A(E^6) « Ae(0)AE(Ey) = I AD1 cos91~_ ^"'J U l - e~^E  ̂ (2.6) 

withh a = 0.2. This approximation, which is quite arbitrary, is accurate to within 7% for all energies 
andd for 9 between 0° and 30° degrees, but becomes increasingly invalid at larger angles 0, especially 
att the lower energies where fi is largest. At 9 = 40°, the error introduced by this approximation is 
14%% at 0.07 MeV and 1.1% at 20 MeV, while at 9 = 60° and 6 = 80° these errors are (46%, 3.5%) and 
(184%,, 14%) respectively. However, note that the total response to a point source, i.e., including the 
point-spreadd function and the geometry function (Section 2.3.4), has the form of a two-dimensional 
Gaussiann with a ~ 24°, rendering the response at zenith angles larger than 60° essentially zero. 

Whenn Eq. (2.6) is used instead of Eq. (2.5), the energy-dependent AE can be included in the 
energy-dependentt point-spread function (Section 2.3.2) and the ^-dependent A$ in the exposure (Sec-
tionn 2.3.4). The fact that the point-spread function is then relatively independent of 6 leads to a 
greatlyy simplified response description (see Section 2.3.4). 

2.3.22 The point-spread function (PSF) 
Thee key ingredient in the COMPTEL response description is the point-spread function, or PSF. 

Thee two-dimensional form of this function, F2
 y(<pg,{p), gives the probability that an E1 [MeV] pho-

tonn scatters through an angle <pg while one measures a scattering angle (p. As can be inferred from 
Sectionn 2.1.1, it must include, among other things, the interaction probability in the Dl detector, the 
probabilityy da/dtpg for a certain <pg to occur (given by the Klein-Nishina function), the interaction 
probabilityy for the subsequent interaction in the D2 detector and the conditional chance of measuring 
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aa scattering angle (p. Before the analytical form of F2
 1 is given, we note the following four charac-

teristicss of the COMPTEL PSFs. Firstly, it is assumed that the photon, after the interaction in the 
Dll  detector, always encounters the D2 detector, irrespective of its scattering direction. The proba-
bilityy of encountering a D2 module for a specific scattering direction, averaged over the Dl modules, 
iss contained in the geometry function which is described in Section 2.3.3. Secondly, the response 
descriptionn was defined in such a way that the COMPTEL PSFs include only the energy-dependent 
partt of the interaction probability in the Dl detector — the source zenith angle dependent part is 
includedd in the exposure function (see Section 2.3.1). Thirdly, F2  ̂ does not depend explicitly on 
thee scattering direction and therefore on the amount of material encountered between the Dl and D2 
detectors.. It should be noted that this is an approximation which, due to the different distributions 
off  scattering directions for sources at small and large zenith angles, introduces a small normalization 
uncertainty.. Finally, because a selection on the PSD throws away an Ex-dependent fraction of the 
signall  (Section 2.7), the PSFs are created with corrections for this selection effect included. This 
actuallyy introduces a dependence of the PSFs on zenith angle of the source, which is the reason why 
mostt PSFs are generated for an average zenith angle of 10° 

Withh P{A\B) the probability of the occurrence of A, given the occurrence of B, the analytical 
approximationn to the two-dimensional PSF can be written as 

F^{pF^{pgĝ )^) = P{9gM^) ( 2 7 ) 

«« AEP(tpg\Ey)P{<p\<ps,Ei)(l - exv[-{i(Ê2(tp3,E^)d\), 

withh AE the energy-dependent part of the exposure representing the interaction probability in the Dl 
detectorr at normal incidence angles (see Eq. (2.6)) and P(tpg\E^) the probability for a photon of energy 
EEyy to scatter through an angle <pg (see Eq. (2.20)). The last term in Eq. (2.7) is an approximation of 
thee physical interaction probability in the D2 detector, with fi the linear attenuation coefficient, Eq 
thee energy of the photon before entering the D2 detector and d the angle-averaged thickness of the 
D22 detector. Finally, the remaining term in Eq. (2.7) can be expanded into 

PCvta.S-r)) = J Ri ( £ i | £ i ( y9 , £7 ) ) &2 (E3{^El)\È2(iplnE^) 
dEdE22(<p,E(<p,E11) ) 

d^ d^ 
dEdEll (2.8) 

withh Ri and R2 the analytical energy responses of the Dl and D2 detectors for input photon energies 
off Êi and Ê2 respectively (see Section 2.1.1). Fig. 2.6 shows a contour plot of the distribution of 
FF22

EE''(ipg,<p)''(ipg,<p) for a mono-energetic point source of 4.438 MeV. When this function is summed along 
liness for which <p = <pg + constant, i.e., along the horizontal axis after a rotation of 45° clockwise in 
Fig.. 2.6, the ARM distribution of Fig. 2.4 is obtained (however, note that in the latter distribution 
thee geometry function is also included). 

Thee PSF for the three-dimensional data representation, FEi, can be calculated from the two-
dimensionall  equivalent using simple geometrical relationships between ipg, the coordinates of the 
scatteringg direction (x, 0) and the source position (x',$')- If X(s) and V W (which were not further 
specifiedd up to now) are azimuth and elevation type of angles in a spherical coordinate system, such as 
thee Galactic system (/,&) and the equatorial system (a,£), the cosine formula applied to the triangle 
formedd by (x* , l/»*)» (Xi 0) a nd the pole of the further unspecified coordinate system, gives 

cos<pcos<pgg = sinV>sin^>* + cos 0cos 0*  cos(x - Xs) (2-9) 

(notee that this equation is the analytical description of the dotted event circle in Fig. 2.2). For each 
sourcee location, P£'r(x»^»X* ) *̂><?) c an b e calculated from 

FFEE^(x,Tp,x',r,<p)dn=^(x,Tp,x',r,<p)dn= Ff-'i^&dü', (2.10) 
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FigureFigure 2.6. This figure shows a grey-scale/'contour plot, of the two-dimensional form of the COMPTEL 

E E 
PSF,PSF, F2

 1(ipg,if). The diagonal line <p = <pg represents events which suffered negligible energy losses. 
NoteNote that, in order to enhance the small-amplitude tails towards large <p values, this figure actually 
showsshows the square root of F2~'. 

withh dil — cosipdxdi/) and dil' = 2x sin fgd<pg the infinitesimal solid angle elements and the relation 
betweenn <pg and (x>^) taken from Eq. (2.9). 

Thee source-location dependent FE^(Xi i>,X*i' ,i}Si*p)  is increasingly being used in the C O M P T EL 
analysis.. However, the limited available computing time in the past has led to the implementation of 
thee so-called small-angle approximation. When ip, ip-s and ipg are small, which automatically implies 
thatt the difference (x - xs) is small, we may use Taylor expansions for the cosine and sine terms in 
Eq.. (2.9) to obtain 

fgfg « \ / ( X - X ' ) 2 + (V>-tf>*) 2, (2.11) 

whichh is called the small-angle or Euclidean representation (note that this implies that the dotted 
eventt circle in Pig. 2.2 is circular only for relatively small values of ip, ips and tpg). The advantage of 
usingg Eq. (2 . I I ) instead of Eq. (2.9) for the relation between ipg and ( \ , t>) in Eq. (2.10), is that the 
calculatedd FE~'(x ~ Xs  ~ ^,s>¥>) then depends only on the differences x ~ Xs and 0 - tps, but not 
explicitlyexplicitly on the source position ( x S i ^ s) itself. In that case, the same F£"^ can be used throughout 
thee field of view, which allows for the use of fast Fourier transforms in a deconvolution-type of analysis 
(seee Section 2.4.8). The error that is made when using the small-angle representation is depicted in 
Fig.. 2.7. The left picture in this figure shows a schematic view of the relation between <pg and (x,ip) for 
ann arbitrary source location (,\s. v s) . The plots on the right side show the difference between Eq. (2.9) 
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(solidd lines) and its approximation Eq. (2.11) (dashed lines) for a number of cross-cuts through this 
cone,, the upper plot for a source located at (30°, 0°), the lower plot for a source located at (0°,30°). 
Thee small-angle approximation Eq. (2.11) is evidently much better in the upper plot than in the lower 
plot,, reflecting the requirement that only the difference x ~ Xs needs to be small, but not \3 itself. 
Whenn using, e.g., the Galactic coordinate system (/, 6), one may therefore apply this approximation at 
alll  longitudes (0° - 360°), but only at a restricted latitude range (|6| < 30°). However, note that the 
errorr introduced by Eq. (2.11) is not as bad as it seems in Fig. 2.7, because the finite dimensions of 
thee Dl and D2 detectors limit the possible scattering directions (x, VO* The dotted circles in Fig. 2.7 
denotee the {x,V 0 coverage for a pointing direction at (0°,0°) and do not encompass the regions in 
whichh the approximation breaks down completely. 

Thee cone in the left picture in Fig. 2.7, apart from depicting the relation between <p and (x,4>), 
iss also a nice illustration of the three-dimensional form of the PSF. Since (p is distributed around <pg 

accordingg to Fig. 2.6, we may visualize FEi by placing these distributions vertically around the cone at 
thee appropriate y>3, and to replace <pg on the vertical axis by (p. In other words, the three-dimensional 
PSFF is distributed like a partly-filled cone. Note that this distribution intersects the (x,V0 plane at 
thee source position (x*»^*) -

Thee COMPTEL PSF, just like the energy response in Section 2.2, has been determined in three 
differentt ways: empirically from calibration sources of discrete 7-ray energy, from Monte Carlo sim-
ulationsulations using a detailed mass model of COMPTEL, and using Eqs. (2.7) and (2.8) with analytical 
descriptionss of the energy responses of the Dl and D2 detectors determined from single-detector cal-
ibrationss (also called modelled PSFs). All of these PSF types are subject to different uncertainties 
and/orr disadvantages in usage. 

Thee empirical PSFs exist only at a limited number of calibration energies, complicating the syn-
thesiss into a PSF for a continuum energy spectrum. Furthermore, these PSFs need to be corrected for 
thee contribution of the background radiation and for the multiple 7-ray lines that some of the calibra-
tionn sources emitted. Although they have been invaluable for providing an empirical measurement of 
thee shape and the absolute normalization of the COMPTEL PSFs, the empirical PSFs are not used 
anyy more for scientific analysis. 

Thee modelled PSFs have the advantage that the required computing time is small, allowing for 
thee quick generation of PSFs for new energy ranges and/or spectral shapes. Much work has been 
devotedd into incorporating analytical descriptions of the various types of physical interactions into the 
modelledd PSFs. These include detailed models for the energy response of the D2 detector (Section 2.5), 
estimatess for the self-vetoing fraction and multi-hits, for attenuation by the material above and below 
thee Dl detector and for the fraction of Compton scattering among the possible interactions in the Dl 
detectorr (de Boer 1992a). Despite these efforts, the shape and normalization of the modelled PSFs do 
nott always agree well with the empirical and simulated PSFs. This is due partly to the averaging that 
iss introduced by the analytical descriptions, and partly to the fact that attenuation is (for simplicity) 
treatedd as a pure efficiency effect. Since Compton scatterings and pair creation anywhere in the 
instrumentt may result in coincident interactions in the Dl and D2 detectors, the description of the 
attenuationn should also include the shape of the PSF. 

Thee simulated PSFs are created from Monte Carlo simulations of a source placed in front of the 
masss model of COMPTEL, using the GEANT code developed by CERN and implemented in the 
SIMM subsystem (Brun et al. 1987). This software package allows for detailed simulations of photon* 
andd charged particles trajectories, including interaction processes such as Compton scattering, pair 
production,, photoelectric absorption and bremsstrahlung. After the energy and the initial direction 
aree randomly picked, each photon and all secondary created particles are tracked until they fall below 
aa certain threshold energy. The output of the simulations, like energy deposits and interaction loca-
tions,, are afterwards artificially broadened with the instrumental resolutions to obtain realistic events. 
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FigureFigure 2.7. This figure shows the relation between the true, unknown, scattering angle <pa and scat-

teringtering direction ƒ = (\,p) f°r a point source at the celestial position s = (xs.q.,s)- (a).' a three-

dimensionaldimensional schematic view showing the cone-like form, (b): Contour plot of <pg versus (\,i&)  for 

aa source at ( , \V/ 'S) = (3(P,0°). The origin of the coordinate system, (0°,0°), corresponds to the 

pointingpointing direction. The solid lines denote the exact relation from Eq. (2.9), the dashed lines show the 

EuclideanEuclidean approximation from Eq. (2.Ï1). Outside of the dotted circles, no events can be detected 

duedue to the finite extent of the Dl and D2 detectors and hence the ( \ , 0) coverage, (c): same as (b), 

butbut now for a source at (\s,iJ)s) - (0°,30°). 

Comparisonss with the empirical PSFs show good agreement concerning the ARM distribution, total 
energyy resolution and effective area. An extensive description of the mass model and the simulations 
cann be found in Kippen (1991). 

Thee accuracy of the simulated PSFs depends on the level of agreement of the mass model with 
thee actual mass distribution in COMPTEL and on the description and completeness of the physical 
interactionn processes. It is believed that both requirements are fulfille d satisfactorily and the simulated 
PSFss have therefore become the standards to be used. A disadvantage of the simulated PSFs, however, 
iss the amount of t ime involved to obtain sufficient statistics. This problem has been greatly reduced 
byy synthesizing mono-energetic PSFs into PSFs for particular energy spectra. 
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FigureFigure 2.8. This figure shows the two-dimensional dimensionless geometry matrix Gt in the absence of 

datadata space selections and live times, i.e., the sum over the minitelescopes of gij(x, VO- Left picture: for 

thethe minitclescopes (Dl-3, D2-1), (Dl-3, D2-14), (Dl-6, D2-1) and (Dl-6, D2-14) only; right picture: 
forfor all modules excluding D2-2. 

2 . 3 .33 T h e g e o m e t ry f u n c t i o n ( D R G ) a nd E H A s e l e c t i o ns 

Thee point-spread function which has been described in the previous Section is the basic component 
inn the COMPEL response description. However, it has been denned assuming that the scattered 

photonn always encounters the D2 detector. In order to take into account the limitations in possible 

scatterr directions (x,^) due to the finite sizes of the 1)1 and D2 detectors, a geometry function 

GtiXii^i^iGtiXii^i^i  defined as 

77 14 

Gtix^,?)Gtix^,?) =  zt{x,'ll>, ip)'Yj^bijitLij ytgij{x,i))l7, (2.12) 

iss calculated for each superpacket t. The main constituent of this function, gij(x,i>)>  's t n e fractional 
overlapp of the projection of module Dl- i onto module D2-j in the scattering direction (x<^) >" the 
celestiall  coordinate system (see Fig. 2.2). It is defined as the integral of the overlapping area normalized 
too the surface area of a Dl module and is equal to 1 if the projection of the Dl module (with radius 
13.88 cm) is completely contained within the D2 module (with radius 14.085 cm). In other words, the 
summ of gij(x,i>)  over the minitelescopes is the probability of encountering a D2 module in the scatter 
directionn ( x ^ ) - Although gX](x^) does not change from superpacket to superpacket when there is 
noo change in the on/off statuses of the modules (which is the reason for omitt ing t from its definition), 
itt must be re-calculated after (small) pointing changes. 

Otherr factors in Eq. (2.12) are 6{Jtt, which is a delta function (1 or 0) that governs the on/off 
statuss during superpacket t of the minitelescope formed by Dl- i and D2- j, and £tj,t5 which is the live 
timee for that minitelescope in superpacket t (see Section 2.8). In general, L{J}t is close to 1 with a 
similarr average of ~ 0.97 for each minitelescope. Although the COMPASS program SKYDRI, which 
calculatess the response components (Section 2.1.3), allows this factor to be included in the geometry 
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FigureFigure 2.9. This figure depicts the definition of the Earth Horizon angle (see text for an explanation). 

function,, it is customary to neglect the small t ime dependence of £.;;< and apply a factor of 1.03 to the 
derivedd fluxes and counts. Finally, all selections in data space, such as on the Earth Horizon Angle 
(EHA;; see below), are contained in Zt(x,i>,<{>)-  This delta function is 1 if the particular data-space 
binn should be included during superpacket /. and 0 if it should be rejected. 

Inn the absence of data-space selections (z = 1) and live times (L = 1), Gt is just the sum over the 
includedd modules of the overlap function gij and depends on \ a" d ip only- In Fig. 2.8 two examples 
off  this two-dimensional distribution are shown, in which (0°,0°) corresponds to the pointing direction. 
Thee left picture shows the form of this function when only 4 out of the total of 98 minitelescopes are 
includedd (1)1-3 and Dl-6 in combination with D2-1 and D2-14). Because the modules Dl - 3 and Dl-6 
aree roughly vertically aligned with the modules D2-14 and D2-1 respectively, both of the factors #344 
andd (/6 1 contribute around {\, if)) = (0°,0°), which corresponds to a scattering direction perpendicular 
too the detector planes. The two outer peaks represent the factors #3,1 and #6,i4- The right picture 
showss the form of Gt when all modules except D2-2 are switched on. 

Thee most, important, and in fact the only, event selections that affect the data-space component 
off  the geometry, zt, are selections on <p and on the Earth Horizon Angle (EHA). The first of these 
selectionss can be accommodated for by restricting the (p extent of the geometry, the latter is more 
cumbersomee to implement due to its dependence on t ime. The EHA selection is applied to events 
inn order to reject photons for which the minimum angular distance of the event circle on the sky 
(Fig.. 2.2) to the Earth 's horizon is less than £ degrees, with C, typically 5°. In other words, the EHA 
eventt selection rejects all photons that, may have originated in the Earth 's atmosphere. This selection 
wass found to be crucial for the signal-to-noise ratio, which is not surprising considering the huge solid 



2.3.2.3. THE RESPONSE IN 3D DATA SPACE 39 39 

o.ss  ,. 

0 . 66 . 

0 . 5 00 ,. 

FigureFigure 2.10. This figure shows the ratio of the (x, ^ ) distribution of Z (= J zt dt) for a iarge (p value 
toto that for a small <p value. In this case, the required minimum distance of the event circle to the 
Earth'sEarth's Horizon, £, was set to 10°. Left picture: Obs. 11, for which PE lies in the range 2° - 178°; 
rightt picture: Obs. 14, for which PE lies in the range 81° - 99°. 

anglee that the Ear th occupies at the alt i tude of CGRO (a fraction ~ 0.32 of the whole sky) and the 
largee 7-ray flux resulting from cosmic-ray interactions in the atmosphere. 

Becausee the EHA event selection is based on the x> V> and <p values of the event and on the 
(t ime-dependent)) position of the Earth (see below), i t is necessary to modify the response through 
thee delta function 2t(x, V ^ ) o n a superpacket basis. The event variable EHA for events, or for da ta 
spacee bins, is calculated as follows (see Fig. 2.9). Let Et = {xE,i> E) denote the direction to the 
centerr of the Ear th during superpacket t. Consider a photon from unknown initial direction (x3^3), 
orr a data-space bin, with data-space coordinates (x,i>,<?)- Let a be the angle between the scattering 
directionn f= (x, i>)  and Ê. The Earth Horizon Angle OEH is now defined as 

<*EH<*EH  = a - a «, 

withh a/? « 72° the angle under which the radius of the Earth including the atmosphere is seen from_ 
thee position of CGRO. In other words, QEH is the smallest angle between the scattering direction ƒ 

andd the tangents to the Earth 's horizon. Next, define the (-angle as 

C((p)C((p) = C*EH - (2.13; ; 

Forr scatter ing angles <p larger than ctEH (C < 0°), the inferred event circle intersects the Ear th 's 
horizonn and it is possible that the photon originated in the Earth 's atmosphere. On the other hand, 
iff  C > 0°. then the photon could not possibly have come from the Earth due to the fact that tp > ipg. 
Inn view of the finite <p resolution of a few degrees, the standard selection has conservatively been set 
too C > 5° (Section 2.4.1). 

I tt is il lustrative to consider the time integrated Z = ƒz t dt during an observation. When the 
modulee on /off statuses (£,j) remain constant and live-time effects are neglected, the t ime-integrated 
geometryy G = J Gtdt is just the summed two-dimensional g, j(x>^) (right picture in Fig. 2.8) at 
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eachh tp, modified by the data space selections Z(x,i>,<p). Because data space bins with large Cp values 
representt large event circles, they wil l be more often rejected than data space bins with small (p values, 
ass a result of which Z becomes a monotonically decreasing function of <p. The precise form of the (x,V>) 
partt of Z depends critically on the range of values of the angle PE between the pointing direction and 
thee Ear th 's center. Tf the pointing direction nearly lies in the orbital plane, PE ranges from 0° up 
too 180° and the (x,4>) distribution of Z is relatively independent on <p (left picture of Fig. 2.10). If, 
onn the other hand, the pointing direction is nearly perpendicular to the orbital plane, PE f luctuates 
aroundd 90° and this may cause one side of the (x, ip) plane to be influenced more severely at high <p 
valuess because of the switch-off of COMPTEL during SAA passages (right picture of Fig. 2.10). 

2 . 3 .44 T h e c o m b i n ed i n s t r u m e n t r e s p o n se 

Noww that all of the response components have been introduced, we present the full telescope 
responsee function. Several assumptions and approximations have to be made in order to obtain a 
workablee definition. An important assumption, which was already implicitl y used in Section 2.3.2, is 
thatt the response of the individual 98 minitelescopes is essentially equivalent. In other words, possible 
differencess between minitelescopes with respect to the energy thresholds and the amount of material 
traversedd from the Dl to the D2 detector are neglected. Furthermore, the separation of the exposure 
intoo an energy-dependent part and a zenith-angle dependent part was shown not to be completely 
correctt (see section 2.3.1). 

Thee complete telescope response can be written as follows. Let « ( x , ^ ^ ) be the da ta space 
distributionn of the events collected in a certain time interval, subject to various event selections such 
ass on energy and on EHA. Let Gt be the geometry function during superpacket t with the da ta space 
selectionss (EHA) contained in zt(x,i>-,(p) (Section 2.3.3). The mono-energetic response description, as 
definedd in Strong (1990), may then be written as 

n(x,n(x, 1>,<P) = Y<( f dx*  d  ̂ {Gt  ̂  ̂ VVEAX'* ^ E-y) cos ^ 
tt J J (2.14) 

AA99,,tt(x',P)F(x',P)FEhEh(x,'J>,<P,x',ri>')} (x,'J>,<P,x',ri>')} 

withh IEAXSI ^S) E-y) the intensity distribution during superpacket t [ photons c m- 2 s r- 1 s- 1 ] , and Gt, 
AgAgftft and FE~< from Eqs. (2.12), (2.6) and (2.10) respectively. The cos ij)3 term reflects the decrease of an 
infinitesimall  element towards higher latitudes and may be omitted when IE,I is just a collection of point 
sourcess instead of a diffuse distribution. In order to simplify Eq. (2.14), assume that both Igj and Ae,t 
doo not depend on t ime, i.e., the sources are not t ime variable and the pointing direction is constant. In 
addit ion,, assume that the spectral shape is constant over the image, IE{XS, ty*-, &-y) = HxSi' tPs)f(F-y)-
Wit hh G{...) = (\/AT) jGt[...)dt, Eq. (2.14) becomes 

n(x,4\<p)n(x,4\<p) = G{X,4>,<p) j J dX°dr{l(xs,r)cosij>°X(xs,r)F(x,ip,<P,Xs,r)}. (2.15) 

Heree A r(xst V** ) = ATAe(xs, ifi3) is the exposure [cm2 s], AT = ƒ dt the exposure time in seconds and 
F ( . . .)) = ƒ FE^(...)f(E^)dEy/ ƒ f(E^)dEy the PSF weighed over energy. 

Althoughh Eq. (2.15) is already in a much simpler form than Eq. (2.14), until recently it was com-
putational lyy impossible to implement it as the actual response model. The final approximation that 
wass made was to adapt the Euclidean representation of the coordinate system which was introduced 
inn Eq. (2.11). With this approximation, the PSF does not implicitl y depend on the source position 
(X s.. iP3) itself, but only on the distance to the source position (x - Xs ^ - $s) (Section 2.3.2). Con-
sequently,, the integral in Eq. (2.15) becomes a convolution which can be calculated quickly using fast 
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Fourierr transform algorithms. However, the evolution of computer technology has now made it possi-
blee to use Eq. (2.15) without the small-angle approximation, i.e., using Eq. (2.9) instead of Eq. (2.11) 
forr transforming the two-dimensional PSF to the three-dimensional data space. 

Dataa sets containing the binned geometry function G and the binned exposure X are called 
DRGG and DRX respectively. Together with the binned events data sets (DRE), they form the group 
off  so-called DRI*  data sets, which are created by the COMPASS program SKYDRI (Section 2.1.3). 
Thee PSF is contained in data sets of type FAQ or IAQ, irrespective of the method that was used 
too create it (i.e., empirically, from Monte Carlo simulations, or from the analytical model). The 
IAQQ data sets contain the two-dimensional PSF weighed with an assumed energy spectrum, i.e., 
F2{VF2{V33,9),9) = ƒ  J JF(E-y)dE^. The FAQ data sets contain one (x,V>) quadrant of the 
.11 J : : 1 EV,, „l,  ,-f\ TirVii/>t i hie  Vtfui n r roa to H f r n m t t i i i t w r u H i m p n s i n n a l Ft llfi'm P pi th f l r t h e 
U l l C C - U H U C i l O l U l l O ll  J. \ \ , i f , y j , " " ' > - "  " i "  u m.»» - . "  - -- - -- «. t j 

fulll  spherical response description (Eq. (2.9)) or the small-angle approximation (Eq. (2.11)). In terms 
off  these binned COMPASS data sets, the observed event distribution, consisting of the instrumental 
backgroundd and the response to celestial sources, can now finally be written as 

DRE(/,m,n)) = DRB{7, m, n) + n(/ ,m,n) 

== DRB(/, m, 7i) + DRG(/, m, n) £ DRX( '* ' m * ) W . ms)Ü(ms)FAQ{l, /*, m, ms, n), (2* 16) 

withh Q = Al*Amacos(ma) the solid angle, and DRB a model for the instrumental background (see 
Sectionn 3.4). The indexes /, m and n are the binned equivalents of x, i>  and up respectively. 

Thee response to a point source in terms of total number of counts contained in the DRE typically 
fallss off as a two-dimensional Gaussian as a function of angular distance to the pointing direction, 
withh the width of the Gaussian o depending on the selected ET range and on the spectrum of the 
source.. For example, for an E~2 spectrum the response width for the 1-3 MeV range is ~ 24°. 

2.44 Miscellaneous analysis i tems 

2.4.11 T he s t a n d a rd event se lect ions 
Inn order to optimize the signal-to-noise ratio, a set of standard selection criteria has been defined. 

Thee set applied in this thesis consists of the following selections, most of which are standard: 

700 keV < Ex < 20 MeV 

6500 keV < E2 < 30 MeV 

0°° < <p < 36° 

1155 channels < TOF < 130 channels 

00 channels < PSD < 110 channels 

CC . 

Inn addition to this list, it is usually required that there should not be a coincident signal from any of 
thee four veto domes (see also the bottom of p. 29), which is indicated by a veto-flags string of '00001. 

Thee purpose of the various selection criteria is as follows. The upper boundaries on the energy 
depositss reflect the lack of knowledge of the instrument response above these energies. The lower 
boundariess on the energy deposits should be such that all of the gamma-1 thresholds (^ 50 keV for the 

**  DRI stands for Data Required for Imaging. 
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Dll  modules, ~ 550 keV for the D2 modules) are excluded. It should be noted that these thresholds are 
quitee high for the D2 modules that have a failed PMT and that some of these thresholds are even higher 
thann the current lower boundary on E2. The neglect, so far, of this effect in the response description 
wass found to have a negligible influence on derived fluxes in the standard energy ranges defined below 
(McConneUU 1995). By selecting events with a TOF in the range 115-130, the instrumental background, 
whichh increases rapidly towards smaller TOF at low energies, is greatly reduced (Section 3.3). The 
purposee of the selection on PSD is to reject neutron-induced events which are typically found above 
PSDD channel ~ 90 (see Section 2.7). Finally, the lower boundary on ( ensures the rejection of all 
eventss that may have originated in the Earth's atmosphere (Section 2.3.3). In Section 3.3.1, the rates 
forr all the events contained in the TOF peak near channel 120 for data subject to these selections 
(excludingg the selection on TOF) is given. 

2.4.22 Th e standard energy ranges 

Dataa analysis is generally performed in four standard (measured) energy intervals: 0.75-1 MeV, 
1-33 MeV, 3-TO MeV and 10-30 MeV. These intervals were once chosen to, among other things, confine 
thee strong background 7-ray lines at 1.46 MeV and 2.224 MeV (see Chapter 3) to a single energy range 
andd to obtain two energy intervals which are relatively free of nuclear emission lines (0.75-1 MeV and 
10-300 MeV). However, the low number of counts in the 0.75-1 MeV and 10-30 MeV ranges, compared 
too those for the 1-3 MeV and 3-10 MeV ranges, would argue for a re-definition of these standard 
energyy intervals. Apart from these four, several other energy ranges are also often used, e.g., the 
1-22 MeV to search for the high-energy tail of soft spectra, the 3-7 MeV range which is particularly 
sensitivee to 7-ray line emission from 12C and 1 60, and narrow intervals around particular 7-ray lines. 

Althoughh most COMPTEL analysis is performed with a 0° - 36° (or 0° - 50°) ^-selection, a 
differentt selection of 4° — 36° is sometimes used for the 10-30 MeV range. The motivation for the 
deviatingg selection in this energy range is that below <p PS 4°, the data are dominated by (instrumental) 
backgroundd events. On the other hand, one might argue that background models that are determined 
fromm the data itself, benefit from the additional statistics of these events. Indeed, when the lower 
1,5-boundaryy is 0°, the inferred detection significances of celestial sources are systematically larger than 
whenn it is increased to 4° (see Section 4.4). This may also indicate that the increase of the signal 
duee to the source events below 4°, which follow the instrument response, are more important for the 
sourcee detection than the global increase of the background. Note that the inferred fluxes for the two 
selectionss are consistent (Section 4.4). 

2.4.33 Th e standard PSFs 

Sincee the launch of CGRO, there have been several changes to the set of PSFs used by the COMP-
TELL collaboration. Some of these changes concerned errors discovered in the densities and placements 
off  some of the components in the COMPTEL mass model and thus only concern the simulated PSFs. 
Thee algorithms for creating modelled PSFs were also refined and now include additional physical 
effectss such as estimates for the fraction of Compton scatterings among all interactions in the Dl 
detectorr (de Boer 1992a). A confusion about the interpretation of the origin of PSFs has also lead to 
aa large number of PSFs which are offset by 0.5° in \ and ip directions. Therefore, for completeness, I 
givee in Table 2.1 the various PSFs that have been used throughout this thesis. 

2.4.44 Th e flux correct ion factors 

Independentt of the analysis method, there are two correction factors that have to be applied to 
thee derived fluxes and errors. The least important is the correction factor for the dead time of the 
instrument:: JDT — 1-03. Although it is possible to correct for this effect on a superpacket time 
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Ej Ej 

0.75-1 1 
1-3 3 

3-10 0 
10-30 0 
1-2 2 

P P 

-2 2 
-2 2 
-2 2 
2 2 

-2 2 

Simulated d 

IAQ Q FAQ Q 

Modelled d 

IAQ Q FAQ Q 

powerr law spectra 

U8190 0 
U8204 4 
Ü8218 8 
U8232 2 
U10151 1 

U8160 0 
U8174 4 
U8188 8 
U8202 2 

U10094 4 

R837 7 
R834 4 
R835 5 
R836 6 
R799 9 

R716 6 
R717 7 
R718 8 
R719 9 
R763 3 

Wienn spectra 

0.75-1 1 

1-3 3 

1-2 2 

124 4 
150 0 
200 0 
250 0 
124 4 
150 0 
200 0 
250 0 
124 4 
150 0 
200 0 
250 0 

U5326 6 
U5361 1 
U5349 9 

U5327 7 
U5362 2 
U5350 0 

U5330 0 
U5365 5 
U5353 3 

U5314 4 
U5349 9 
U5337 7 

U5315 5 
U5350 0 
U5338 8 

U5318 8 
U5353 3 
U5341 U5341 

R1594 4 
R1595 5 

R1598 8 
R1599 9 

R1596 6 
R1597 7 

R1540 0 
R1543 3 

R1542 2 
R1545 5 

R1541 1 
R1544 4 

7-rayy lines 

2.090-2.358 8 
4.224-4.652 2 
5.857-6.401 1 
1.85-2.15 5 
3.7-4.3 3 

5.125-5.875 5 

2.224 4 
4.438 8 
6.129 9 
2.0 0 
4.0 0 
5.5 5 

U9701 1 
U9527 7 
U9525 5 

U9652 2 
U9480 0 
U9478 8 

R1505 5 
R1507 7 
R1508 8 
R1578 8 
R1579 9 
R1580 0 

R1462 2 
R1464 4 
R1465 5 
R1531 1 
R1532 2 
R1533 3 

TableTable 2.1. This table gives the identifiers of the PSFs used for this thesis (R=ROL, U=UNH), both 
fromfrom Monte Carlo simulations (columns 3-4) and from the analytical approach (columns 5-6', see also 
SectionSection 2.3.2). The first column gives the range of measured energies the PSF was created for [MeVJ. 
TheThe second column gives a parameter that depends on the type of spectrum: for the power law spectra 
itit  is the photon spectral index, for Wien spectra 'it is the temperature kT in keV (Section 4.1.3.1) and 
forfor f-ray line spectra h is the input line energy in MeV. 

scalee (Section 2.3.3), the dead time is usually small and it is sufficient to appiy the time-averaged 
correctionn factor. Only during special phenomena such as solar flares and 7-ray bursts, the dead time 
becomess significant and needs to be taken into account on a superpacket, or even sub-superpacket, 
basiss (Section 2.8). Note that for the gamma-2 events (see p. 29), dead-time effects usually cannot be 
neglected. . 

Moree important are the correction factors for the loss of signal due to the selection on TOF. 
Thee forward peak of roughly Gaussian shape, which contains these celestial photons, is centered on 



4444 CHAPTER 2. COMPTEL: THE IMAGING COMPTON TELESCOPE 

EE [MeV] 

0.75-1 1 
1-3 3 

3-10 0 
10-30 0 
1-2 2 

hoho F 
1.40 0 
1.27 7 
1.17 7 
1.11 1 
1.30 0 

EE [MeV] 

2.090-2.358 8 
4.224-4.652 2 
5.857-6.401 1 
1.85-2.15 5 
3.7-4.3 3 

5.125-5.875 5 

/TOF F 
1.24 4 
1.17 7 
1.15 5 
1.24 4 
1.17 7 
1.15 5 

TableTable 2.2. This table gives the correction factors by which the derived fluxes and errors have to be 
multiplied,multiplied, when a TOF selection of 115-130 channels has been applied (from Boer &:  van Dijk 1994). 
TheThe left column gives the correction factors for several large Ex ranges, the right column gives the 
correctioncorrection factors for narrow intervals around expected y-ray line energies (see also Chapter 4). 

channell  ~ 120 and has a 1<7 width "that depends on the Dl and D2 energy deposits, but which is 
typicallyy 6.5 channels in the 0.75-1 MeV range and 3.8 channels in the 10-30 MeV range. Therefore, 
byy applying the standard TOF selection of 115-130 channels, not only many background events are 
rejected,, but also a considerable fraction of the signal, especially in the low-TOF flank of the Gaussian. 
Fortunately,, the width of the forward TOF peak for an input continuum spectrum was found to be 
relativelyy insensitive to the varying distributions of the energy deposits E\ and E2 as a function of 
spectrall  shape and of the zenith angle of the source (Section 2.6). This allowed for the determination 
off  average flux losses as a function of the E? energy range. The resulting corrections factors by which 
thee derived fluxes and counts have to be multiplied are given in Table 2.2. Note that these flux 
correctionn factors are for events for which the TOF resolution has been improved using T0FC0R {see 
Sectionn 2.6.1), which basically applies to all data since the end of 1993. 

Theree is also a loss of signal due to the standard PSD selection of 0-110 channels. However, 
sincee these losses depend entirely on the Dl energy deposit spectrum (Section 2.7), which is a strong 
functionn of the spectral shape and of the zenith angle of the source, the necessary flux corrections 
havee been incorporated in the PSFs (see Section 2.3.2). 

Finally,, if the analysis is performed with the COMPASS program SRCLIX (see also Sections 2.4.8, 
3.4.33 and 3.4.4), an additional correction factor has to be applied to the fluxes and counts: fx — 1.07. 
Montee Carlo simulations had shown that this analysis program, which creates an instrumental back-
groundd model from the data itself, underestimates the fluxes and counts by ^ 7% (see Section 3.4.3.3). 

2.4.55 Creating data-space models (DRMs) 
Whenn analysing a particular source, it is often desirable to take into account the influence of 

otherr known objects in the field of view on the derived source parameters. This influence varies from 
aa partial overlap of the source's response with that of a nearby point source (> 5°), to the distortion 
off  the <p profile of the instrumental background model (Sections 3.4.3 and 3.4.4) from strong point 
sourcess at larger angular distances or from extended diffuse emission. 

Too take these other objects into account in the analysis, a corresponding data-space model has 
too be created. This task is performed by the COMPASS program SRCCNV which convolves a model 
imagee according to Eq. (2.16). Input are the DRG and DRX of the observation(s) the model is required 
for,, the FAQ for the desired energy range, and the model intensity distribution I(ls,ms), which may 
consistt of a point source and a diffuse distribution. The program then performs the convolution given 
byy Eq. (2.16), for which the user may choose to apply the full spherical response description (using 
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Eq.. (2.9)), or to apply the small-angle approximation (using Eq. (2.11)). Output is the expected 
numberr of counts (decimals) for each data space bin, which is written to a so-called DRM data set. 

2.4.66 S imu la t i ng an observat ion 
Forr the purpose of validating analysis methods, Monte Carlo (MC) simulations may be used to test 

thee statistical characteristics of these methods. The approach that is followed here is very different from 
thee MC simulations that were used to determine the PSF (Section 2.3.2), in which incident photons 
weree tracked through a detailed mass model of COMPTEL taking into account various interaction 
mechanisms.. Instead, the MC simulations referred to in this section predict the number of expected 
countss (integer numbers) by drawing from a probability distribution in data space. Two components 
cann be simulated: an instrumental background and a celestial source. 

Too simulate an instrumental background for an energy range in a particular observation, the 
probabilityy distribution is taken to be the (x, VO distribution of the DRG, with each <p layer normalized 
too the number of counts in the DRE for the energy range under consideration. A distribution created 
thiss way is, to first order, very similar to that of the instrumental background (Chapter 3), while the 
normalizationn to the number of counts in the DRE ensures similar statistics. The MC simulations for 
celestialcelestial sources are based on the number of photons expected from each sky bin, to which Poisson 
noisee is added. For each of the scatterings of these hypothetical photons, random numbers are used to 
assignn both a pair of ((p, <p3) based on the assumed PSF and an azimuth angle. It is then determined 
whetherr or not the photon would be contained within the limits of the data space and if so, a final 
randomm number is used to determine if it is accepted on the basis of the geometry function. 

Althoughh the ability of simulating both an instrumental background and celestial sources is ex-
tremelyy valuable for determining the statistical properties of an analysis method, systematic uncer-
taintiess cannot be addressed this way. 

2.4.77 A d d i ng observat ions 
Oftenn one desires to increase the signal to noise ratio by combining the data from several observa-

tions,, which were all pointed near an object of interest. How can this be achieved using a combination 
off  the DRI data sets? The basic response equation, Eq. (2.16), was derived assuming that the pointing 
directionn is constant, the response equation for a larger time interval, consisting of a combination of JV 
observationn periods during each of which the pointing direction does not change, can then be written 
as s 

N N 
DREJV(/,, m, n) = ^ DRE,(/, m, n) 

1=11 (2.17) 

==  ^DRG;(/ ,m,n) £ DRX,(P,ms) 1(1*,ms) ¥HQ(lJs,m,ms,n) 
i-li-l  le,ms 

(temporarilyy neglecting the instrumental background component which is described in Section 3.4). 
Suchh a response description is, for a large number of observations, computationally extremely cum-
bersome.. Fortunately, we can make use of the fact that the DRX varies only ~ 9% for 0° < 9 < 60° 
(beyondd which the response is essentially zero, see Section 2.3.4), so that we may approximate it by 
aa flat distribution. This allows us to write 

DREAT(/,, m,n)w DRGw(/,m,n) J ] DRXjv I(i3,m3) FAQ(/,/s, m,m3, n), (2.18) 
t',m' t',m' 

withh the weighed geometry given by 

DRGJ V( f ,m,n)=^ ' -11 * J (2.19) 
2 j t = ii  U H A . 
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andd DRX̂  the maximum exposure value for the ith observation. The total effective exposure is given 

by y 
JV V 

DRX/vv = ^ D R X f , 

whichh is just a flat distribution, independent of Is and ms. Instead of using DRXf*  (/* , ms) to weigh the 
geometryy functions, it is also customary and equivalent to use the integration time AX, in Eq. (2.19) 
(DRXX — ATAg). Using the weighed geometry and effective exposure it is thus possible to write the 
responsee for the sum of data from several observation periods again in the form of Eq. (2.16). 

2.4.88 Imaging analysis techniques 

Evenn after applying the optimal event selections (Section 2.4.1), the COMPTEL data generally 
consistss for more than ~ 95% of instrumental background events and those due to the (structureless) 
cosmic-diffusee emission, the latter of which is difficul t to detect in imaging analysis because of the 
similarityy of its distribution in data space to that of the instrumental background. Apart from the 
Crabb and the Galactic diffuse emission (of which the celestial distribution is not structureless), the 
contributionn from celestial objects is often of the order of, or less than, one percent of the selected 
events.. In order to recognize the weak signals from celestial sources in the three-dimensional observed 
eventt distr ibution, two main techniques have been implemented: a Maximum Entropy (ME) method 
andd a Maximum Likelihood Ratio (MLR) method. 

Thee M E method iteratively adjusts an assumed input image, which is convolved according to 
Eq.. (2.16), to find the 'f lattest' distribution consistent with the data and the instrument response. 
Thee characteristic of this method is that it performs a full deconvolution of the data, taking into 
accountt the emission from the whole field of view simultaneously. However, its major drawback has 
been,, until recently, the absence of a mathematically well defined stop criterion for the iterative process 
andd the lack of error estimates and detection significances for the celestial sources found. The ME 
methodd is therefore not used in this thesis. For more information on the application of the ME method 
too C O M P T EL data, the reader is referred to Strong et al. (1992) and Strong (1995). 

Thee ML R method, on the other hand, can be used to assess the presence of particular objects. 
Itt provides both error estimates and detection significances for convolved models of celestial sources 
(Sectionn 2.4.5) and is therefore widely used. Briefly, the algorithm as applied to C O M P T EL data 
iss as follows. The II0 hypothesis states that the models M ° (i — 1 , JV°) fully describe the observed 
data.. The II1 hypothesis, on the other hand, states that the combination of models A/,0 -f Mj 
(i(i  — 1, A'0, j — 1, iV 1) fully describe the.observed data. For both hypotheses, the likelihood functions 
L°L° and I 1 (see, e.g., Eadie et al. 1971) are optimized by varying the free parameters of II0 and H1 

respectively.. The theorem of Wilks (1938) then states that the ML R value, defined as - 2 times the 
logarithmm of the ratio of the likelihoods A (— L^jLl

M), is x2 distributed with a number of degrees-of-
freedomm (d.o.f.'s) equal to the difference between the number of free parameters for the hypotheses. For 
example,, M® and Mj 1 may be an instrumental background model and the convolved model for a point 
sourcee respectively, with the free parameters being the scale factors of these models (N° - N1 — 1). 
Thee optimization of Hl then gives the most likely scale factors (fluxes) for the models, while the 
detectionn significance of the point source can be inferred from the ML R value. If Hl is optimized for 
aa source at a known location, there is only one d.o.f. ( the source flux), for which, e.g., a ML R value 
off  9 corresponds to a 3<r detection. In a search for new point sources, on the other hand, there are 
twoo additional d.o.f.'s to represent the optimization in the two celestial directions. Apart from the 
numberr of d.o.f.'s, the final detection significance also depends on the number of independent trials 
performed,, such as the number of celestial positions (in case of a search) or energy ranges investigated. 
Forr example, the number of spurious sources with a detection significance larger than 3a expected in 
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aa single observation of the full sky in a single energy range, for an adopted beam area per source of 
~~ 70°, is of the order of ~ 2 (see also Bloemen & Klumper 1996). A more comprehensive overview 
off  the MLR formalism and its application to COMPTEL data, can be found in Cash (1979) and de 
Boerr (1992b) respectively. 

Thee MLR method is implemented in the COMPASS programs SRCLIK and SRCLIX. The first 
off  these programs contains just the algorithm described above and requires all the models to be 
suppliedd by the user. The latter program creates an instrumental background model internally (see 
alsoo Sections 3.4.3 and 3.4.4). Both programs test the significance of adding a point source to the 
instrumentall  background model and optionally additional models, across a desired celestial area. 
Thee detection significance for extended, diffuse, celestial models with respect to the instrumental 
u„_ii  1 i«i «£,« SIGC be addressed through mode! fitting of the corresponding rpodpls in oat.a 
space.. Output of SRCLIK and SRCLIX are so-called MLM files, which contain the distribution of the 
MLRR values, counts, fluxes and errors, over the chosen celestial area. The MLR values in this thesis 
(ass is the case in the output from SRCLIX), have been multiplied by -1 when the corresponding flux 
iss negative. 

Wee note that the flux errors obtained with SRCLIK before 1994 are a factor of y/2 too small (see 
vann Dijk 1993b). The SRCLIK runs presented in this thesis were all performed later than this date 
(SRCLIKK versions 11 and higher). There have also been several changes to SRCLIX during recent years, 
whichh have resulted in 'cleaner' MLR maps (i.e., less systematic negative offsets) due to a better 
backgroundd modelling, and also in somewhat larger flux errors. The versions used in this thesis are 
versionn 15 (Section 3.4.3), and a modification of this version which is more appropriate for the sum of 
severall  summed observations (Section 3.4.4). 

2.55 The modelled D2 energy response 
Importantt ingredients of the modelled PSFs are the analytical energy responses of the detectors 

(Eq.. (2.8)), which have been derived from the empirically measured responses. The response for the 
Dll  detector Ri(Ei\Èi)*, which was determined using a backscatter technique in which the photons 
scatteredd through an angle of 180°, is just a Gaussian centered on the photon energy (width given in 
Sectionn 2.1.1). For the D2 detector, the response R2(E2\Ê-2) is much more complicated due to various 
energyy loss mechanisms. It was determined empirically by placing calibration sources at large zenith 
angless a few meters distance from COMPTEL. From these positions, certain parts of the D2 detector 
couldd be reached directly by the photons without having to pass through the Dl detector, so that the 
inputt energy in the unobscured D2 modules can be assumed to be the energy of the calibration source 
(however,, see below). The histograms in Fig. 2.11 are examples of measured D2 energy spectra for 
calibrationn sources of energy 0.835 MeV, 4.438 MeV and 20.525 MeV. Note that these spectra also 
containn a background component, denoted by the dotted line. 

Fromm a theoretical point of view, the energy response model #2(^21-E2) for the D2 detector should 
containn at least three components: a photopeak, a Klein-Nishina distribution and two escape peaks. 
Thee photopeak consists of events whose photon energy is fully absorbed. This component includes 
photonss that undergo multiple Compton scatterings or pair production, as long as the scattered 
photonn and the other particles created, eventually deposit all of their energy in the same module. 
Thee Klein-Nishina distribution kp, (E) arises from photons that undergo a single Compton scattering 
andd subsequently leave the module. Its shape is given by the differential cross section for Compton 

**  The energy of the photon before entering the Dl and D2 detectors is designated by E\ and £2 
respectively.. So, È\ = E  ̂ when no energy losses occur before the interaction in the Dl detector. 



48 48 CHAPTERCHAPTER 2. COMPTEL: THE IMAGING COMPTON TELESCOPE 

scattering, , 
.2.2 > 2 

*<*>*<*>  ™ ' - l -UÉ, + —>\, (2.20) 
11 - E/E2 E2 j 1 - E/E2 

whichh was first derived by Klein and Nishina. When normalized to 1, Eq. (2.20) is the probability 
densityy function for photons of energy E2 MeV for loosing E MeV in the Compton scattering. It is a 
monotonicallyy increasing function of E from 0 up to the so-called Compton edge energy Ec, which is 
thee maximum energy that can be transferred in a single Compton scattering, 

11 + mcz/2E2 

(seee Eq. (2.2)). Finally, the escape peaks are present only when pair production is feasible, i.e., when 
thee energy of the photon incident on the D2 detector is larger than 1.022 MeV. When the energy 
off  the electron and positron created in the pair process is fully absorbed, the event ends up in the 
photopeak.. However, there is a considerable chance that one or both of the 511 keV photons that are 
createdd during the annihilation of the positron escape. If there are no other energy losses, the total 
absorbedd energy will be E — 0.511 MeV or E — 1.022 MeV, and the photon ends up in the first or 
secondd escape peak respectively. 

AA simple model consisting of a photopeak, a modified Klein-Nishina distribution kg and two 
escapee peaks, was fitted to the measured D2 energy responses which exist at the calibration energies 
0.511,, 0.661, 0.835, 1.275, 1.369, 2.754, 4.438, 6.131, 12.14, 16.57 and 20.525 MeV. The modification 
off  kg was only necessary at energies above 6.131 MeV, for which the fit qualities were unacceptable 
(Lichtii  1991b). Three examples of measured energy responses, and the fits with this model (M£2 from 
heree on), are shown in the top pictures of Fig. 2.11. 

Evidently,, the model M 2̂ is only a rough approximation of the measured spectra. At incident 
energiess below a few MeV, the fits deviate systematically from the calibration data at energies around 
andd above the Compton edge, which is located at 0.639 MeV, 4.196 MeV and 20.27 MeV respectively, 
inn these pictures. Although multiple Compton scattering in the module has the effect of 'fillin g the 
valley11 between the Compton edge and the photopeak (Section 10-111 in Knoll 1979), the observed 
deficiencyy in this region is much too large to be explained by multiple Compton scatterings alone. 
Anotherr criticism of model M 2̂ is the modification of kg at incident energies above 6.131 MeV 
which,, although it improves the fit qualities, lacks a physical basis and unrealistically suppresses the 
photopeakk component (note that the Gaussian peak in the upper right picture in Fig. 2.11 is the first 
escapee peak, not the photopeak). 

Thee discrepancy between model Mp2 and the calibration data at low energies can significantly 
bee reduced by including an additional fit  component which, before the convolution with the energy 
resolutionn of the D2 detector, is just a constant distribution up to the photopeak (van Dijk 1991). The 
motivationn to include such a component comes from Monte Carlo simulations of 0.661 MeV photons 
interactingg with both bare Nal crystals and D2 modules (i.e., the Nal plus the aluminium housings) 
embeddedd in a simple mass model of COMPTEL. The mass model was, for simplicity, chosen to 
consistt of the main components excluding the veto domes, i.e., the side support structures, the Dl 
supportt structure, the Dl modules with aluminium housings, the D2 sandwich plate and the D2 
moduless with aluminium housings (see Fig. 2.5). In these simulations, photons are given a random 
initiall  direction and are tracked through the instrument components until they escape or are absorbed, 
takingg into account only Compton scattering and photoelectric absorption. A valid single-detector 
eventt is obtained when part or all of the energy is deposited in one of the D2 modules. Although the 
COMPASSS SIM subsystem (Section 2.3.2), which only recently has been extended to enable simulations 
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FigureFigure 2.11. This figure shows the empirical D2 detector response (counts/bin versus energy [McV]) 
togethertogether with the old response model (top pictures) and with the new model (bottom pictures). From 
leftleft to right, the energy of the calibration source is 0.835 MeV, 4.438 MeV and 20.525 Me V. Histogram: 
thethe data from calibration measurements consisting of a source and a background component; dot ted 
line:: the background component when the source is shielded; thick solid line: the simultaneous fit of the 
D2D2 response model and the background; thin solid line: the D2 response model itself. The components 
ofof the model are shown by the dashed line: the photopeaA' and the two escape peaks; dashed-dotted 
line:: the Klein-Nishina distribution; dashed-triple dotted line: the Compton background. 

off  single-detector responses, contains a much more detailed mass model and treats also other physical 
processes,, the simulations presented here provide a first-order, but valuable, clue to the origin of the 
extraa fit component. 

Thee upper picture in Fig. 2.12 shows the simulated response of the bare modules to the 0.661 MeV 
photons,, with the main components being the photopeak and the Klein-Nishina distribution with its 
Comptonn edge at 0.477 MeV. This picture clearly confirms the expectation that the contribution of 
multiplee Compton scatterings in the modules themselves, to the response in the energy range between 
thee Compton edge and the photopeak (0.477-0.661 MeV) is negligible. On the other hand, the 
simulationn of the D2 modules embedded in COMPTEL gives a much more smeared energy spectrum. 
Inn part icular, the photopeak amplitude is reduced by ~ 43%, the region between the Compton edge 
andd the photopeak is filled in and the ratio of the response at the Compton edge to that for nearby 
energiess is reduced (cf. the bump in the upper left picture in Fig. 2.11). All these effects can be 
interpretedd as evidence for an approximately flat component in the empirical energy response. The 
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FigureFigure 2.12. This figure shows Monte Carlo simulations of the energy responses (histograms) of a bare 
NalNal crystal, and of a D2 module (Nal plus aluminium housing) embedded in COMPTEL, to a 0.661 
MeVMeV point source at one of the positions that were used for calibration measurements. The dashed 
lineline is the response convolved with the D2 energy resolution. 

presencee of additional material between the source and the Nal, suggests that this component, which 
hadd not yet been included in the response model and which wil l be called the Compton background, is 
duee to Compton scatterings of the photons before entering the crystals. This is confirmed by following 
individuall  photons in the simulations and by previously published measurements of Nal crystal with 
andd without an aluminium housing (see e.g. Saito & Moriuchi 1981; Rogers 1982). It is also to first 
orderr consistent with the interaction probabilities in the intervening material and with the distribution 
off  the Compton scattering angles (van Lij k 1991). 

Thee Cc.npton background could in principle be modelled, given the spatial distribution of the 
variouss instrument components and the scattering angle distribution. However, it was chosen to 
approximatee it, for all incident energies, with a flat distribution up to the photopeak, convolved with 
thee energy resolution. This new fi t component was fitted together with a photopeak, an unmodified 
Klein-Nishinaa function k  ̂ and two escape peaks (model M Q 2 ; the first two pictures in the bot tom 
roww in Fig. 2.11). At low nergies, where the fitted amplitude of the Compton background is the 
largest,, the fit  qualities improve significantly compared to those for model MS ,. This is mainly due to 
thee disappearance of both the Compton edge 'bump' and the deficiency between the Compton edge 
andd the photopeak. The fitted amplitude of the Compton background decreases with energy, just as 
expectedd in view of its probable origin, and becomes negligible beyond 4.438 MeV. 
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Despitee the improvement at low energies due to the Compton background, the model M 2̂ does 
nott fit  wel] at the highest two calibration energies. This is not surprising, considering the simplicity 
off  the model compared to the much more complicated interaction processes that occur in the Monte 
Carloo simulations at these high energies (Kappadath 1994). Nevertheless, good fit  qualities can be 
obtainedd by applying a simple correction to the Klein-Nishina function kg . This correction, fk(E), 
iss based on the energy-dependent probability that photons, which undergo a Compton scattering and 
havee a residual energy E [MeV], interact again in the module. It can be written as 

ffkk(E)=l-P(E) (E)=l-P(E) 
// - \ (2-22) 

== 1 - ( l - exp[-M£)£(£2) ] ) , 

withh n{E) the linear attenuation coefficient and L(E2) the path length through the module after 
thee first Compton scattering (note that fk is a different modification than that used in model M£2). 
Becausee photons that have littl e energy left are more easily absorbed, fk effectively removes photons 
fromm the high-energy part of k^, i.e., near the Compton edge. 

Thee modification from Eq. (2.22) improves the fits only at the highest two calibration energies and 
iss only used at energies È2 > 12.14 MeV (lower right picture in Fig. 2.11). The physical explanation 
forr this energy dependence is probably the larger average Compton scattering depth for photons of 
highh incident energies. High-energy photons that have scattered through a large angle (~ 180°) must 
thuss traverse more material than low-energy photons and are therefore more frequently absorbed. 
Moreover,, instead of calculating the true averaged path length Z, better results are obtained when 
LL is set equal to the empirically determined Ie[cm] = 2.91n(£2 - H-14 MeV). Although fk loses 
itss physical meaning because of the adoption of Le, the improved fit  qualities indicate that this 
modificationn of fcg is a better description of the complicated high-energy D2 spectra, which may 
involvee energy losses by up to several tens of particles. 

Thee model Mp3, which is M^2 including the modification from Eq. (2.22), was fitted to all 
availablee calibration data and is the analytical description of the function Rii^E?) that is used in 
thee response description (Eq. (2.8)) to generate the modelled PSFs (Section 2.4.3). It includes the 
Comptonn background component to account for the Compton scatterings in the material between 
thee Dl and D2 detectors, which have been estimated to have a similar effect on the spectrum as the 
Comptonn scatterings that occurred during the measurements of the response of the D2 detector (Lichti 
1991a). . 

2.66 TOF corrections 

2.6.11 History 
Onee of the main background suppression techniques makes use of the time difference between the 

interactionss in the two detectors (TOF), which allows, among other things, for the rejection of photons 
movingg upward (D2-»D1; see Section 3.1). The allowed range of time differences is given by the fixed 
widthh of the FCC coincidence time window, which is 40 ns, and a tunable zero point. During nearly 
thee complete mission, the settings were such that the allowed range of TOFs was typically between 
channelss ~ 40 and ~ 200 (see also Section 3.3.2). 

Inn order to achieve the required nanosecond accuracy, the output of the last dynodes of the PMTs 
aree summed and processed using a technique known as Amplitude and Rise time Compensated (ARC) 
timingg (see Section 17-VII in Knoll 1979). To obtain ARC timing, an attenuated and inverted copy 
off  the signal (-JS(t)) is added to the delayed signal itself (S(t - tj)) . For suitably chosen values of 
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thee delay time t  ̂ and the attenuation factor ƒ, the zero-crossing time of the combined signal, which 
definess ÏARC> IS independent of both the pulse height and the rise time of the signal. Although the 
signalss produced in scintillators have a large spread in pulse heights (and a small range in rise times), 
ARCC timing thus ensures that the TOF is relatively independent of the energy deposit. The raw TOF 
off  the events, as it is measured on board and stored in the REM data sets, is expressed in channels, 
withh 1 channel corresponding to ~ 0.28 ns (J. Macri, private communication). In addition to the ARC 
timingg used for TOF purposes, a less accurate Leading Edge (LE) timing trigger is used for various 
eventt processing issues. 

Thee raw TOF, designated TOF0 from here on, cannot be used directly to select downward-
scatteredd photons (Dl—>-D2). Differences in the average separation between minitelescopes and in the 
lengthss of the cables used in the module-specific electronics result in TOF0 shifts of up to 20 channels. 
Moreover,, despite the ARC timing technique, a dependence of the TOF on the Dl and D2 energy 
depositss can be observed. During standard processing (COMPASS program EVPRNN) until the end of 
1993,, a first-order correction was applied to TOF0 to correct for the shifts between minitelescopes and 
forr its dependence on the Dl energy deposit. The advantage was that the distributions of the processed 
TOFoo (called TOFi) for the different minitelescopes could be added, with downward scattered photons 
peakingg around channel ~ 120 and upward scattered photons peaking around channel ~ 80. For typical 
TOFF distributions the reader is referred to Fig. 3.7. 

AA detailed analysis of the TOFi distributions revealed that there were still significant variations 
inn the position of the peak of downward scattered photons (the so-called forward peak) as a function 
off  the Dl and D2 energy deposits (Boer 1993). Using data from several observations from the start 
off  Phase I, Boer & van Dijk (1993) modelled these dependences of TOFi on the Dl and D2 energy 
depositss with polynomials and developed the new correction algorithm TOFCQR. Since the end of 1993 
(Boerr & van Dijk 1994), all TOF data (including those produced during standard processing) is 
automaticallyy corrected with T0FC0R, producing the better resolved TOFn-

Thee main reason for trying to understand the TOF in so much detail are the TOF selections that 
aree invariably applied in the scientific analysis. Such selections reject, apart from many background 
events,, also part of the signal. If the shape and position of the forward TOF peak are known, it is 
possiblee to correct for these flux losses. For TOFn data, the position of the Gaussian forward peak is 
approximatelyy at channel 120, with a width that typically varies from a a; 6.5 channels in the 0.75-1 
MeVV range to a « 3.8 channels in the 10-30 MeV range. Note that the width does not actually depend 
onn the range of the total energy deposit, but on the combination of the energy-deposit spectra in the 
twoo detectors (a2 — Opj + <7Q2). Fortunately, it was found that the influence of the zenith angle of 
thee source and, to a lesser extent, that of the energy spectrum of the source, on a was relatively small 
(Boerr & van Dijk 1994). This allowed for the determination of flux correction factors as a function 
off  selected Ex intervals (Boer &; van Dijk 1994). The flux correction factors for the standard energy 
rangess are included in Section 2.4.4. 

2.6.22 F u r t h er i m p r o v e m e n ts 

Thee TOF corrections that have been derived from TOFi data and implemented in T0FC0R, were 
aa first step towards the optimalization of the TOF resolution. Nevertheless, the forward peak remains 
quitee broad and is not always centered at channel 120 for various reasons (see below). Since there is 
muchh to be gained from a better TOF resolution, e.g., an improved S/N ratio due to narrower TOF 
selectionss and a more accurate background analysis, the dependence of the TOF on various parameters 
wass re-analysed. 

Thee starting point for the refined analysis is the TOF00 data, which has not yet been altered by any 
off  the corrections that are applied to obtain the TOFi and TOFn data. Another important difference 
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withh the previous analysis leading to the TOFCOR corrections, is that the TOF is now more correctly 
modelledd as a function of the analogue sums of the PMT outputs (Section 2.1.3) instead of E\ and 
EE22.. In the latter case, changes in the gains of the PMTs lead to different energy deposits while the 
TOF,, which depends on the analogue sum, does not change. Furthermore, we have investigated three 
effectss that are expected to influence the TOF: the temperatures of the detectors and the FCC, the 
path-lengthh differences within a minitelescope and the variations of the rise time of the signal as a 
functionn of the interaction position in the Dl modules (see below). 

Inn order to obtain sufficient statistics, we used mostly data from TJD 8883 up to TJD 9122, a 
totall  of ~ 25 gigabytes. This time interval was chosen for its stable instrument configuration, with no 
changess in the hardware thresholds and the PMT statuses. Data from earlier in the CGRO mission 
weree used to investigate the influence of a different hardware threshold and of failed D2 PMTs. To 
obtainn the dependence of TOFo on the various parameters, the position of the forward peak was 
determinedd by fitting a Gaussian and a parabolic background component to the TOFo distributions. 
Herebyy a ( < 0° selection was applied, resulting in a pronounced forward TOF0 peak due to the large 
photonn flux originating in the Earth's atmosphere. Below we discuss the various dependences that 
weree found. 

 The minitelescope dependence. Differences in the average path lengths between minitelescopes 
andd in the module-specific cable lengths and electronics result in different positions of the forward TOF 
peak.. A first-order correction for this was already performed during the standard processing. However, 
duee to the larger amount of data used here, the new corrections are much more accurate. Fig. 2.13a 
showss the positions of the forward TOF peak and their errors for each of the 98 minitelescopes. Note 
thee clustering in groups of 7, which reflects the D2-modules-specific dependences. Also note that when 
thee shifts indicated by Fig. 2.13a are used to correct T0F0 in order to align the forward TOF peaks 
off  the 98 minitelescopes, the centers of the backward TOF peaks end up between channels ~ 70 and 
~~ 80 (see also Section 2.6.3). This is a result of the different average path lengths, which vary from 
~~ 1.58 m for nearly vertically aligned modules to ~ 1.82 m for Dl and D2 modules far apart (67% of 
thee minitelescopes have an average path length that is less than 1.69 m). 

 The Dl and D2 analogue sum dependences. The analogue sum ([channels]), which is derived 
fromm the original PMT outputs ([V]) , consists of a low range (channels 0-511) and a high range 
(channelss 512-1023). The Dl low range covers Dl energy deposits from ~ 0.04 MeV (channel ~ 26) 
upp to ~ 1.7 MeV (channel ~ 440) while the high range covers the ~ 8 times more extended energy 
rangee from ~ 1.7 MeV (channel ~ 556) up to ~ 16 MeV (channel ~ 1008). For the D2 low and high 
rangess these numbers are ~ 0.55 - 5.4 MeV (channels ~ 58 - 436) and ~ 5.4 - 50 MeV (channels 
~~ 556 - 1008) respectively. In Figs. 2.13c and 2.13d, the position of the forward TOF0 peak as a 
functionn of the analogue sum is shown for a Dl module and for a D2 module respectively. Such 
distributionss were iteratively derived for each Dl and D2 module separately, summing the data from 
thee corresponding minitelescopes and correcting the TOF for its dependence on the analogue sum 
measuredd in the modules of the other detector. These figures show that, despite the ARC timing, 
theree are channel ranges in which the trigger depends considerably on the pulse height of the signal 
(channelss 0-160 and 560-700 for Dl modules and channels 0-200 for the D2 modules). The downward 
deviationn below channel 160 in Fig. 2.13c, corresponding to delayed triggering in the Dl detector, 
iss likely a consequence of the weakness of the signal due to which the accumulation of the required 
minimumm charge after the zero crossing of the signal takes longer. For similar reasons, TOFo increases 
towardss low D2 analogue sum values (Fig. 2.13d). Note that at the lowest D2 channels, where the 
relationn suddenly becomes linear, the ARC timing trigger possibly precedes that from the LE timing 
whichh causes the latter to override the determination of T0F0 . This hypothesis is strengthened by 
thee observed dependence of the relation between TOFo and the D2 analogue sum on the hardware 
thresholdd for the D2 modules (see below), an effect which is expected for LE timing but not for 
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FigureFigure 2.13. This figure shows the position of the forward peak in TOFo distributions as a function 

of:of: a) minitelescope combination; b) the average D1/D2 detector temperature (from calibration data); 

c)) Dl analogue sum [channels]; d) D2 analogue sum [channels]. In the last three plots the fits to the 

distributionsdistributions are included. 

ARCC timing. The origin for the steep increase above Dl channel ~ 560, corresponding to an energy 
depositt of ~ 1700 keV, is not fully understood and is probably due to a subtle electronic effect 

(B.N.. Swanenburg, private communication). 

Thee T O F0 distributions for the Dl and D2 modules (see Figs. 2.13c and 2.13d) were fitted with 
fourr and three functions of a simple analytical form respectively, each of which covers a range of the 
analoguee sum channels. Typical boundaries between these ranges are found near channels 160, 560 and 
7000 for Dl modules and near channels 70 and 500 for D2 modules. As can be inferred from Figs. 2.13c 
andd 2.13d, the chosen functions describe the observed TOFo distributions sufficiently accurate and 
cann be used to align the forward T OF peaks for all energy deposits. 

 The detector-temperature dependence. The measurement of the T OF involves the scintillator 
materiall  in the modules and the electronic circuitry of both the FEEs and the FCC. It was therefore 
expectedd that the temperature of these instrument components might influence the T O F. During the 
Thermall  Balance/Thermal Vacuum ( T B / T V ) calibrations in 1988 at the IAB G facilities in Otto-
brunn,, Germany, the response of COMPTEL with respect to temperature variations was extensively 
measured.. The measurements relevant for the determination of possible T OF shifts can be divided in 
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module e 

FigureFigure 2.14. This figure depicts the possible path-length differences within a minitelescope. 

twoo groups: one group for which the average detector temperature To (which is also a measure for 
thee temperature of the module FEEs) was held constant while the temperature of the Fast Coincident 
Circuitss Tc was varied, and another group for which the opposite was performed. 
Ann analysis of the first group of these calibration da ta showed that the position of the forward T O F0 

peakk varies only a few tenths of a channel for Tc below 20°C, beyond which there is a drop of 
~~ 2 channels. Since the temperature Tc is always lower than 20°C in orbit, the dependence on 
TcTc can be neglected. The second group of the calibration da ta revealed for the temperature range 
13°CC < TD < 33°C the linear relationship 

PP = (0.1445  0.0008) x TD + constant, (2.23) ) 

withh P the position of the forward T O F0 peak. A correlation of P and TD consistent with Eq. (2.23) 
wass serendipitously also observed for flight da ta around T JD 8722 (J. Macri, private communicat ion), 
thee day on which the detector temperatures were decreased by ~ 6°C for reasons involving the failing 
P M Tss in the D2 detector. The T OF walk with TD can be neutralized by correcting T O F0 for the 
detectorr temperatures at the time of the event with respect to a reference temperature (= 20°C). 

 The D2 hardware threshold dependence. The hardware 'energy' thresholds for interactions in 
thee Dl and D2 detectors are represented by numbers between 0 and 7, corresponding to decreasing 
amountss of energy deposits required to trigger events. It was found that, at D2 analogue sums below 
channell  ~ 90, the position of the forward T OF peak shifts up to 2 channels towards higher T OF 
valuess when the hardware threshold was changed from 7 to 6. Qualitatively, this effect is readily 
understoodd if, at low analogue sum values, the LE timing trigger arrives at a later t ime than the ARC 
timingg trigger (H. Aarts, private communication). The resulting broadening of the T OF resolution 
cann be avoided using analogue-sum corrections for T O F0 that depend on the sett ing of the hardware 
threshold. . 

 The sub-minitelescopc dependence. Due to the large surface areas of the Dl and D2 modules, 
theree is a non-negligible spread in path lengths between different interaction locations within one 
minitelescopee (see Fig. 2.14). The path-length difference A/ = |/i - /2I can be as large as 29.2 cm for 
moduless far apart, which corresponds to ~ 3.5 channels in T O F. The corresponding broadening of 
thee T OF resolution can be reduced by correcting T O FQ for the deviation of the path length inferred 
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fromm the interaction locations L\ and L2 with respect to a standard distance (the distance between 
thee module centers). 

 The sub-Dl-module dependence. In general, the application of ARC timing to the pulses 
generatedd by scintillators is sufficient to obtain sub-nanosecond accuracy. However, a large energy 
depositt very close to one of the Dl PMTs is expected to produce a trigger more quickly than a 
mediumm energy deposit at other locations in the module*. In addition, each Dl PMT has its own 
responsee time which may differ up to several nanoseconds from that of the other PMTs in the same 
module.. Another (small) effect is introduced by the spread in lengths of the cables which connect the 
PMTss to the FEE (~ 10 cm within a single Dl module; J. Macri, private communication). Ideally, 
onee would therefore like to model the TOF as a function of the signals recorded by each PMT and 
thee distance of the interaction location to these PMTs. As a first step towards this ultimate goal, the 
dependencee of the TOF on the interact/on location L\ = (Xi,Yi) in the Dl modules was determined. 
Thiss was performed by fitting the forward TOF0 peak as a function of (Xi,Y\) in bins of 0.8 x 0.8 cm, 
whichh is a size comparable to the best event location resolution (~ 0.6 cm; Schönfelder et al. 1993). 
Becausee of the better TOF resolution at higher energy deposits, only events with a Dl analogue sum 
abovee channel 150 were chosen. Fig. 2.15 shows the variation of the position of the forward TOF 
peakk across the surface of module Dl-7 (left picture) and the distribution of these positions for the 
(X,Y)(X,Y) bins in all Dl modules (right picture). The sharp peaks ranging up to channel ~ 130 in the 
leftt picture of Fig. 2.15 correspond with interaction locations in front of one of the 8 PMTs in the 
Dll  module. It is evident from the right picture in Fig. 2.15 that there are only few (Xi,Y^) bins for 
whichh the position of the forward TOF peak is so much different from the desired value of 120. The 
TOFF shifts correlated with the interaction position in the Dl detector can be undone using a module 
mapp (such as in Fig. 2.15) for each Dl module, containing the difference of the forward TOF peak 
withh respect to channel 120. 

2.6.33 Results of TOF corrections 

Alll  TOF corrections described in Section 2.6.2 were implemented in correction software designated 
TCFC0R,, which determines the corrected high-resolution TOF values. The improved TOF version in 
whichh the forward TOF peaks are aligned, is called TOFm. Optionally, the differences in path lengths 
betweenn the minitelescopes (p. 53) can be used to either align the backward TOF peaks (= T O F J V) 
orr to align both peaks simultaneously (= TOFy). These three TOF versions should only be used 
inn studies of the forward TOF peak and above, in studies of the backward TOF peak and below, 
andd between the peaks respectively. In Table 2.3, the resolutions of TOF'i, TOFn and TOFm data 
aree compared by means of the width of-a Gaussian fitted to the forward TOF peak for data subject 
too C < 0°. Evidently, the TOFni data is characterized by a narrower peak and therefore a higher 
resolutionn than the less accurate improvements of TOFo, especially at high energies. The general 
increasee of the widths with decreasing total energy deposit (corresponding to decreasing average 
energyy deposits in the Dl and D2 detectors) observed for all three types of TOF is caused by the 
decreasingg statistics due to the smaller number and the lower energies of the photoelectrons liberated 
inn the PMTs. The 1<7 width of the forward TOF peak is still larger than the timing resolution that can 
bee achieved for single PMTs, which is not unexpected due to the additional spread introduced by the 
reflectionss of the light in the modules and the different response times of the PMTs. Energy-dependent 
modelss for the timing as a function of the interaction locations in the Dl and D2 modules might yield 
slightlyy bet ter-resolved timing. 

**  Such an effect probably also occurs in D2 modules for interaction locations above PMTs. However, 
theree the vertical coordinates of the locations, which are unknown, probably play a major role and do 
notnot allow for simple (X2, V^-based corrections. 
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FigureFigure 2.15. This ügure shows the position of the forward TOF peak ([channelsj)as a function of the 

interactioninteraction location (X^Yj) in module Dl-7 (left picture) and the distribution of these peak positions 

forfor all Dl modules fright picture). Note that the TOF used for this analysis was corrected for all of 

thethe other dependences ofTOFo mentioned in Section 2.6.2. 

TOFi i 
TOF„ „ 
TOO F„i 

0.75-11 MeV 

6.44 4 
6.41 1 
6.08 8 

1-33 MeV 

5.49 9 
5.43 3 
4.94 4 

3-100 MeV 

4.64 4 
4.19 9 
3.67 7 

10-300 MeV 

4.19 9 
3.42 2 
2.77 7 

TableTable 2.3. This table gives the width (a) of the Gaussian fitted to the forward TOF\u peak for data 

fromfrom Obs. 1 subject to C < 0° (i.e., including the photons originating in the Earth's atmosphere in 

orderorder to enhance the contribution from celestial photons). 

Notee that even for T O Fm da ta the forward T OF peak may be centered up to 2 channels away 
fromm the desired position at channel 120. This behaviour is not understood. It may be due to the 
neglectt of a possible energy dependence of the sub-Dl-module correction, causing the peak position 
too be dependent on the average Dl energy spectrum. The displacements might also be caused by 
unknownn time dependences of one or more of the relations determined in Section 2.6.2 (the outgassing 
phasee at the start of the CGRO mission is one example of such a possible t ime-dependent influence 
onn TOFo). Finally, the use of a parabolic function to approximate the background underneath the 
Gaussiann forward T OF peak, the true shape of which is unknown, may possibly result in a shift of the 
fittedfitted Gaussian when the background changes from observation to observation. For the standard 115-
1300 T OF selection, an uncertainty of 2 channels in the position of the forward T O Fn peak corresponds 
too uncertainties in the flux correction factors for the standard Ej intervals that are less than ~ 12% 
(Boerr & van Dijk 1994). 
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Thee impact of the improved resolution of TOFm data on the imaging analysis ( SRCLIX; Sec-
tionn 3.4.3) was addressed by analysing the Crab in the four standard ET ranges using data from Obs. 1 
(vann Dijk 1994). In the lowest three Ej ranges, the standard 115-130 TOF selection was applied, 
whilee the narrower range 116.5-123.5 was used in the 10-30 MeV interval. The MLR values at the 
positionn of the Crab using TOFn/TOFm data were found to be 90/96, 326/351, 199/210 and 68/74 
respectively,, corresponding to increases in detection significances when using TOFni data of 0.3<r to 
0.7(7.. These differences are due both to the increased signal-to-noise, and to influences of the different 
instrumentall  backgrounds within the TOF selection on the background modelling. Obviously, a better 
impressionn of the relative impacts of these two effects on imaging analysis, and the possible dependence 
on,, e.g., the zenith angle of the source, could be obtained from an analysis of more observations of a 
strongg 7-ray source such as the Crab. Nevertheless, the limited amount of results given above indicate 
thatt it probably would be better to replace the TOFn data with the TOFm dafa when a reprocessing 
off  all data would be planned. Several observations have already been reprocessed for the background 
studiess discussed in Chapter 3, as well as for studies of the CDG background for which a high TOF 
resolutionn is even more important. The analysis in Chapters 4 and 6 was performed with the standard 
TOFnn data. 

2.77 Influence of PSD selections on the response 
Thee Pulse Shape Discriminator value (PSD, [channels]) determined on board is a measure for 

thee decay time of the scintillation pulse in the Dl detector. In general, the signal resulting from 
aa photon-electron scattering decays faster than that from a neutron-proton scattering, allowing for 
thee rejection of the neutron-induced events. However, the raw PSD is not suitable for this due to 
itss strong dependence on the Dl energy deposit E\. Therefore, the raw PSD is corrected during 
processingg (COMPASS program EVPRNN; Section 2.1.3) in such a way that photon-induced events 
peakk at channel ~ 80, independent of E\, while neutron-induced events end up typically around 
channell  <-- 115. Fig. 2.16 shows the distribution of the corrected PSD for one day of flight data. In 
orderr to enhance the neutron-induced component relatively to the photon-induced component, the 
firstfirst of which is stronger at higher E\ and is found at somewhat larger TOF values, a 5-20 MeV 
selectionn on E\ was applied and gamma-2 data were included (Section 2.1.2). 

Althoughh the photon component of the corrected PSD peaks just below channel ~ 80 independent 
off  Ei, the shape of this distribution does depend on Ei. This is depicted in Fig. 2.17, which shows 
PSDD distributions for calibration data as a function of E\, subject to a 110-130 TOF selection. At Dl 
energyy deposits above a few hundred keV, the PSD distribution becomes symmetrical with a roughly 
Gaussiann shape. However, towards lowT)l energy deposits, the PSD cannot accurately be determined 
andd its distribution becomes broad with a tail extending to higher PSD values. Since these calibration 
dataa are free of neutrons, which was checked by means of the TOF distribution and the Ej distribution 
att large PSDs, the changes observed in Fig. 2.17 are a genuine effect for photon-induced events. 

AA selection on PSD, like the standard selection of 0-110 (Section 2.4.1), rejects the events outside 
off  the selection range, and therefore also a certain fraction of the photon-induced events. Since the 
fractionfraction depends both on the PSD selection and on the E\ spectrum, the latter of which is a function of 
thee zenith angle and the spectrum of the source, this selection effect must be included in the response 
descriptionn (den Herder & van Dijk 1992; van Dijk 1992a). For this, the shape of the PSD distribution 
ass a function of E\ is required in analytical form. After various attempts, it was found that the PSD 
distributionn for photon-induced events could empirically be described at all Ei by the so-called PSD 
functionn FpsDi which is defined as 

^ P S D ( Z )== a3exp ~~(a~~(a44(x(x - ai)2 + a5(x - a^)) XX  T(x), (2.24] ] 
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FigureFigure 2.16. This figure shows the distribution of the corrected PSD for gamma-l+gamma-2 data 

fromfrom TJD 8395. The peak just below channel 80 consists of photon-induced events, while the neutron-

inducedinduced events are visible as an extended distribution above channel ~90, peaking around channel 

~115. ~115. 

withh T{x) the threshold function 

T(x)=T(x)= ( e x P [ - 2 ( x _ a i ) / a 2 ' iff  x < o i; 
iff  x > a i, 

xx the PSD in channels and the a, the ^ -dependent coefficients. The threshold function T(x) is the left 
flankk of a Gaussian centered on a-[ with width a = a2. Note that the remaining term in Eq. (2.24) is 
alsoo just a Gaussian. Because the fitting procedure diverges unconstrained when this lat ter Gaussian 
iss described in terms of the normal amplitude, mean and width, it has been made dependent on a\. 

Thee coefficients a{{E\) were determined from the 2 4Na, 5 4M n and 2 2Na data obtained during 
thee PSF calibrations at the Gesellschaft für Strahlenforschung (GSF) in Neuherberg, Germany. Al l 
da taa were summed and divided in 2 keV E\ bins for which PSD distributions were made. These 
distr ibutionss were subsequently fitted using the PSD function F P SD from Eq. (2.24). Examples of 
suchh fits are shown in Fig. 2.17. 

Forr inclusion in the response description, one needs to know the probability that the PSD for a 

photon-inducedd event, with an E\ energy deposit in the Dl detector, falls in the selected range of 

PSDD values [L,H].  Using the parameters a , ( £ i ), it is straightforward to calculate these acceptance 
probabilitiess P P SD from 

PPSD(EI,L,H)=PPSD(EI,L,H)= I FpsD(x\ai{Ei))dx/ I F pS D( * M £ i ) ) < t e - (2.25) 

Forr the standard PSD selection of [L,H]  = [0,110], the probability PPSD is ~ 0.6 at 50 keV and 

smoothlyy increases to a value of > 0.99 at E\ « 200 keV. When a narrow PSD selection of [L , II]  = 
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FigureFigure 2.17. This figure shows distributions of the corrected PSD for calibration data taken at GSF in 
Neuherberg,Neuherberg, Germany. The Ei range for each plot is 2 keV around the central energy given above 
thethe plots. Also shown are the fits to these distributions with the PSD function (see text). 

[70,90]]  is applied, these probabilities are reached at E\ energies of ~ 140 keV and ~ 550 keV respec-
tively. . 

Thee function PPSD(E\,L,H) has been incorporated in those parts of the RES and SIM software 
thatt generate the PSFs. Apart from subtly changing the shape of the PSFs, the implementation of 
PPSDD a ' s o affects the normalization. The latter is only ~ 3% for an-1-3 MeV PSF for an E~2 power law 
spectrum,, but may be as high as ~ 16% for an 0.75-1 MeV PSF for the much softer VVien spectrum 
withh kT = 60 keV. Because PPSD depends on E\ and therefore on the zenith angle 0 of sources, the 
PSFss also depend on 9. This is only a second-order effect, however, and it is usually neglected in 
standardd analyses for which PSFs are used that were generated for a zenith angle of 9 = 10°. More 
detailedd information on the determination of the shape of the PSD distribution as a function of E\ 
cann be found in van Dijk (1993a). 
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2.88 Liv e times 

Anyy experiment may lose potential events due to full buffers, busy electronics, or other causes. 
Thiss also holds for the COMPTEL data stream. The electronic circuitries of the module FEEs, the 
FCC,, the AEand the DE (Section 2.1.2) may not be ready to process the next pulse, and the maximum 
telemetryy rate is only 48 events per packet (2.048 s; p. 29). Known dead times vary from ~ 1.5 //s 
forr the module FEEs to 1.8 x 102 /is for the DE. Moreover, the interaction of a charged particle in 
onee of the veto domes may accidentally coincide with a scattering photon which, in the absence of 
aa signal from the anti-coincidence system, would have produced a valid event. To account for these 
signall  losses, a live time is calculated for each superpacket. The live time for COMPTEL data, defined 
ass the fraction of time during which a potential event can be accepted for onboard processing and 
transmission,, can be written as 

LLTlTl = / T ' X / °E X / A E X /v X / F I X fF2 * /DI-A X /D2-I (2-26) 

withh Li) the live time for gararaa-i data (i = 1,2; p. 29) for the minitelescope consisting of Dl-fc 
andd D2-/. The functions ƒ{}  are the live-time factors of the different components involved: f^f for 
thee telemetry, /DE and /AE for the DE and AE, f\ for random coincidences in the FCC with veto 
signals,, / FI and fp2 for random coincidences in the FCC with signals from the Dl and the D2 detector 
respectively,, and foi~k and fo2-l for the Dl- and D2 FEEs. 

Muchh of the information needed to calculate the ƒ{) in Eq. (2.26) is contained in the HKD data 
sets.. These data sets contain the housekeeping data of COMPTEL, like rates and high voltages, 
withh a time resolution of 1 superpacket. Some of these rates are determined from a 16.384 seconds 
integration,, others are sampled during one packet (= l/8th of a superpacket = 2.048 seconds). Of 
thee HKD parameters required, we can distinguish 4 types: 

 roll-over scalers, continuously counting pulses cyclically from 0 to 65536. Examples of this type are 
ALLEV11 and PR0EV1 which count the number of events input to- and processed by the AE respectively. 
Thee units in the HKD data set are [counts/16.384 s], 

 software counters, continuously counting pulses with a reset to 0 every superpacket. Examples of 
thiss type are GAMjCNT (j = 0,3) and CALjCNT (j = 1,5) which count the number of events in thegamma-
0,, gamma-1, gamma-2 and gamma-3 classes respectively (assigned by the DE; sec Section 2.1.2). The 
unitss in the HKD data set are [counts/s]. 

 sample counters, counting pulses for a period of 2.048 seconds each superpacket. Examples of this 
typee are SCDlj (j =1 ,7) and SCD2J (j — 1,14) which denote the module rates. The units in the HKD 
dataa set are [counts/s]. 

 dead-time meters, also counting for 2.048 seconds each superpacket. However, instead of counting 
eventt pulses like the previous three types, dead-time meters count the number of clock pulses that 
occurr during the dead time resulting from the presence of a certain other signal (i.e., an event is 
rejectedd when that signal is present). Examples of this type are SCVCDM, which measures the dead 
timee resulting from random coincidences of events with a signal from the anti-coincidence system, and 
SCD1CDMM and SCD2C0H, which measure the dead time resulting from random coincidences of events 
withh arbitrary interactions in the Dl and the D2 detector. The units in the HKD data set are [clock 
pulses/2.0488 s]. 
Too determine the telemetry factor f£, we also need to know the number of gam ma- i events actually 
receivedd on ground. This information is not contained in the HKD data sets, but can be obtained by 
countingg the number of events in each superpacket in the gamma-i EVP data sets. 

Usingg the HKD parameters described above, the fractional live-time factors from Eq. (2.26) can be 



62 62 CHAPTERCHAPTER 2. COMPTEL: THE IMAGING COMPTON TELESCOPE 

writtenn as: 

ITIT -GAHiCNT T 
3 3 

/DEE = ( ^ GAMjCNT + ] P CALjCNT j * 7 S P / A P R 0 E V1 

__ APR0EV1 
/ A EE ~ AALLEV1 

^^ SCVCOM 
/ VV " * ~ 2.048 XRC

 ( 2 ' 2 7) 

SCD1C0H H 
^Fll ~ ~ 2.048 x Rc 

SCD2CGM M 
/ F 22 " 2.048 X Rc 

fDi-kfDi-k - 1 - SCDli x nji.fc, fc = 1, 7 

/D2-JJ = l -SCD2Jxm2. ,, f = 1,14 

withh C7, the number of events in the superpacket in the gamma-t EVP data set, T$p = 16.384 the 
numberr of seconds in a superpacket, Rc = 312500 Hz the clock rate for the dead-time meters and 
Tunn and rt>2-( the dead times of the module FEEs (typically 1.3 - 1.9 fj,s). The A in front of ALLEV1 
andd PR0EV1 denotes the increment of these roll-over scalers during the superpacket. 

Wee can distinguish several ways of calculating the live-time factors in Eq. (2.27), depending on 
thee available information. When both the number of pulses input to a certain component and the 
numberr of pulses output (processed) by that component are known, the live time is simply the ratio 
off  the two. This is the case for the telemetry (/J?), the DE ( /DE) and the AE (/AE)- When only 
thee rate of processed pulses is available, but the dead time of the component per pulse is known from 
calibrationn measurements, the live-time factor follows from simple formulae depending on whether 
thee response is paralysable or non-paralysable (see, e.g., Knoll 1979, Section 3-VII) , assuming Poisson 
statisticss for the arrival time of the pulses. This is the case for the module FEEs (/DI-*,/D2-i) f for 
whichh the response is approximately non-paralysable (i.e., a photon arriving during the dead time 
forr a previously arrived photon does not increase that dead time but is completely ignored). Finally, 
whenn there is only a dead-time meter available for a component, the live-time factor can be obtained 
fromm the ratio of the number of clock pulses measured during dead time and the known rate of these 
clockk pulses ( / F I , /F2 and fy\ see also Section 2.8.1). We note that the formulae given in Eq. (2.27) 
aree valid at all rates when supplied with the correct input. However, this condition may not always 
bee fulfilled at very high rates due to electronic effects. 

Duee to an error in the live-time algorithm of the standard processing, the live-time calculation 
describedd here was implemented in the separate COMPASS program ENGSHD (van Dijk 1992b). An 
examplee of the live times for gamma-1 and gamma-2 data calculated with this program is shown 
inn Fig. 2.18. The large difference in the average live times for the two types of data is due to the 
limitedd telemetry buffer size in combination with the higher priority for gamma-1 data. As a result, 
alll  gamma-1 events are generally telemetered while a large fraction of the gamma-2 events is lost due 
too the fillin g of the buffer. The slow oscillations observed in both pictures are due to rigidity and 
elevationn angle, while the two peaks in the gamma-2 live-time plot are caused by temporal changes of 
instrumentall  settings. 

Forr most gamma-1 data, except for data gathered during solar flares and 7-ray bursts, the live 
timee varies roughly between 0.94 and 0.98 with an average of ~ 0.965. Because these values are close 
too 1, the variations in live time are generally neglected during analysis. The difference in live time 
betweenn minitelescopes (caused by differences in fui-k a n (l /öi-fc) is al so negligible (Weidenspointner 
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FigureFigure 2.18. This figure shows the live time (or gamma.-1 data and gamma-2 data for the minitelescope 
combinationcombination Dl-1 and D2-1 for the arbitrary T.JD 8482. Note the different scaling on the Y-axis. 

1995).. It is therefore sufficient to apply an a posteriori correction of 3% to any fluxes and counts 
derived. . 

Duringg solar flares the dead time may be as large as ~ 99%, mostly due to very high veto dome 
ratess (Section 2.8.2). The dead time during 7-ray bursts is generally dominated by telemetry losses 
andd requires a sub-superpacket analysis (Section 2.8.2). In both these cases, the live-time corrections 
havee to be applied on a (sub-)superpacket basis. 

2.8.11 A note on the veto dead-t ime meter 

Thee veto dead-t ime meter /v counts the number of clock pulses that overlap with veto pulses, 
andd is used to determine the dead time due to random coincidences of 'normal' events with signals 
fromm the anti-coincidence system. With r the (unknown) rate and Atp the length of veto pulses, the 
fractionn of t ime that no veto signal is present is equal to / n ov = e x p ( - r A /p ) (paralysable model; see 
p.. 96 in Knoll 1979). For an infinitely narrow clock pulse, i t is easy to derive that this is equal to the 
fractionn fy in Eq. (2.27). In reality, however, the clock pulse has a finite length of 50 ns. Due to a 
requiredd minimum overlap of the clock pulse with the veto signals, the time during which a veto signal 
mayy actually be added to the veto dead-time meter is Atp + Atc, with Atc « 40 ns (B.N. Swanenburg, 
privatee communicat ion). This means that fnov is not given by / v . but by 

tt _ f A(p/(A( p+A( c) 
./novv — J\' 
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FigureFigure 2.19. This figure shows the light curve for telescope mode events during the first spike of 

GRB910503. GRB910503. 

Att first sight, this would suggest that the use of / v overestimates the live time due to random co-
incidencess with veto signals. However, a veto signal can cause an event to be rejected during the 
completecomplete coincidence time window of 40 ns (see p. 51), i.e., during a time interval of Atp + 40 ns. In 
otherr words, because the time during which a veto signal may be counted by the dead-t ime meter was 
chosenn to be equal to the time during which a veto signal may reject an event (both Atp + 40 ns), the 
deadd t ime given by /v in Eq. (2.27) is correct. 

2.8.22 Liv e t imes durin g solar  flares and 7-ray bursts 

Duringg some parts of solar flares, the flux of hard X-ray photons can become extremely large. 
Whenn this is the case, the many interactions in the veto domes may result in a nearly continuous 
signall  from the anti-coincidence system, causing nearly all valid events to be rejected by the FCC 
(see,, e.g., Ryan et al. 1993). It is unclear whether Eq. (2.27) can still be applied in such instances. 

7-rayy bursts are characterized by large flux variations that occur on time scales which may even 
bee smaller than one second. On the other hand, the information used in Eq. (2.27) is accumulated 
duringg 2.048 or 16.348 seconds intervals. Although this time resolution is usually sufficiënt, even for 
solarr flares which are relatively long-lived events, we cannot straightforwardly apply Eq. (2.27) to 
7-rayy bursts. A sub-superpacket analysis of each of the live-time factors of Eq. (2.27) is required in 
suchh instances (see, e.g., van Dijk 1992c). 

Abovee all, the most important factor to consider is the telemetry factor f^'. Even for moderate 
bursts,, the buffer may fil l up quickly resulting in a 100% dead time until the next readout. This 
behaviourr is nicely seen just after the large peaks at ~ 3 s, ~ 3.6 s and ~ 5.7 s in Fig. 2.19, which 
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showss a typical telescope light curve for a 7-ray burst. Depending on the relative positions of the 
burstt components with respect to the packet- and superpacket boundaries, it is often possible to 
derivee average telemetry live-time factors. This requires knowledge of the precise start- and end times 
off  the burst components (which are available from, e.g., the COMPTEL burst modules D2-7 and 
D2-14),, of the average number of garama-i events just before the burst, and of C ,̂-. 

Thee next important live-time factors during 7-ray bursts are that of the AE and DE. The average 
livee time during the burst for these components can be found from the excess number of counts in the 
relevantt superpacket for the roll-over scalers and software counters involved, compared to the average 
valuess for, e.g., the 10 previous superpackets. 

Iff  the burst was strong enough to significantly influence the module- or veto rates, we also need 
t nn ^ c t . m - i + o t k n l i i r o t i m n f-./-t r t i -c f,- A-.. f ^ „ f^. , (£• — 1 7*, nnH f r ^ , () — 1 1 d\ T M c T>art n f t h e 

analysiss is complicated due to fact that the relevant counters have been sampled for 2.048 seconds 
somewheree during the superpacket. The SCD1C0H and SCD2CDH needed for /pi and fp2 are therefore 
oftenn not available. Fortunately, during seven out of each eight packets of 2.048 s (p. 29), the rate of 
aa Dl module and of at least one D2 module is measured. This allows for an estimate of these rates in 
thee other modules and also for the composite SCD1C0M and SCD2C0M. In a similar way, SCVCOM (needed 
forr /v) may be estimated from the individual veto-dome rate meters if the sampling of SCVCOM did 
nott coincide with the burst. 
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3.11 Introductio n 
Exposedd to a continuous bombardement with high-energy cosmic-ray nuclei, the atmosphere forms 

ann invaluable protective layer between the Earth's surface and the harsh environment that exists in 
space.. The cosmic-ray particles interact catastrophically with the air molecules, thereby creating many 
secondaryy particles and photons of lower energies. Apart from being protective, the atmosphere is 
alsoo a barrier which prevents low- and medium-energy 7-ray photons from many interesting celestial 
objectss to reach Earth-bound telescopes. At an orbiting alt i tude of ~ 450 km, CGRO has largely 
escapedd the absorbing part of the atmosphere and has a clear view of the 7-ray skies. However, the 
spacecraftt is now continuously bombarded by various types of high-energy cosmic-rays and particles 
createdd in the upper atmospheric layers, resulting in, e.g., neutron and proton captures, spallations 
andd nuclear excitations. Each of these processes may create, at some stage or another, one or more 
7-rayy photons, which may subsequently interact in the Dl and D2 detectors to produce valid events. 
Wee can discern four basic types of sources of such unwanted events: cosmic-ray particles interacting 
directlyy with the spacecraft, neutrons produced in the Earth 's atmosphere, 7-ray photons produced 
inn the Ear th 's atmosphere and the protons trapped in the Earth 's radiation belts. 

Thee cosmic-ray particles (Section 3.1.1) that have enough energy to reach the alt i tude of CGRO 
inn its orbit above the Earth 's equator consist mainly of high-energy protons with energies larger than 
~~ 1 GeV. The actual low-energy cutoff is usually expressed in terms of the vertical cutoff rigidity* 
Ü,, which varies around the orbit from 4 GV to 14 GV. Geomagnetically t rapped protons, which have 
typicallyy much lower energies, are encountered on average ~ 6 - 8 times a day when passing through 
thee South Atlantic Anomaly (SAA). In this region, located above the Ear th roughly at longitude and 
lat i tudee (—38°,-35°), the magnetic field lines approach the surface of the Earth much closer than 
inn the rest of the orbit, leading to high particle fluxes and to large amounts of temporarily induced 
radioactivityy in the spacecraft. 

Too first order, the rates of COMPTEL events (Figs. 3.1c and 3.Id) are observed to depend on just 
twoo parameters. One is the angle between the pointing direction and the Ear th 's center, denoted by 
GCELL (Fig. 3.1a). The dependency of the event rates on GCEL results primarily from the varying 
ratee of double-scattering atmospheric photons and from the shielding by the spacecraft of atmospheric 
neutronss (Section 3.1.2). The other main parameter is the vertical cutoff rigidity (Fig. 3.1b), which 
modulatess the flux of the low-energy cosmic-ray particles. As a result of these dependences, the rate 
off  the gamma-1 da ta (p. 29) typically varies by a factor of 4 from ~ 5 s- 1 to ~ 20 s- 1 (Fig. 3.1). 
Thee largest fraction of these variations is due to the varying rigidity (see Figs. 3.1e to 3.1h). For the 
gamma-22 data, the fractional variability is only a factor of 2, with typical event rates of ~ 40 s- 1 

too ^ 80 s"1. For comparison, the total Dl and D2 detector trigger rates (without the coincidence 
requirementrequirement and prior to the rejection of charged particles) are of the order of 1.8 X 104 s- 1 . The 
increasee and subsequent decrease in instrumental radioactivity when passing through the SAA, during 
whichh C O M P T EL is switched off for ~ 24 minutes, is clearly visible after the gaps towards the end of 
thee day. 

Off  course, the assumption of the rates being dependent on just GCEL and the rigidity is correct 
too first order only. A detailed analysis with a neural network, based on the orientation of COMPTEL 
andd its projected location on Ear th, has shown that the gamma-1 rates can accurately be predicted 
ass a function of 6 free parameters (M. Varendorff 1994, internal COMPTEL communication). On 
thee other hand, there are also strong indications for long-term time variability of the spectrum of the 
instrumentall  background, probably related to the reboost of CGRO to a higher orbit (Morris 1996a). 

**  The rigidity of charged particles is defined as R = pc/ze, with p the momentum of the particle, c 
thee speed of light, z the electric charge and e the elementary charge (see, e.g., Longair 1992, p. 301). 
Particless cannot reach locations where the local cutoff rigidity is higher than the particle's rigidity. 
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Figuree 3.1. This figure shows GCEL (a), the vertical cutoff rigidity R (b) and the rates ofgamma-1 (c) 
andand gamma-2 (d) events as a function of time for TJD 8540. In plots (e)-(f) and (g)-(h), the event rates 
areare plotted against GCEL (subject to 11.5 < R < 12.5) and rigidity (subject to 140° < GCEL < 160°) 
respectively,respectively, using data from TJDs 8978-8999. The event rates are the GAMlCNT and GAM2CNT 
parametersparameters from the HKD data set (see Section 2.8). From TJD = 8540.70 to 8540.77, the instrument 
waswas operated in a different configuration. 
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EGRETT COMPTEL OSSE 

FigureFigure 3.2. This figure shows a schematic overview of CGRO (excluding BATSE for simplicity), 
depictingdepicting the main channels for the creation of events from instrumental background photons. The 
filledfilled circles denote the places of origin of the photons, the shaded regions are the COMPTEL Dl and 
D2D2 detectors. See the text for further information. 

Events,, i.e., coincident, energy deposits in the two detectors within the coincidence t ime window 
off  40 ns, can be created in different ways from the large number of particles and photons traversing 
C O M P T E L.. Many of the events involving prompt 7-ray emission due to interacting charged particles 
aree rejected at an early stage on board due to energy deposits in the veto domes (p. 26). Neutrons 
thatt scatter on protons within the Dl scintillator can be rejected during processing on the basis of the 
pulsee shape of the Dl signal (PSD; p. 27). The three contributors to the instrumental background are 
thus:: 1) the prompt and delayed 7-ray emission following neutron interactions anywhere in CGRO 
(exceptt when the emission involves neutron-proton scattering in the Dl scintil lator), 2) the prompt 
andd delayed 7-ray emission following proton interactions outside of COMPTEL, and 3) the delayed 
7-rayy emission due to proton interactions within COMPTEL (see also Schönfelder 1983). In this 
respect,, delay times of ~ 200 ns are enough to avoid an overlap with the vetoing signals from the 
anti-coincidencee domes. 

Fig.. 3.2 depicts the main channels for the creation of background events. We wil l briefly discuss 
heree the possible production mechanisms, the techniques that can be used to suppress such events, 
andd specific spectral and temporal characteristics that can help the identification. 
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 A and B: events caused by the double-scattering (Dl—*D2 or vice versa) of a single photon. 
Anyy photon created in CGRO may produce this type of events (provided that there is no coincident 
energyy deposit in the veto domes). For many of the photons that arrive from below the Dl detector 
planee (such as event B), the energy left after the scattering in the Dl detector is too low to produce a 
signall  above the energy threshold in the D2 detector. A typical example of this is the rejection of the 
1.466 MeV photons from the natural decay of  4DK contained in the glass ceramic of EGRET, thereby 
excludingg a contribution from this source to the 1.46 MeV line observed in ET spectra (Section 3.2.2). 
Eventss for which the D2 energy deposit does reach the energy threshold, the majority will be rejected 
byy the standard selection on <j>  (Section 2.4.1; note that photons scattering from the D2 to the Dl 
detectorr are rejected by the standard TOF selection). The contribution of double-scattering single 
photonss to the instrumental background is thus dominated by photons originating from the mass in 
andd near the Dl detector plane (like photon A) , where the elements 1H, 12C and 27A1 are the major 
constituentss within COMPTEL. Although most processes will result in continuum Ej spectra, the 
prominentt spectral lines at 1.46 MeV and 2.224 MeV (Fig. 3.3a) are noticeable fingerprints of type 
AA events. The processes responsible for these 7-ray line photons are thermal-neutron capture by XH 
(seee Section 3.2.3) and the natural decay of  40K (see Section 3.2.2). 

 C: events caused by two photons that are both spatially and temporally correlated. The most 
obviouss example of a process leading to this type of events is the cascade of photons emitted by a 
nucleuss that has been excited above the first nuclear level. In this respect, neutron-induced events 
nearr the Dl modules (e.g., in the module housings) are particularly important, since these are not 
vetoedd by the anti-coincidence system and acquire a TOF similar to double-scattering photons (see 
below).. More complicated high-energy reactions that lead to the liberation of (spatially-confined) 
multiplee photons, involving, for example, the break-up of the nucleus, fall into this category as well. 
Whenn exactly one Dl module and one D2 module are triggered by 2 (or more) of the photons, a valid 
eventt is produced. Type C photons are typically ejected near-simultaneously and the TOF of the 
inducedd events is thus a measure for the distances of the nuclei to the Dl and D2 detectors (e.g., event 
CC in Fig. 3.2 will be found near TOF channel 120). In other words, the distribution in TOF of a 
(spectral)) characteristic of a certain element traces the distribution of that element throughout CGRO 
(seee Fig. 3.6 where this is shown for the most abundant element: 27A1). As argued in Section 3.3.3, 
typee C (and E) events appear to dominate the events between the forward and backward TOF peaks 
andd those in the continuum TOF distribution below the former peak. Note that type C events may 
alsoo be caused by high-energy neutrons that liberate a 7-ray photon outside of the Dl scintillator, and 
whichh subsequently continue their paths at a velocity close to the speed of light to interact in the D2 
detector. . 

Inn general, the multitude of nuclear excitation levels will result in a contmuum-hke ET distribution 
forr type C events. When we consider photon pairs of specific energies, however, the £1, £2 and ET 
distributionss all three contain a (broad) line-like feature. This can be understood as follows. The 
EE22 distribution for photons interacting in the D2 detector was shown to peak at the input photon 
energyy (Section 2,5). For low-energy photons incident on the Dl detector, the energy distribution 
EiEi is approximately given by the probability distribution for single Compton scatterings (Eq. (2.20)) 
whichh has a maximum at the Compton-edge energy Ec (Eq. (2.21)). So, if photons of energies E\ and 
E"iE"i  interact in the Dl and D2 detectors respectively, the ET distribution will peak at an energy of 
EEcc(Eh(Eh + Eh Similarly, for the other combination, the broad line-like ET feature will be found at an 
energyy of EC(E%) + E\. Since £7 - EC(E^) varies only between ~ 0.2 - 0.25 for Ey above 1 MeV, the 
spectrall  ET features for both combinations of interactions will generally blend into a single broad one. 
Thee COMPTEL data show evidence for such photon pairs at ET ~ 1-46 MeV (see Section 3.2.2.1) 
andd at ET « 3.9 MeV. The latter results from the 1.37 MeV and 2.75 MeV photons emitted following 
thee /3~-decay of  24Na, which is easily produced from 27A1 (see Section 3.2.4). 

 D: events caused by two photons that are both spatially and temporally uncorrected (the so-
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calledcalled random coincidences). The large flux of 7-ray photons around the Dl and D2 detectors will 
occasionallyy result in coincident interactions of two photons that are not correlated in any way. Due to 
thee lack of a correlation in time, such events are homogeneously distributed in TOF. In Section 3.3.2 
thee rate predicted for random coincidences is compared with that observed at large and small TOFs 
wheree the influence of the other types of events is minimal. 

 E; events caused by two photons that are temporally correlated, but spatially uncorrected. High-
energyy cosmic-ray particles and atmospheric neutrons traversing CGRO may interact at several dif-
ferentt locations along their paths. Such chains of interactions lead to the time-correlated emission of 
7-rayy photons from different parts of CGRO, which subsequently may interact in the Dl and D2 detec-
tors.. This type of events is similar to those of type C (see the discussion above for details concerning 
energyy spectra etc.), the main difference being that the TOF now depends on both the distances of the 
(two)) nuclei and the velocity of the particle that induces the emissions. As an example, the TOF for 
twoo photons liberated at the opposite far edges of CGRO (assumed distance 6.0 m) after interactions 
off  a proton with a kinetic energy of 1.0 GeV (v « 0.866c) will be found near channel ~ 175 (first 
photonn interacts in Dl , second in D2) or near channel ~ 10 (vice versa). 

Thee above overview of basic processes presents only a simplified picture of the instrumental back-
groundd in COMPTEL. For example, neutron interactions in the D2 detector cannot be rejected on the 
basiss of pulse shape (which is only determined in the Dl detector) and may thus play a more important 
rolee than given above. There is probably a non-negligible contribution from ionization losses of j3~ 
andd (3+ particles liberated in nuclear de-excitation processes as well. Nevertheless, most of the types 
off  reactions not mentioned here will have event signatures similar to the event types discussed. 

Inn Sections 3.1.1 and 3.1.2 we will briefly summarize the characteristics of the cosmic rays and 
off  the atmospheric neutrons, which form the bulk of the radiation environment around CGRO. In 
Sectionn 3.2 an overview is given of the spectral features encountered in COMPTEL data. Section 3.3 
describess the current understanding of the instrumental background in the different TOF regions. 
Theree it is argued that events of type C and E dominate the TOF continuum (p. 84) and a recipe for 
constructingg a data-space model for this component is presented. Section 3.4 describes the data-space 
backgroundd model actually used for the analysis presented in Chapters 4, 5 and 6 of this Thesis. 

3.1.11 Cosmic rays 
Cosmicc rays have been studied extensively after their existence was inferred from the variation 

off  ionization with altitude (Hess 1912). In the beginning, the interest in cosmic rays was primarily 
directedd towards its basic composition and was closely linked with the search for new elementary 
particles.. When in the beginning of the fifties the first high-energy particle accelerators were built, 
thee interest shifted more towards their origin and propagation. The present knowledge on these 
subjectss is complex and beyond the scope of this Thesis. A recent review of this material can be 
found,, e.g., in Wefel (1991). Here we concentrate on the composition, fluxes and spectra of the cosmic 
rays,, properties which are more relevant for the induced background events in COMPTEL. 

Thee majority (~ 85%) of the cosmic-ray particles arriving at Earth have been shown to be high-
energyy protons up to '- 103 GeV, an energy beyond which elemental identification becomes difficult. 
Abovee energies of ~ 10 GeV, the proton intensity is well described by 

1(E)1(E) as 1.5 x E~27 protons cnT2 sr"1 s_1 GeV"1, (3.1) 

withh E the kinetic energy in [GeV] (from Fig. 9.1 in Longair 1992). Deviations from this shape occur 
aroundd several GeV, below which propagation effects of the particles through the solar wind start to 
becomee important (the so-called solar modulation). The cosmic-ray high-energy electrons exhibit a 
softerr spectrum (oc E~33). Since their flux is at most a few percent of that of the protons, they are 
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neglectedd in this Section (but, see also Section 3.3.3.1). The remaining ~ 13% of the cosmic rays 
consistss of a large variety of heavier elements and isotopes, of which 4He is by far the dominating 
species.. Above several GeV, they are spectrally distributed as power laws as well, with the spectral 
indexx in the range 2.5 — 2.7 (Longair 1992). To estimate the flux of particles incident on CGRO 
att a certain cutoff rigidity, it is therefore sufficient to use only Eq. (3.1) (the contribution from the 
otherr nuclei for rigidities in the range 4-14 GV is less than 5% due to corresponding higher cutoffs in 
energy). . 

Thee interactions of high-energy protons traversing nuclear matter vary from grazing encounters 
inn which just one nucleon is stripped off, to head-on collisions that may result in a simple excitation, 
emissionn of energetic secondary particles or even the break-up of the nucleus. The photons produced 
inn Liieüe iiileratliuii s may nmuce events, JJIOVHJ^U tuut ttiêy arë iïüi cojïïCiuéiïi wiiii  aiï energy ueposu 
j'nn the veto domes. Only those events which involve both prompt 7-ray emission and the interaction 
off  a charged particle in one of the veto domes are thus rejected at an early stage on board. 

Att the high proton energies concerned, the total cross section for all the possible interactions of 
protonss with nuclei can be approximated by the simple formula av s; Trr2, with 

rnn ss 1.2 X 1(T13A 1/3 cm 

thee radius of the nucleus (Longair 1992, p. 131) and A the atomic mass number. Since this cross 
sectionn does not depend on the energy of the proton, the integration of Eq. (3.1) over energy should 
bee a measure for the flux of particles at a certain cutoff rigidity that may interact, with similar 
probabilities,, somewhere in CGRO. With this simple approach, we find ~ 0.12 protons cm"2 sr- 1 

s- 11 and ~ 0.01 protons cm- 2 sr- 1 s"1 for R = 4 GV and R = 14 GV respectively, i.e., a ratio of 
~~ 12. However, both the solar modulation, which is non-negligible at the lower rigidities, and the 
factt that R is only a measure for the vertical cutoff rigidity, invalidate such a simple approach. A 
betterr value for the ratio would probably be the factor ~ 4.5 observed for the atmospheric neutron 
fluxesfluxes at these rigidities (Section 3.1.2), provided that the latter are to first order proportional to the 
cosmic-rayy fluxes. The rates of cosmic-ray particles incident on CGRO, obtained from the quoted 
fluxesfluxes above by integrating over 2TT and adopting an estimate of the total surface area of 106 cm2 

(fromm a 6.5 x 3.5 X 2.9 m3 box), become 7.5 x 10s s"1 (R = 4 GV) and 6.3 X 104 s"1 (R = 14 GV). 
Thee mean free path for the high-energy protons in nuclear matter, expressed as / = Arnvj(Jv g cm"2, 
variess only as A1/3 and is relatively independent of the elemental composition with an average of 
77 « 100 g cm- 2. Such a surface density is easily met in many directions through the structure of the 
spacecraftt but is typically beyond that encountered for lines of sight through COMPTEL itself. An 
accuratee prediction of the number of cosmic-ray interactions expected can only be achieved using a 
masss model for CGRO and a numerical code which includes the cross sections for all the relevant 
processes.. In Section 3.3.3.1, this issue is approached from the other side by calculating what the 
requiredd convolution of the path-length distributions and the efficiencies must be in order to obtain 
thee observed rate of suspected type C and E events. 

3.1.22 Neutrons 
Thee other important component in the radiation environment around COMPTEL are the neutrons 

whichh are produced in the interactions of cosmic-ray high-energy protons and nuclei with the Earth's 
atmospheree and the spacecraft. Although neutrons scattering on protons in the Dl scintillator can 
bee rejected on the basis of their PSD (p. 27), there are several ways in which neutrons can create 
eventss that involve the interaction of a photon in the Dl detector (Schönfelder 1983). Balloon-
bornn measurements of the so-called atmospheric albedo neutrons at a typical height of ~ 35 km 
(Kanbach,, Reppin & Schönfelder 1974; Preszier, Moon & White 1976; Ait-Ouamer, Zych & White 
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1988)) revealed a spectrum for the upward-moving neutrons consistent with a broken power law (break 
energyy ~ 70 MeV), with a flux that supports the hypothesis that atmospheric albedo neutrons are the 
sourcee for the high-energy protons trapped in the inner radiation belt (the so-called CRAND theory). 

COMPTELL was operated on two occasions in a special mode that allowed for measurements of 
thee neutron flux at the orbiting altitude of ~ 450 km. The COMPTEL rates were found to depend 
linearlyy on the geocentric elevation angle GCEL [°] (p. 68) and exponentially on the rigidity R [GV] 
(p.. 68) as 

F (GCEL, f l )oc ( l -2 .55xx 10~3GCEL)exp(-0.152/ü) counts s_1 (3.2) 

(Morriss et al. 1995), i.e., varying by factors of ~ 1.8 and ~ 4.6 as a function of GCEL (0° - 180°) 
andd R (4 GV — 14 GV) respectively. Surprisingly, the inferred fluxes were found to be consistent 
withh the expected atmospheric neutron flux at these altitudes. In other words,, the contribution from 
neutronss produced in the spacecraft itself seems to be negligible (Morris et al. 1995). Although there 
aree various uncertainties underlying this conclusion, these results are substantiated by preliminary 
Montee Carlo simulations o.f high-energy protons interacting in CGRO (Morris 1996b). The absolute 
fluxflux levels of the atmospheric neutrons depend on the solar modulation of the cosmic rays and, more 
critically,, on the assumed neutron spectrum and are typically ( l - 5 ) x 10~3 neutrons cm- 2 s- 1 MeV-1 

att En = 10 MeV (for GCEL = 0°, R = 12 GV). 

Thee neutron flux measured with COMPTEL has also been used to estimate the in-orbit rates 
off  neutron-induced background events that cannot be rejected on the basis of their TOF or PSD, 
thee prime rejection mechanisms for such events. The effective area for neutron-induced events was 
adoptedd from the science model of COMPTEL (SM3), which was calibrated using mono-energetic 
neutronn beams from 20 MeV to 200 MeV (Morris 1987,1992). Although there are various uncertainties 
involved,, the results indicate that the expected event rates for this type of background may be similar 
too those expected for the cosmic-diffuse 7-ray background (Morris 1996b). 

3.22 The background in energy space 

3.2.11 A n overv iew 

Mostt of the instrumental background events in COMPTEL are induced by particles and photons 
whosee spectral distributions are either continuous or which consist of many 7-ray lines that mimic 
suchh a continuum. However, there are a few processes that lead to distinguishable (narrow) spectral 
fingerprints.. In Fig. 3.3, a compilation of the most important of these background spectral lines is 
presented.. Note that these data are subject to the standard 115-130 TOF selection (see Fig. 3.7), i.e., 
fromm the region around the peak at TOF channel 120. 

Thee top picture shows the lines at 1.46 MeV and 2.224 MeV which are always prominently 
presentt in ET distributions. Although these lines are of roughly equal strengths, their origins are 
quitee different: the 1.46 MeV line results from the natural decay of  40K contained in COMPTEL (see 
Sectionn 3.2.2) while the 2.224 MeV line is mostly due to photons that are liberated in the thermal 
neutronn captures by the hydrogen atoms of the Dl scintillator (Section 3.2.3). The middle picture 
inn Fig. 3.3 shows a Ej distribution with a 7-ray line at 4.44 MeV superimposed on the continuum. 
Possiblee origins of the 4.44 MeV photons are an instrumental background process involving neutron 
scatteringg by 12C, and cosmic-ray processes in the Earth's atmosphere (see Section 3.2.5). The dis-
tributionss of the energy deposits in the Dl and D2 detectors show evidence for 7-ray lines as well. 
Insteadd of resulting from a single scattering photon, however, such line features arise from the separate 
interactionss of two photons in the Dl and D2 detectors. The bottom pictures in Fig. 3.3 show £2 

distributionss containing the most prominent lines that are observed in such spectra: the 1.37 MeV 
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FigureFigure 3.3. This figure shows the main background lines that are encountered in COMPTEL spectra, 
usingusing data from Obs. 11. The thick solid lines are hts with an exponential and a Gaussian; the width 
aa ([MeV]) and the position n ([MeV]) of the Gaussians are given in the plots. The event selections 
appliedapplied are similar to those listed in Section 2.4.1. (a): the 1.46 MeV and 2.224 MeV lines in Ej 
distributions,distributions, fitted simultaneously. Deviating selections: GCEL > 12CP, (p > 30° and no selections 
onon Ei and E?. (b ): the 4.44 MeV line in Ej distributions. Deviating selection: GCEL < .90°. (c): 
thethe 1.37 MeV line in E2 distributions. Deviating selections: 38° < (p < 43°. (d): the 2.75 MeV line in 
E2E2 distributions. Deviating selections: 16° < (p < 20°. 
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andd 2.75 MeV lines from the de-excitation of  2 4Na (type C events; see Section 3.2.4). Note that the 
strongg increase towards low energies in Fig. 3.3c is due to forward scattering 2.224 MeV photons, for 
whichh Ei » 1.13 MeV and E2 « 1.09 MeV in the (p range used (38° - 43°). 

Al ll  of the strong lines visible in Fig. 3.3 have (to some extent) been identified with certain processes 
and /orr par ts of COMPTEL. In the sections below, we wil l review some of the known properties of 
thesee lines. 

3.2.22 Th e 1.46 M eV lin e in ET d i s t r i bu t i ons 

Thiss background fine has been quite a mystery in the early years of the mission and before. 
Alreadyy dominantly present in some of the calibration data, the line was tentatively identified with 
electronn capture (EC) by 40K contained in the concrete buildings where the calibrations took place. 
Whenn the line remained visible after launch, it became clear there had to be other origins as well. 
Ann important clue to the solution of the mystery was the line rate in orbit, which appeared to be 
independentt of pointing and thus suggestive of an instrumental origin. One of the possible sources 
thatt was taken into consideration was EGRET (Section 2.1), which contains roughly 20 kilograms of 
potassiumm in its spark chambers. However, in order to reach the D2 detector, the photons originating 
inn these spark chambers must scatter through geometrical angles (ipg; Section 2.1.1) that are larger 
thann 60°. Not only are these photons rejected by the standard selections on (p (Section 2.4.1), the 
energyy of the photons after the scattering in the Dl detector ( ^ 0.6 MeV) is lower than the standard 
selectionn on £2 as well. 

Althoughh the precise origin of the 1.46 MeV photons was unknown for so long, there was not much 
doubtt about the decay process involved. Within the instrumental uncertainties, the only (well-known) 
processs that could possibly create a spectral line around 1.46 MeV was electron capture by 4 0K . The 
relevantt part of the decay scheme for 40K can be visualized as follows: 

4 0 K K 

.46088 MeV ' 3 ' 3 ' 

uAr r 

Thee 4 0A r is produced in the 2 "̂ level and rapidly decays {t\ii  — 1.1 ps) to the ground state. Other 
possiblee decay mechanisms for 4 0K are /3~- (89.33%) and /?+-decay (0.00103%), leading to the ground 
statess of the stable elements 4 0Ca and 4 0A r respectively, and EC (0.2%) also leading directly to the 
groundd state of  4 0Ar . Since the last three processes do not participate in the creation of 1.46 MeV 
photons,, they are not further considered here. 

I tt was not until 1994, three years after launch, that the origin of the 1.46 MeV photons was 
foundd (van Dijk 1994). The first clue was given by the dependence of the line rate on the interaction 
positionn in the Dl modules. This position dependency was quantified by means of the ratio A — 
N(>N(> 8.0 cm)/N(< 8.0 cm), with N(Ar) the number of events that interact within a distance of A r 
fromm the Dl module centers, corrected for the difference in surface areas. For da ta from Obs. 11, 
subjectt to the selection <p > 30° (see below) and GCEL > 120°, we find A1A6 = 3.8  0.6. This 
ratioo is significantly larger than 1.0, indicating that most of the 1.46 MeV photons interact in the 
outerr par ts of the Dl modules and thus must enter the Dl modules from the sides. For comparison, 
thee ratios for the 2.224 MeV line (Section 3.2.3) and for the aluminium cascade lines (Section 3.2.4) 
aree A2.224 = 0.80  0.04, A2,i = 1.7  0.2 (2.75 MeV photon in D l . 1.37 MeV photon in D2) and 
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FigureFigure 3.4. This figure shows the number of counts contained in the photopcak of the 1.46 MeV line in 
EjEj distributions as a function of (p. Flight data from Obs. 11 were used and the findings for different 
eventevent selections are shown. The curves for the Monte Carlo simulations of photons originating in two 
instrumentinstrument components are labelled 'quartz windows'and 'PMT glass housings'. No energy selections 
weree applied. For the simulated data, the on board gamma-J energy thresholds from Obs. 11 were 
used.used. For the GCEL < 40° and GCEL > 140° selections, the counts were corrected for the losses due 
toto the selections on GCEL, based on the number of superpackets included. The correction for the 
££ > 3° data points depends on <p and was determined using the <p profiles of a DR.G corresponding 
toto a £ > 3° selection and a DRG to which no £ selection had been applied. The Ej distributions 
inin the 20° — 25° <p bin for flight data did not contain a spectral feature around 1.46 MeV. For the 
GCELGCEL < 40° data the 1.46 MeV line could not be fitted below (p « 35° because of the small amplitude 
ofof the line compared with the continuum spectrum. The data points for the simulated data were scaled 
toto align the peaks around <p angles of 50°. Note that below (p = 20°, the 1.46 MeV feature in the Ex 
distributionsdistributions for flight data is not due to 40K but probably to a cascade process (see Section 3.2.2.1) 

Ai,Ai,22 = 2.4  0.6 (1.37 MeV photon in D l , 2.75 MeV photon in D2). The rat io for the 2.224 MeV 
line,, which was expected to be consistent with 1.0 in view of the homogeneous production throughout 
thee Dl modules (Section 3.2.3), shows that there is a systematic uncertainty in these rat ios, possibly 
causedd by event location non-uniformities and/or edge effects. 

Thee next clue to the origin of the 1.46 MeV photons came from the observed <f distr ibution as 
shownn in Fig. 3.4 for flight data from Obs. 11. The intensity of the 1.46 MeV line was found to be much 
largerr at high ips than at low <^s, similar to what is found for the 2.224 MeV line which is produced 
withinn the Dl scintillator (Section 3.2.3). Together with the observed dependency on interaction 
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location,, this suggested that the 1.46 MeV photons originate somewhere in the Dl detector plane 
andd enter the Dl modules through the sides. The prime source candidates in that case are the glass 
containedd in the housings of the PMTs and in the quartz windows sealing the PMT- and LED openings 
inn the Dl modules. The former candidate had already been under suspicion since most of the existing 
typess of PMTs are known for their 40K contents. 

AA slightly modified COMPTEL mass model was used to simulate photons originating from the 
componentss mentioned above. The modifications consisted of adding the PMT glass housings and 
thee quartz windows to the COMPTEL mass model; they were modelled as empty tubes at the P MT 
positionss and as circular discs in the openings of the Dl modules respectively (see Fig. 2.5). For the 
quartzz windows, we adopted a homogeneous 40K distribution throughout a zero-thickness disk. The 
P MTT glass housings were modelled using the information given by the manufacturer, according to 
whomm the front and the sides contain ~ 6 and ~ 0.14 mass % of potassium respectively. These values 
weree scaled with the corresponding material thicknesses, which have been measured to be ~ 6 mm 
(averagee over surtace) and ~ 1 mm respectively (C. Kappadath, private communication). Because of 
thee low 40K contents and the relatively large distances to the Dl modules, the back sides of the PMTs 
weree neglected in the simulations. The on/off status of the modules and the energy thresholds were 
takenn equivalent to those valid during Obs. 11 so that the results may be directly compared with the 
observedd <f distr ibutions in Fig. 3.4. Each simulated photon was randomly assigned an initial direction 
andd a start ing position within the volume under consideration and was subsequently tracked through 
thee instrument (see also p. 35). In total, a number of 125000 photons originating in the P MT glass 
housingss and 100000 photons originating in the quartz windows were simulated. 

Firstly,, the ratios A reflecting the radial distribution of the interaction positions in the Dl modules 
weree determined to be 5.7  0.5 and 6.9  0.3, for the photons liberated in the PMT glass housing 
andd the quartz windows respectively. Only the former rat io is (marginally) consistent with the value 
quotedd above for Obs. 11. Note that the event location algorithm that is used for flight da ta produces 
non-homogeneouss event distributions across the module surfaces even when these are illuminated 
evenly,, so that the agreement may actually be better than inferred here. Secondly, we determined the 
ifif  distributions of the number of counts contained in the 1.46 MeV photopeak (see Fig. 3.4). The <p 
distributionn for the quartz windows simulation deviates significantly from the flight data below ips of 
~~ 40°. On the other hand, the curve for the simulation of the PMT glass housings is consistent with 
thee flight data at all <fs down to 25° below which the flight data show evidence for a spectral feature 
off  a different origin (see Section 3.2.2.1). We therefore conclude that of the two candidate sources 
consideredd here, i.e., the quartz windows and the P MT glass housings, only the latter can explain the 
observedd properties of the 1.46 MeV line. The main difference between these two sources is the average 
distancee to the Dl module centers, which is larger for the housings. A larger distance naturally leads 
too a higher average if and to smaller ratios A. In view of this, any potassium distribution in the Dl 
detectorr plane at a somewhat larger average distance from the Dl module centers than the quartz 
windowss can be expected to give similar results as the P MT housings. 

Usingg the detection efficiency for photopeak events given by the Monte Carlo simulations of the 
P MTT glass housings, we may now derive an estimate for the amount of potassium involved. For data 
fromm Obs. 11 subject to the selections 105 < T OF < 130 (i.e., including most of the forward-scattered 
photons)) a,nd <f > 30°, we find a rate ri.46 — (4.3  0.3) x 1 0- 2 counts/second. In combination with 
thee simulation data, we find an efficiency e — (9.65  0.22) x 10"5. The uncertainty in e includes 
onlyy the error on the fit parameters of the Gaussian fit to the photopeak, and does not reflect any 
systematicc uncertainties. The potassium mass M« contained in the glass housings of the 7 x 8 PMTs 
aroundd the Dl modules can now be calculated from 

MMK K 
ff  i,46 100 mK -- 94  7 g, (3-4) ) 
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FigureFigure 3.5. This figure shows, for a 0° - 22° selection on <p, the position of the spectral features in E-j 

andand ET distributions due to the '1.46 MeV' f-ray line, as a function of Et. 

withh T - 1.204 x 1010 years the half-life of  40K for the EC process, e = 0.0117 the natural isotopic 
abundancee of  4 0K , mj< = 39.102 g the molar mass of potassium and NA = 6.0221 x 1023 m o l- 1 the 
Avogadroo constant. For masses of ~ 67 g and ~ 25 g for one complete glass housing and its front 
(J.. Macri, private communication), the value for M R derived above corresponds to mass percentages 
off  6.5  0.5 and 0.13  0.01 respectively. These values are consistent with those provided by the 
manufacturerr and confirm that the potassium contained in the P MT glass housings is the origin of 
thee 1.46 MeV line observed in the Ej distributions. Recent laboratory measurements, by COMPTEL 
teamm members, of the flux of 1.46 MeV photons emanating from spare Dl PMTs, also agree with the 
abovee quoted mass percentages (Weidenspointner et al. 1996a). 

3.2.2.11 T h e low-y> c o m p o n e nt in t h e 1.46 M e V lin e 

Thee Monte Carlo simulations of the 1.46 MeV photons originating in the Dl P MT glass housings 

predictt a low rate at small <ps. This is not consistent with what is observed for flight data, which show 

evidencee for a strongly increasing rate towards smaller ips (Fig. 3.4). 

Ann analysis of the 1.46 MeV line at low <£s as a function of E\, E2 and <p has revealed that 
itss position in the Ej distribution varies with <p and E\, while the corresponding feature in the 
EE22 distribution remains relatively constant at ~ 1.33 MeV (Fig. 3.5). Such behaviour of an Ej 
featuree is reminiscent of events consisting of two interacting photons such as those emitted by 2 4Na 
(Sectionn 3.2.4; see also discussion of type C events in Section 3.1). Both the position of the 1.33 MeV 
featuree (Fig. 3.5) and its width (~ 76 keV, expected value ~ 49 keV; Kippen 1991), however, indicate 
thatt there may be more spectral components at these energies. One such component consists of the 
40KK 1.46 MeV photons, which become increasingly dominant towards higher <ps (Fig. 3.4). The latter 
alsoo hinders a confident determination of the highest E\ energy associated with the cascade feature, 
whichh appears to lie near 0.34 MeV, the Compton-edge energy of a 0.511 MeV photon. So far, an 
originn for these apparent cascade photons has not yet been found. 
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3 . 2 .33 T h e 2 . 22 M e V l i n e in ET d i s t r i b u t i o n s 

Onee of the anticipated background processes in COMPTEL was that of thermal-neutron capture 
byy ] II , which is accompanied by the release of the binding energy of deuterium in the form of a 2.224 
MeVV photon. Such photons liberated within CGR.0 may subsequently double scatter from the Dl 
too the 1)2 detector and form a spectral line at 2.224 MeV' in ET distributions (Fig. 3.3a). Thermal 
neutrons,, which have a typical kinetic energy of 0.025 eV ( - r o om temperature), are the result of 
repeatedd elastic scatterings of neutrons of higher energy on nuclei, a process which is most efficient for 
low-ZZ atoms such as ^ I . The cross section for elastic neutron scattering on *H decreases as a function 
off  neutron energy and is typically ~ 20 barns and ~ 0.5 barns at neutron energies of — 1 keV and 20 
MeVV respectively (Fig. 15- 15b in Knoll 1979). The scintillator material in the Dl modules and in the 
correspondingg expansion chambers (see Fig. 2.5) contains a total of ~ 3.3 kg of 'H (Stacy 1994) and, 
duee to the large solid angle for interactions, probably contributes the majority of the observed 2.224 
MeVV photons. Within the Dl modules, the attenuation coefficients for 1 keV and 20 MeV neutrons 
aree typically ~ 1.0 c m- 1 and 0.03 cm"1 respectively (neglecting the scattering on 1 2C). The upper 
vetoo f lome contains a total of ~ 8.5 kg of *H as well. However, due to the larger distance from the Dl 
detectorr and the smaller efficiency for thermalizing incoming neutrons, its contribution is estimated 
too be small. 

Thee count rate of the 2.224 MeV photons is observed to vary exponentially as a function of 
rigidityy and linearly as a function of GCEL, with typical ratios of the extreme rates of ^ 3 - 4 and ~ 2 
respectivelyy (Weidenspointner et al. 1996b). These dependences are comparable to those found for the 
fluxx of neutrons with energies above 8 MeV (Section 3.1.2). The average event rate in the photopeak 
off  the 2.224 MeV line inferred from the variability studies, in which the only selections applied were 
1155 < T OF < 130 and PSD < 110, is of the order of 0.08 s_ 1 (Weidenspointner et al. 1996b). However, 
becausee the 2.224 MeV photons that are created in the Dl detector must scatter through large angle 
(typee A events, Fig. 3.2), many are rejected when selections on <p and E2 are applied. For data from 
Obs.. 204, 205 and 206 subject to the standard event selections from Section 2.4.1, the average rate 
off  events in the 2.224 MeV photopeak is found to be only (0.013  0.001) s " \ or (0.037  0.001) s_1 

whenn the selection on £ is omitted (cf. the rates given in Section 3.3.1 for the total number of events 
inn the T OF peak near channel 120). 

3 . 2 .44 T h e 2"N a c a s c a de l i nes 

Thee large amount of  27A1 contained in COMPTEL and the spacecraft is one of the main con-
tr ibutorss to the instrumental background. Many of the possible processes produce photons and elec-
trons/posi t ronss of various energies and result in continuum-like background spectra. The noticeable 
exceptionss are those processes which result in the production of  2 4Na or the isomere*  2 4 mN a, the latter 
off  which predominantly decays to the ground state of  2 4Na with a half lif e of 20 ms. The element 
J 1Naa itself is unstable as well and decays in more than 99% of the cases with a half lif e of 15.02 h 
accordingg to the scheme given in Eq. (3.5). Both of the photons are liberated within picoseconds in 
thiss cascade process and may interact in the Dl and D2 detectors to form an event of type C. As 
discussedd in Section 3.1, events caused by two such 7-ray line photons result in discernible features 
inn the distributions for E\, Ei and ET which strongly depend on (p. In this case, the Klein-Nishina 
distributionss for the 2.75 MeV and 1.37 MeV photons in the E\ spectra peak at 2.516 MeV and 1.155 
MeVV respectively. Combined with the energy distributions in the E% spectra for the 1.37 MeV and 
2.755 MeV photons (Figs. 3.3c and 3.3d), the dominant feature in the ET distributions is found at at 
~~ 3.9 MeV (« 1.155 + 2.75 ft; 1.37 -f 2.516). The corresponding 9s where these features reach their 
maximumm value are  19° and **  41° respectively (see 3-10 MeV plot in Fig. 3.16). 

**  Isnmeres are excited nuclei which undergo forbidden 7-decays on time scales that are long com-
paredd to 1 fie typical t ime scale of nuclear 7-decay, the latter of which is of the order of picoseconds. 
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FigureFigure 3.6. This figure shows the number of counts contained in the 24Na cascade lines in the E2 
distributiondistribution for Obs. 204-206. The selections on Ej, E2 and PSD are those listed in Section 2.4.1. Since 
thesethese 1.37 MeV and 2.75 MeV cascade lines are strongly dependent on <p, selections of 38° < <p < 43° 
andand 16° < ifi  < 20° respectively were applied in order to enhance the lines relatively to the continuum 
E2E2 spectrum. The TOFs used for this plot are of type TOFv (Section 2.6.3), i.e., the backward and 
forwardforward TOF peaks for each minitelescope arc located at channels 80 and 120 respectively. The widths 
andand positions of the spectral lines were fixed at the values determined from the data integrated over 
thethe 110-130 TOF range. 
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Theree are several ways that 2 4Na can be produced from 27A1. Important channels are the neutron-
capturee reactions 2 7A l (n ,a )2 4Na and 2 7A l ( n , a )2 4 mN a (En > 6 MeV), for which the typical cross 
sectionss near En ~ 10 MeV are ~ 111 mb and ~ 65 mb respectively (Salaita 1971). Another channel 
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thatt contributes is the 27Al(p , 3/m)24Na reaction for which the cross section for protons with energies 
abovee ~ 50 MeV is ~ 10 mb (Barbier 1969, p. 193). Apart from 27A1, neutron capture by the 2 3Na 
containedd in the D2 scintillator (and, e.g., in the OSSE detectors as well) may also be important 
inn certain T OF regions. From activation studies, it is possible to determine the relative weights of 
thee contributions from the geomagnetically trapped protons in the SAA and from the combination of 
neutronss and protons during the rest of the orbit (Varendorff h Weidenspointner 1995). 

Contraryy to the 1.46 MeV and 2.224 MeV photons, which double scatter and are therefore confined 
too the forward T OF peak around channel 120 (Section 2.6), the 2.75 MeV and 1.37 MeV photons trace 
thee 27A1 (and 2 3Na) distribution in the spacecraft and may reach the two detectors at various relative 
times.. This characteristic of cascade events can be seen in Fig. 3.6, which shows the number of counts 
inn the 1.37 MeV and 2.75 MeV lines in the E2 distribution as a function of T OF for the sum of 
thee gamma-1 and gamma-2 data from Obs. 204, 205 and 206. The figure clearly shows a non-zero 
taill  in the 90-110 T OF range for the cascade photons, which is formed by photons arriving near-
simultaneouslyy at the Dl .and D2 detectors and which may originate, e.g., in OSSE, E G R E T, the 
structuree of COMPTEL (Fig. 2.5) and even from the CGRO structure further away (TOF channel 
1000 corresponds to events consisting of simultaneously interacting photons). Below T OF channels of 
~~ 100, the amplitudes of the lines are small compared with the underlying continuum E? spectrum, 
resultingg in large errors on the parameters of the fitted Gaussian. Note that, due to the finite travel 
t imee from the locations of origin (mostly the housings of the Dl modules and the Dl support structure), 
thee peaks near channel 120 in Fig. 3.6 are asymmetric and also slightly offset to lower TOFs. 

AA first order estimate of the rate of events between TOF channels 110 and 130 caused by the 1.37 
MeVV and 2.75 MeV  2 4Na cascade photons can be obtained as follows. The number of events in the 
photopeakss of the 1.37 MeV and 2.75 MeV lines in the E% spectra for Obs. 204, 205 and 206 are of the 
orderr of ) x 103 and x 103 respectively. Here the standard Eu E2 and PSD selections 
fromm Section 2.4.1 were applied, combined with the 38° < <p < 43° (1.37 MeV) and 16° < <p < 20° 
(2.755 MeV) selections. The photopeak fractions in E2 spectra at these energies are typically 0.38 and 
0.344 respectively, while due to the ip selections fractions of ~ 0.5 from the Klein-Nishina distributions 
inn the E\ spectra are selected. The corresponding total rates of interacting 1.37 MeV and 2.75 MeV 
photonss then become (3.7  0.2) x 1 0- 2 s "1 (1.37 MeV photon in D2) and (3.9 db 0.2) x 10~2 s~! 

(2.755 MeV photon in D2; cf. total rates given on p. 84 for T OF peak around channel 120). Due 
too the 110-130 T OF selection, these rates are dominated by contributions from the sides of the Dl 
moduless and from the rest of the mass in the Dl detector. Note that the errors are statistical only, 
andd that considerable variations wil l be observed depending on the satellite orbit through the SAA 
andd therefore on the alt i tude as well. 

3 . 2 .55 T h e 4 . 44 M e V l i n e i n ET d i s t r i b u t i o ns 

Thee only other line clearly present in Ej distributions, when Earth viewing da ta are included, 
iss positioned around 4.44 MeV (Fig. 3.3b). Fits with an exponential and a Gaussian to da ta from 
Obs.. 11 yield a centroid of the line of (4.436  0.009) MeV and a FWHM of 0.22  0.02 MeV; the 
lat terr is consistent with that expected from the energy resolution (0.25 MeV; Eq. (2.4)). One possible 
explanationn for this feature is the 1 2C(n, n '7)1 2C reaction of neutrons with the carbon contained in the 
scintillatorr material of the Dl detector, producing a 7-ray line at 4.438 MeV from the de-excitation 
off  the 2 "̂ level of  1 2C. These events cannot be discriminated from normal scattering photons and 
weree anticipated to be part of the instrumental background (Schönfelder 1983). The <p distribution 
off  the counts in the 4.44 MeV photopeak is relatively flat above <p — 20°, similar to what has been 
foundd from Monte Carlo simulations of the 2.224 MeV photons which are also produced in the Dl 
scintillatorr (Kappadath 1994a). A problem with this interpretation, however, is the apparent absence 
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off  the line when COMPTEL is pointing away from the Earth (GCEL > 90°), or when events whose 
eventt circles intersect the Earth's horizon are rejected (£ > 0°). 

Ann alternative origin for the 4.44 MeV photons is the Earth's atmosphere. The gamma-ray spec-
trometerr on board SMM detected several nuclear 7-ray lines in the background subtracted spectrum 
accumulatedd during Earth viewing periods, of which a broad feature at 4.45 MeV with an intrinsic 
FWHMM of 0.18 MeV was the strongest (Letaw et al. 1988). It was thought to be dominated by the 
4.4433 MeV photons from the 14N(n, Q7)nB reaction, with an estimated ~ 30% contribution from 4.438 
MeVV photons emitted by the spallation product 12C. The width of the line seen with COMPTEL 
duringg Obs. 11 is not significantly broadened and does not support the large width expected (FWHM 
~~ 0.31 MeV) for an intrinsic width of 0.18 MeV. However, from data of other observations, FWHMsof 
0.255 - 0.32 MeV are obtained, consistent with the energy resolution but also with the quoted intrinsic 
width. . 

Forr data from Obs. 11 subject to the standard event selections given in Section 2.4.1, with the 
selectionn on ( replaced by the selection GCEL < 30°, the count rate of 4.44 MeV photons is found to 
bee ï'4.44 = (7.4  1.2) x 10~2 counts/s (98 minitelescopes), consistent with those inferred for Obs. 29, 
40,, 204-206 and 304-307. These rates were corrected for the loss of events due to the TOF selection 
(Sectionn 2.6) and for a photopeak efficiency of ~ 0.2 (Kippen 1991). The latter is valid for photons 
incidentt at zenith angles of ~ 30° from the pointing direction which we will adopt as the average angle 
off  incidence. The 2<r upper limit on the count rate for a GCEL > 150° selection ('sky viewing') is 
onlyy a fraction of ~ 0.17 of the rate observed for a GCEL < 30° selection. 

Iff  the photons originate in the Earth's atmosphere, we may use a first-order estimate of the 
detectionn efficiency to obtain the incident photon flux. For an effective area at an average zenith angle 
off  30° of ~ 15 cm2, which was adopted from Kappadath (1994b) with corrections for the different 
TOFF and <p selections, the 4.44 MeV photon flux for the 0° - 30° GCEL selection becomes (4.9
0.8)) X 10~3 photons cm'2 s- 1. This flux is comparable to the atmospheric 4.45 MeV flux of (5.87
0,09)) x 10~3 photons cm- 2 s- 1 measured with SMM (Letaw et al. 1988) and, in view of the rather 
largee uncertainties due to the effective areas for an extended source, must be considered a tentative 
agreement.. For the ~ 6.13 MeV line, for which a flux of (3.28  0.11) x 10"3 photons cm- 2 s- 1 

waswas measured with SMM, we find a count rate of (3.3  1.6) x 10~2 counts/s and a flux of (2.3
1.1)) X 10"3 photons cm"2 s"1 (GCEL 0° - 30°). If the width of the 6.13 MeV line is fixed at the 
widthh expected from the intrinsic FWHM of 0.22 MeV (Letaw et al. 1988), these numbers become 
(4.00  1.6) x 10~2 counts/s and (2.7  1.1) x 10"3 photons cm"2 s_1 respectively. 

Concluding,, we find that the fluxes observed with COMPTEL for the 4.44 MeV line and for the 
weakk 6,13 MeV line are to first order consistent with the atmospheric lines measured with SMM (Letaw 
ett al. 1988), but we cannot confirm nor reject their measurements of the intrinsic widths of the lines. 
Clearly,, the 4.44 MeV feature deserves further attention. Note that for data subject to the standard 
eventt selections from Section 2.4.1 (i.e., including the C > 5° selection), the 4.44 MeV background line 
iss not significantly detected in the COMPTEL data. 
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3.33 The background in TOF space 

3 . 3 .11 A n o v e r v i ew 

Off  tho event parameters determined, the TOF (Section 2.6) is the most valuable parameter for 
backgroundd suppression. A 115-130 TOF selection, after the standard selections on E\, £2 , PSD 
andd <p have been made (Section 2.4.1), removes 90% - 95% of the remaining gamma-1 and gamma-2 
events.. The impact of such a cut is clearly visible in Fig. 3.7, which shows typical T OF distributions 
(histograms)) in the four standard energy ranges over the full width of the coincidence time window 
(400 ns zz 160 T OF channels). Studies of the events with TOFs not used for scientific analysis, i.e., 
outsidee of the interval 115-130, give insight in the instrumental background that is contained in the 
da taa used. 

Thee most prominent features in the T OF histograms in Fig. 3.7 are the Gaussian-like peaks around 
channelss 80 and 120. They contain, among other things, the backward and forward T OF peaks (see 
p.. 27) respectively, which consist of double-scattering single photons. Al l of the signal, by which we 
meann celestial photons that scatter from Dl to D2, is thus contained in the peak around channel 120. 
Thee term 'celestial1 in this respect encompasses all photons that are created outside of the spacecraft, 
andd includes, among other things, the photons originating in the Earth 's atmosphere and the cosmic 
7-rayy background. 

Backgroundd events of types A and B (Fig. 3.2), which are double-scattering photons, natural ly 
peakk at T OF channels 80 and 120. For type C events, the distribution in TOF space is largely 
determinedd by the combination of the mass distribution within COMPTEL /CGRO and the solid 
anglee covered by the Dl and D2 detectors from the location of emission. The events of type C 
involvingg 27A1, and which are either neutron-induced or delayed proton-induced, are expected to peak 
nearr T OF channels 80 and 120 as well (see Fig. 3.6). We point out that events of type C probably 
consti tutee a large fraction of the peaks near channels 80 and 120, for the following general reasons. 
Firstly,, single background photons that double scatter typically peak towards large <ps (see Fig. 3.4). 
Thee <p distributions observed in the four standard energy ranges, on the other hand, do not show 
thiss characteristic (see Fig. 3.16). Secondly, the absence of 1.37 MeV and 2.75 MeV spectral lines in 
ETET distributions at high <ps, while clearly present in the E\ and E*i distributions separately, indicates 
thatt the detection efficiency for two-photon events is much larger than that for double-scattering 
singlee photons. More support for the hypothesis that type C events form a large fraction of the T OF 
peakss comes from the position of the 'forward' T OF peak during sky viewing. The T OF corrections 
(Sectionn 2.6) are such that when COMPTEL is pointed towards the Earth, this peak is located at the 
desiredd T OF channel of 120. When COMPTEL is pointed away from the Earth and does not detect 
aa large flux of double-scattering atmospheric photons, however, the position of the peak is typically 
aa few channels below 120, especially in the 1-10 MeV range. This characteristic is similar to that 
observedd for the distribution of type C events involving the 27A1 in COMPTEL (Fig. 3.6). 

Examplee rates for all the events in the peak around T OF channel 120 (i.e., not including the 
continuumm distribution underneath), determined using data from Obs. 204, 205 and 206 subject to 
thee standard event selections from Section 2.4.1 excluding the selection on T O F, are ) s^1, 
(0.1866  0.003) s"1, (0.082  0.002) s"1 and (0.0054  0.0004) s"1 in the 0.75-1 MeV, 1-3 MeV, 3-
100 MeV and 10-30 MeV energy ranges, respectively. When the selection on £ (p. 38) is omit ted, 
atmosphericc photons are also included and the rates become (0.126  0.002) s- 1 , (0.853  0.006) s^1, 
(0.5077  0.007) s^1 and (0.121  0.002) s- 1 , respectively (all errors quoted are statistical only). 

Wee fitted the peaks at channels 80 and 120 in the histograms shown in Fig. 3.7 with Gaussian 
profiless on top of a parabola and subtracted the Gaussians from the histograms. The remaining 
distributionss are shown as dashed lines in Fig. 3.7 and wil l be referred to as the TOF continuum. The 
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FigureFigure 3.7. This figure shows TOFv (see Section 2.6) distributions over the full width of the coincidence 
timetime window, using live time corrected garama-J and gamma-2 data, from Obs. 204, 205 and 206. The 
standardstandard event selections on Ei, E2 and PSD were applied. Solid line: histogram of the events; 
dashed-dottedd lines: Gaussian fits to the backward and forward peaks; dashed lines: the remaining 
distributiondistribution after subtraction of the Gaussian fits from the histograms; dotted lines: the left wings of 
thethe backward peaks mirrored in the lines TOF — 80. 

exactt shapes of these distributions are uncertain due to the probably inadequate fit  function. However, 
alsoo when the left wing of the peak at T OF channel 80 is mirrored in the line T OF = 80 ( the dotted 
liness in Fig. 3.7), a non-zero component between the backward and forward peaks remains. Part of 
thee T OF continuum is expected to be due to type D events, which are homogeneously distributed 
inn T OF space. In Section 3.3.2 we compare the rate predicted for random coincidences with that 
observedd at large and small TOFs. The majority of the events in the T OF continuum, however, must 
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FigureFigure 3.8. This figure shows E2 distributions for different instrument modes ([counts/(s MeV)]; 
normalizednormalized arbitrarily). Dotted line: spectrum for burst moduie D2-7 during part of (arbitrary) TJD 
8899:8899: thin histogram: spectrum measured during D2 singles mode on TJD 8372; thick histogram: E2 
spectrumspectrum for gam ma-1 and gamma-2 data of (arbitrary) Obs. 204, 205 and 206, subject to 160 < 
TOFTOF < 200 and 40 < PSD < 110. 

havee a different origin. In Section 3.3.3, evidence is presented that type C and E events dominate this 

component. . 

3.3.22 The background at large and small TOF s 
Att TOFs less than channel ~ 30 and higher than channel ~ 160, the rate of events is much lower 

thann in the region around the peak at channels 80 and 120. At the extreme TOFs, the time difference 
betweenn the interactions in the Dl and D2 detectors is large (> 11 ns) and a contribution from double-
scatteringg single photons can be ruled out. The contributions from types C and E events are expected 
too become increasingly smaller with increasing time differences as well. We have therefore investigated 
whetherr or not the observed events at and beyond the edges of the T OF distribution in Fig. 3.7 are 
consistentt with type D events, the random coincidences of two photons that are not correlated in 
anyy way. Due to the absence of a correlation in time, type D events should result in a fiat T OF 
distributionn over the complete T OF range. The fact that at large TOFs there is a non-zero slope in 
thee T OF distribution already indicates that this is probably not the case. 

First,, we compared the rate of random coincidences observed with those predicted from the photon 
interactionn rates in the detectors. The latter were estimated from the Dl and D2 singles modes, which 
weree activated on T JD 8369 and TJD 8372. In Dj singles mode, a coincident interaction in the other 
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detectorr is not required, so that every interaction in the Dj detector which is not vetoed by the anti-
coincidencee system becomes an event. The onboard FCC GAHHEV counter, a roll-over scaler (p. 61) 
whichh counts the number of coincident interactions which have not been vetoed, then automatically 
givess the photon interaction rate. We point out that GAHHEV must carefully be corrected for the 
multiplee cycles of 65536 counts traversed (see p. 61) during single modes, and for the (dead-time 
corrected)) contributions both from multi hits*  and from events which at a later stage would not 
bee classified as either gamma-1 or gamma-2 events (such as the CAL events; see p. 27). From the 
Dll  and D2 singles data accumulated on TJDs 8369 and 8372, we derive minimum /maximum photon 
interactionn rates rD1 and rD2 of the order of 5.5x 103 s_1/1.00x 104 s_1 and 4.7x 103 s- 1/8 .3x 103 s- 1 , 
respectivelyy (rates are for 98 minitelescopes). The variations of these rates are due to the dependences 
onn GCEL and rigidity, and to the SAA passages which occurred during the singles modes. Assuming 
Poissonn statistics, we can obtain a first-order estimate of the range of predicted rates rp of random 
coincidencess from 

rrPP - 2rmTD2At 
ii  1 ( 3 - 6) 

== 2.1 - 6.6 s_1 (98 minitelescopes)"1 (160 TOF channels) 1 

withh At = 40 ns the width of the coincidence time window of the FCC. Since the upper boundary 
off  this range corresponds to low rigidities and was probably influenced by SAA passages as well, the 
predictedd average rate rp for a complete observation lies around ~ 3 s- 1 (CGRO spends most of its 
timee at high rigidities). 

Thee average observed rate of random coincidences at large TOFs was derived from various ob-
servationss using data in the ~ 160 to 190 TOF range. For a PSD selection of 40-110, we typically 
find find 

rr 00 ~ 4.5 s_1 (98 minitelescopes)"1 (160 TOF channels)-1, (3.7) 

wheree we included an estimated correction factor of 1.15 for the loss of low-2^ events due to the PSD 
selection.. The lowest TOFs (channels 1-30) have only been measured during dedicated 'low-TOF' 
instrumentall  modes, which were performed on TJDs 10008 and 10072. A preliminary analysis of these 
dataa reveals rates which are comparable to or slightly larger than given in Eq. (3.7), but certainly 
nott smaller. Admittedly, there may be differences between the singles modes and these telescope 
observationss concerning issues such as the gains of the PMTs (resulting in different energy thresholds) 
andd rigidity coverage. Therefore we conclude that the observed rate at large and small TOFs is 
consistentt with the predicted rate of random coincidences, but that an additional component would 
alsoo be supported. 

Moree convincing evidence for the existence of an additional component at large TOFs comes from 
thee D2 spectrum. Due to the nature of the events, the E\ and E2 distributions for random coinci-
dencess should be similar to those measured by single detectors that operate without the coincidence 
requirement,, i.e., they should reflect the radiation environments around the detectors. These have 
beenn measured during the Dl and D2 singles modes on TJDs 8369 and 8372 and, for the D2 detector, 
aree also available from the burst modules D2-7 and D2-14 (see Schönfelder et al. 1993 for a compre-
hensivee instrument description). In Fig. 3.8 we compare the various spectra for the D2 detector. The 
distributionss for the singles mode (thin histogram) and the burst module (dotted line), which both 
representt single-detector spectra, are very similar as expected. Any differences between the two may 
bee due to different rigidity and/or GCEL coverages and to the uncertainties in the energy calibration, 
whichh for the singles mode spectrum was based on adjacent time intervals. On the other hand, the 

**  Multi hits are, like events, coincident interactions in both detectors, with an additional coincident 
interactionn in one of the other modules of the Dl and/or the D2 detectors. 
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EE22 spectral shape for telescope data Obs. 204, 205 and 206 (thick histogram) is considerably differ-
entt from the other two. The spectrum is harder and also shows evidence for several spectral lines, 
off  which the strongest are located at (1.006  0.005) MeV, (1.37  0.01) MeV, (1.79  0.01) MeV, 
(2.233  0.02) MeV, (3.01  0.02) MeV and (6.1 ) MeV. The feature around ~ 4 MeV appears to 
bee a blend of two lines, located at ~ 3.9 MeV and ~ 4.4 MeV. An analysis of the photopeak counts 
ass a function of PSD shows that the strongest of these E2 lines (at 1.006 MeV, 1.79 MeV and 2.23 
MeV)) peak around PSD channel 80, which is reminiscent of a photon interacting in the Dl detector. 
Statisticss do not permit the derivation of the £1 distribution corresponding to these lines, but they 
aree detected at least up to E\ ~ 5 MeV. The lines are also detected up to the highest TOFs measured 
(usuallyy channel ~ 200 but during so-called 'solar neutron mode' up to channel ~ 250), with no strong 
evidencee for a decrease of these lines with increasing TOF (except perhaps for the 1.79 MeV line). A 
closee inspection of the D2-singles-mode spectrum (thin histogram in Fig. 3.8), for which the energy 
resolutionn is much worse than for the telescope spectrum but still better than for the burst module, 
showss hints for several of these lines as well. The tentative conclusion is thus that (most of) the 
7-rayy lines observed in thé telescope spectrum at large TOFs (thick histogram in Fig. 3.8), as well 
ass part of the continuum spectrum, consist of type D events induced by the photons that constitute 
thee radiation environment around the detectors. Several of the observed 7-ray Unes may possibly be 
identifiedd with common processes in 27A1, such as the 1.01 MeV, 1.81 MeV, 2.21 MeV and 3.0 MeV 
photonss liberated in interactions of 14 MeV neutrons with 27A1 (p. 49 in Chupp 1976). The additional 
componentt in the TOF distribution at large TOFs, which was inferred from the slope in the latter and 
fromm the higher rates compared to what is expected for random coincidences, may then be the hard 
continuumm spectrum inferred from Fig. 3.8. A likely explanation for this component are the type E 
events,, which can acquire any TOF and are expected to decrease in importance towards the extreme 
TOFF values (see example given for type E events in Section 3.1). 

3.3.33 Th e background between the backward and forwar d TO F peaks 

Wee now return to the TOF histograms shown in Fig. 3.7 and focus our attention on the remaining 
partt of the TOF continuum that cannot consist of random coincidences. To get more insight into 
thee nature of the contributing events, we studied the events with a TOF between channels 104.5 and 
106.5.. This is the TOF range where the relative influence of the peaks centered at channels 80 and 
1200 is minimal. In Fig. 3.9 the measured energy distributions in the Dl and D2 detectors for this 
TOFF interval and those for the peaks around channels 80 and 120 are compared. The E\ distributions 
(histograms)) for the last two intervals differ considerably from the corresponding E2 distributions 
(solidd lines). In both cases, the energy deposit spectrum is the hardest for the detector in which 
double-scatteringg photons interact first. Noticeable features are the 0.511 MeV fine (E2, third panel) 
andd the corresponding Compton edge at 0.341 MeV {E\, first panel), which necessarily involve another 
photonn or particle apart from the 0.511 MeV photon and are thus of type C or E, and the 1.37 MeV 
andd 2.75 MeV lines in the E2 distribution around TOF channel 120 (see Section 3.2.4). The 0.511 
MeVV photons may be contributed by various processes such as pair production by an incoming photon 
off  energy E-, > 1.022 MeV and /3+ decay of unstable nuclei. Finally, we point out the sharp drop by 
aa factor of ~ 2.5 around 6 — 7 MeV in the E2 distribution for the TOF channels 79.5-80.5. It is also 
observed,, albeit less significantly, in the other panels in Fig. 3.9. The origin for this sudden change 
inn energy deposits in the D2 detector is still unknown. In view of the TOF where this behaviour is 
soo strong, it must be related to interactions in or near the D2 detector, after which a released photon 
interactss in the Dl detector. The E\ distribution corresponding to the surplus of events below E2 ~ 7 
MeV,, obtained by subtracting an E\ distribution for a 7 MeV < E2 < 8 MeV selection from that 
forr a 5 MeV < E2 < 6 MeV selection, consists of a component due to 511 MeV photons (peaking 
att 0.341 MeV) and a broader component which does not extend above ~ 2 MeV. It may not be a 
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FigureFigure 3.9. This figure shows the E\ and E2 distributions (orgamma-1 + gamma-2 da ta from Obs. 204, 
205205 and 206 for the narrow TOF selections indicated above the plots. The plot in the lower-right corner 
showsshows the deconvolved spectra for the Dl (asterisks) and D2 (diamonds) detectors for the events from 
thethe TOF interval around channel 105. 

coincidencee that a break around energies of ~ 7 MeV was also observed in the spectra observed for 

neutron-inducedd events in a ground-level neutron telescope (Ryan $z Morris 1988). 

Contraryy to what is observed around T OF channels 80 and 120, the £1 and Ei distr ibutions in 
thee 104.5-106.5 T OF range appear to be very similar. To eliminate the different energy responses 
off  the detectors, we deconvolved the measured energy deposit spectra using a course energy binning 
forr the input photon spectra and without assumptions for the input spectral shape. The D2 detector 
responsee model was adopted from the RES subsystem, which is also used to calculate modelled PSFs 
(Sectionn 2.5), and scaled with the energy-dependent interaction probability in the D2 scintillator for 
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ann average path length of D2/ cos(45°), with D2 — 7.525 cm the thickness of a D2 module. For the 
D ll  detector response, we used a simplified model consisting of two components representing Compton 
scatteringg and pair production. The relative contributions of these components were adopted from 
Kuiperr (1991) [see also de Boer 1992]. The overall interaction probability was calculated for an 
averagee path length of  JDi/cos(45°) in the Dl scintillator, with D\ = 8.5 cm the thickness of a 
Dll  module. Neglecting the possible contributions from multiple scatterings, the Compton-scatter ing 
componentt was approximated with the Klein-Nishina function for single scatterings (Eq. (2.20)). The 
pairr production component was assumed to consist of a photopeak and the first and second escape 
peakss (see also Section 2.5), which were weighed using the interaction probability for 0.511 MeV 
photonss in the Dl scintillator. We point out that these response models are approximations and that 
especiallyy the model for the Dl detector is rather uncertain at higher energies. The spectra obtained 
afterr a deconvolution with these models are shown in the plot in the lower-right corner of Fig. 3.9. 
Evidently,, the input photon spectra in the two detectors are very similar. 

Too examine the similarity, we again deconvolved the measured energy-deposit spectra, this t ime 
assumingg a power law input spectrum with a narrow spectral line at 0.511 MeV: 

/ ( E 7 )) = ApE;a + AQ.5ll6\Ey - 0.SU\ photons M e V - 1 . (3.8) 

Thee detector-response models were the same as described above. In Fig. 3.10 we present the measured 
spectraa for the Dl and D2 detectors (histograms), the fitted spectral model folded through the response 
modell  (thick hnes) and the residuals (asterisks). The low-energy residuals for the E\ fit  indicate that 
thee Klein-Nishina function may not be an adequate description near the Compton edge, while those 
forr the E2 fit  are probably due to the uncertainties in modelling the effective D2 energy threshold. 
However,, note that the events with E2 ;$ 0.6 MeV are mostly gamma-2 events (Section 2.1.2) which 
weree scaled by a relatively large dead time (often £ 60%). Since the errors on the histogram values 
weree taken to be the square root of the scaled counts in these bins, the large residuals at low E2 are 
overestimated. . 

Apartt from the low-energy effects, the residuals for the two detectors are quite similar. In par-
ticular,, both residuals exhibit a broad bump in the ~ 0.6 — 8.0 MeV nuclear energy range (see also 
discussionn in Section 3.3.3.1) and show hints for 7-ray lines at the same input photon energies (~ 1.37 
MeVV and ~ 2.75 MeV). The fitted spectral indexes a differ in a statistical sense but, in view of the 
apparentlyy inadequate spectral model used, should rather be considered comparable. These findings 
aree thus suggestive evidence that two-photon events (type C and E events in Fig. 3.2) dominate the 
T OFF distribution between the backward and forward T OF peaks. If this is indeed the case, the en-
ergyy deposits in the Dl and D2 detectors should be relatively independent of each other (contrary to 
singlee photons that double scatter), apart from possible energy-dependent absorption effects in the 
linee of sight to the Dl and D2 detectors. In other words, the Ej and (p distributions predicted from 
uncorrec tedd energy deposits given by the £1 and E2 distributions should match those observed. This 
iss shown in Fig. 3.11 for the 104.5-106.5 TOF range, with the histograms the distributions observed, 
andd the dashed Unes the distributions predicted from the energy deposit spectra in the two detectors 
(normalizedd to the observed distributions). The observed and predicted distributions obviously agree 
quitee well, especially when the lower energy thresholds of E\ > 0.07 MeV and E2 > 0.75 MeV are 
appliedd (lower curves in each plot). The only item of concern is the <p range ~ 8° - 17° where the 
(normalized)) predicted curve lies somewhat above that observed. Note, however, that a possible con-
tributionn of double-scattering photons from the forward and backward peaks cannot completely be 
excludedd around T OF = 105 (see Fig. 3.7). The E\ and E2 distributions for these photons would not 
bee uncorrelated, and would give rise to differences between the normalized predicted ^-distr ibutions 
andd those observed. 

Fromm here on we wil l assume that the TOF continuum around T OF — 105 is dominated by 
two-photonn events, with uncorrelated energy deposits in the Dl and D2 detectors. 
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FigureFigure 3.10. This figure shows the measured Et and E2 distributions (histograms in first and third 
panels)panels) and the fitted spectral model (thick lines). The latter consists of a power law and a narrow 
lineline at 0.511 MeV, folded through the response models. The data (gamma-J + gamma-2) are from 
Obs.Obs. 204, 205 and 206 for a TOF selection 104.5-106.5. The second and fourth panels show the 
residualsresiduals of the fits divided by the square root of the counts. 
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FigureFigure 3.11. This figure shows the observed ip and Ej distributions for TOF channels 104.5 106.5 
(histograms)(histograms) and those predicted from the E\ and E2 distributions in this TOF range (dashed lines). 
Upperr curves in each plot: Ej selection [0-20] MeV, E2 selection [0-30] MeV; lower curves in each 
plot:: Et selection [0.07-20] MeV, E2 selection [0.75-30] MeV. 

3.3.3.11 T h e g e o m e t ry and th e physical model 

Whatt  can we tell about the possible origins of the photons that consti tute the instrumental 
backgroundd in the 104.5-106.5 T OF range? A clue to the spatial distribution of the locations of origins 
off  the photons comes from the distribution over the 21 modules (Fig. 3.12). When no selections on 
thee energy deposits are made (dashed lines in Fig. 3.12), the relative contributions from the different, 
moduless is largely determined by the hardware energy thresholds (which are very low for, e.g., D2-1 
andd 1)2-12). However, when threshold effects are excluded by means of the more stringent event 
selectionss E\ > 70 keV and E2 > 750 keV (or even the conservative selections E\ > 120 keV and 
EE22 > 1000 keV), the distribution of the events over the modules is still far from homogeneous (solid 
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liness in Fig. 3.12). Since in the latter case the detection efficiencies can be assumed to be identical 
amongg the modules in each detector, the variation of the number of counts per module must be 
attributedd to different photon fluxes reaching each module. Comparing the (X,Y) positions of the 
moduless with the largest relative contributions (Dl-4, Dl-5, D2-1, D2-4, D2-8 and D2-12), it is evident 
thatt one of the instrumental background sources must be located nearby in the general direction of the 
positivee X-axis (at least for energies less than a few MeV, which dominate these counts). The most 
likelyy candidate for this background source is the mass contained in the OSSE instrument (p. 20). 
Notee that the relative contribution from module Dl-6, which is low and does not seem to fit in this 
scenario,, may be influenced by the location of this module roughly above the switched-off module D2-
2.. We point out that a similar effect, albeit less dramatic, of an increase of the relative contributions 
off  modules is also observed in the direction of the negative X-axis. 

Fromm the physical point of view, the interesting questions to answer concerning the TOF contin-
uumm are those about the interacting particles and about the processes leading to the observed 7-ray 
photons.. The answers ultimately depend on the various relations between the fluxes of the various 
particless and the corresponding cross sections for interactions, the mass distribution in CGRO and, 
particularly,, in COMPTEL, and the 7-ray multiplicity (the average number of 7-ray photons liber-
atedd in an interaction). At present it is not possible to draw any definitive conclusions regarding these 
questions,, and many of them may require extensive Monte Carlo simulations using the CGRO mass 
model.. Here we will therefore concentrate on various qualitative arguments which, albeit arguable in 
somee instances, give insight in the general aspects of this matter. 

 Prompt or  delayed photon emission? 
Thiss question can be addressed by comparing the dependences of the TOF continuum on rigidity R 
inn the nuclear 7-ray line regime (;$ 8 MeV) with those at higher energies. A plausible assumption 
iss that the instrumental background consisting of energy deposits larger than ~ 10 MeV cannot be 
duee to long-lived excited states in nuclei (such as, e.g., for 24Na; Section 3.2.4), but must result from 
promptt processes such as bremsstrahlung. Towards infinite rigidities, the event rate is then expected 
too approach zero. If there is a dominating contribution at energies below ~ 8 MeV from nuclear 
processess which have a characteristic time scale that is comparable to or longer than that of the 
varyingg rigidity (~ 30 minutes), a different dependency on rigidity would be observed. Fig. 3.13 shows 
forr two GCEL intervals the dependences on rigidity of the TOF continuum in the TOF range 104.5-
106.5,, subject to either a 0.75-30.0 MeV (solid bars) or a 10.0-30.0 MeV (dashed bars) selection on 
EE22.. Also shown are the fits with the function F = aexp(0R) + 8. When 6 is omitted, the exponents 
j3j3 are found to be consistent with /3 = (-0.1145  0.005) in all cases. Including 6 decreases this 
valuee to $ = (-0.18  0.02). For 6 itself, we find in the GCEL (0° - 40°)/(140° - 180°) intervals 
66 = (0.139  0.066) s_1/(0.098  0.042) s_1 for the E2 = 0.75-30.0 MeV selection, and 6 = (0.0066
0.0038)) s-1/(0.0040  0.0066) s_1 for the E2 ~ 10.0 - 30.0 MeV selection. These rates, which are 
>> 2CT for the E2 = 0.75 - 30.0 selection and < 2<r for the E2 = 10.0 - 30.0 selection, are of too low 
significancee to draw firm conclusions. Moreover, the assumed function F is not a correct description 
off  the dependences observed in the data, as can be inferred from the figure and from the large x2 

values.. Taking the 6s at face value, we place an upper limit on the contribution from long-lived events 
off  ~ 40%. This upper limit corresponds to rates which are far beyond that expected for the long-lived 
1.377 MeV and 2.75 MeV cascade photons around TOF channel 105 (Fig. 3.6) and leaves room for 
additionall  (yet unidentified) components. To obtain more stringent upper limits, more data should 
bee incorporated and the rigidity parameter should be replaced by one that allows a more accurate 
descriptionn of the dependence on the particle flux (e.g., the veto rates — Kappadath 1996b). 

 Type C or  E events? 
Firstly,, consider type C events. We assume that the majority of the pairs of photons that contribute 
too type C events are emitted near-simultaneously, that is, with a At between the successive emissions 
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FigureFigure 3.12. This figure shows the (normalized) number of counts per module in the 104.5-106.5 TOF 
rangerange for gamma-1 + gamma-2 data from Obs. 204, 205 and 206 (left plots) and the locations of the 
modulesmodules in the (X,Y) coordinate system ofCGRO (right plots). In the left plots, the solid lines are 
forfor a , > 70 keV, E2 > 750 keV,40 < PSD < 110) selection while the dashed lines represent the 
casecase when no selections on energy deposits are made. Note that module D2-2 was switched off. The 
shadedshaded modules are those with the highest count rates. 

off  the order of 1 channel in T OF (~ 0.28 ns) or less. In view of the nuclear decay times in general, 
thiss seems a reasonable assumption. We assume also that the instrumental background is dominated 
byy processes which involve the most abundant element contained in CGR.O: 27A1. Excluding prompt 
proton-inducedd events, it is then reasonable to expect that the TOF distribution for all type C events 
wouldd be similar to that observed for the 27A1 1.37 MeV and 2.75 MeV cascade lines (Fig. 3.6), with a 
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FigureFigure 3.13. This figure shows the dependences of the event rates in the TOF continuum in the 104.5-
106.5106.5 TOF range for data from Obs. 204, 205 and 206 subject to a E2 = 0.75 - 30.0 MeV selection 
(solid(solid bars) and a E2 = 10.0- 30.0 MeV selection (dashed bars; multiplied by a factor of 20). Also 
shownshown are the fits with the model given in the text. The upper and lower data points and curves in 
eacheach case are for 0° — 40° and 140° — 180° selections on GCEL respectively. Other event selections 
appliedapplied are £ j = 0.07-20.0 MeV and PSD = 40-110. 

ratioo of the event rate at T OF = 120 to that at T OF - 105 of ~ 4*. This is based on the hypothesis 
thatt the T OF distribution of type C events, averaged over many orbits, depends to first order only on 
thee mass distribution in CGRO, and not on the interacting type of particle, its intensity distr ibution, 
orr its energy. An upper limi t on the contribution of type C events to the T OF continuum in the 104.5-
106.55 range can now be obtained by scaling the distribution from Fig. 3.6 to match the peak observed 
aroundd channel 120 (Fig. 3.7), the latter of which includes a significant celestial contribution as well. 
Forr the four standard energy ranges, we find upper limits, expressed as fractions of the total number of 
eventss observed in the 104.5-106.5 T OF range, of 0.13, 0.31, 0.45 and 0.57 respectively. Especially at 
energiess below several MeV, this subset of C events fall short of explaining the observed event rate at 
T OFF = 105. So far, however, we have not included the type C events due to prompt (< 200 ns) 7-ray 
emissionn induced by charged particles. Since these cause a veto signal when traversing C O M P T E L, 
thee photon emission must take place in other CGRO components, which automatically guarantees 
thatt the T OF distribution does not peak at T OF channel 120. The obvious candidate components for 
suchh emission would be the CGRO instruments EGRET and OSSE. These instruments are located 

**  Note that any contributions to these cascade lines from processes involving the 2 3Na in the scintil-
latorr material in the COMPTEL D2 detector and in other parts of CGRO would result in a decrease 
off  this rat io and thus would only make the upper limit s that follow more restrictive. 



96 96 CHAPTERCHAPTER 3. THE INSTRUMENTAL BACKGROUND 

nearbyy and are at the right relative distances to the Dl and D2 detectors for producing events with 
TOFss between the backward and forward peaks. This hypothesis is also consistent with the larger 
countt rate observed for the modules near these instruments (Fig. 3.12). 

I tt is much harder to predict the TOF distribution for type E events, where the type and velocity 
off  the particle (mainly protons, neutrons and electrons) and the locations of the two interactions 
alll  play a role. For example, consider type E events due to the high-energy protons with typical 
energiess of ~ 4 GeV and above. In the example given for type E events induced by 1 GeV protons 
(Sectionn 3.1), the TOFs were shown to lie in the ~ 1 0 - 1 75 range. For the proton energies considered 
here,, the T OF for the majority of type E events would thus fall well within the coincidence time 
windoww of 40 ns. The details of the resulting T OF distribution can only be addressed by performing 
Montee Carlo simulations with the CGRO mass model, but qualitatively one would expect a broad 
distr ibut ion,, decaying towards both small and large TOFs and with a broad peak tha t, considering 
thee mass distribution, lies closer to channel 80 than to channel 120. Therefore, we conclude that E 
eventss may explain (part of) the TOF continuum as well. The fractions that each of the event types 
CC and E contribute is still rather uncertain. 

 W h i c h t y p e of par t ic les domina tes ( p r o t o n s / n e u t r o n s / e l e c t r o n s )? 
Thiss question can best be addressed using the Dl and D2 input photon spectra inferred for the T OF 
cont inuum.. The residuals in Fig. 3.10 suggest that these spectra might consist of two components: a 
smoothh spectrum which extends from the maximum energies selected down to the energy thresholds, 
andd a broad component superimposed in the nuclear energy regime (~ 1 — 8 MeV). Whether or 
nott there are indeed two components below — 8 MeV, the spectrum in this energy range probably 
containss a mult i tude of undiscernible 7-ray lines (see also the upper left plot in Fig. 3.9). Both 
protonss and neutrons are capable of producing such spectra and it is not possible to distinguish 
betweenn the contributions from these particles on the basis of the energy spectra alone. A similar 
uncertaintyy holds for the smooth spectral component. At least above ~ 10 MeV, a significant fraction 
off  this component is probably due to bremsstrahlung processes involving cosmic-ray electrons and 
secondaryy electrons produced in the spacecraft following, e.g., TT0 production by high-energy protons. 
Althoughh the electrons constitute just a few percent of the cosmic rays (Section 3.1.1) and thus do 
nott seem important for the instrumental background, their mean free path decreases with increasing 
masss number as Z~2 and, in aluminium, is only 20% of that for protons. Moreover, in contrast 
too the protons, the ultra-relativistic electrons deposit most of their energy in a few bremsstrahlung 
occurrencess (Longair 1992) so that the available amount of energy per interacting particle is larger. 
Thee actual fraction of the instrumental background that is contributed by cosmic-ray electrons depends 
onn the efficiency of converting the high-energy photons created in the bremsstrahlung occurrences into 
7-rayy photons with energies less than 30 MeV. 

Fromm the number of counts in the TOF continuum in Fig. 3.7 and the number of particles incident 
onn CGRO we may now derive the apparent efficiency for inducing type C and E events. For each 
off  the standard energy intervals, we find rates for the events in the TOF continuum of 1.2 s- 1 , 
6.66 s_ 1, 3.9 s_ 1 and 1.4 s"1, respectively, with a total of 13.1 s- 1 . These rates are, due to the simple 
Gaussiann approximations of the peaks at channels 80 and 120, considered uncertain by a factor of 
2,, but are sufficiently accurate for the order of magnitude estimate that we make here. The rate of 
incidentt cosmic-ray particles was estimated in Section 3.1.1 to be roughly ~ 105 s_ 1. The rate of 
thee atmospheric neutrons incident on CGRO depends critically on the assumed input spectrum and 
onn the adopted lower-energy boundary and is of the order of 104 — 105 s- 1 (Section 3.1.2). Together 
withh the observed rates this implies that the product of the interaction probabilities of the particles 
(thosee interactions which produce 7-ray photons) and the efficiency for detecting these photons is 
~~ (0.5 - 1.0) x 1 0- 4 . With a solid angle of ~ 0.1 for the detectors at a (typical?) distance of 2 m, and 
interactionn probabilities in the Dl and D2 detectors of ~ 0.1 and ^ 0.9 respectively, the probabilities 
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forr the incoming particles to liberate 7-ray photons becomes 0.05 — 0.1. In this derivation we have 
usedd crude estimates for various quantities and have neglected the dependences on energy, interaction 
locationn and type of particle. Monte Carlo simulations with the CGRO mass model will have to 
confirmm whether these estimates are reasonable. 

3.3.44 Towards a background model 
Althoughh the physical origin of the events around TOF channel 105 is still unclear, the analysis 

inn Section 3.3.3 has shown that they are consistent with two-photon events. If the same conclusion 
couldd be reached for the events in the TOF continuum near TOF channel 120 (Fig. 3.7), which form 
aa considerable fraction of the instrumental background encountered in the data used for scientific 
analysis,, it wouiu ue pussiuie to muuei iuen ui&tuüLitiüü in üata space niCiüüiug tiït? expcclcu tp 
distribution. distribution. 

Too study the events in the TOF continuum around TOF channel 120, we must separate them 
fromm the Gaussian-like peak that is superimposed. This was achieved by fitting TOF distributions 
ass a function of the event parameter under consideration (e.g., E\) with a model consisting of an 
exponential,, representing the TOF continuum, and a Gaussian component: 

f(T,p)f(T,p) =  ai(p)exp[-a2(p)T} + a3(p)exp[ -0 .5( ( r- a4(p))/a5(p))2}. (3.9) 

Here,, T denotes the TOF ([channels]), p the value of the event parameter and üi{p) (i — 1,5) the fit 
parameters.. The fit range was typically from TOF channel ~ 105 up to channel 145. For each value 
pp of the event parameter, the number of events in the TOF continuum in the 119.5-120.5 range was 
determinedd from an integration of the exponential over this range using the fitted coefficients a;(p). 
Thee distributions obtained this way are shown in Fig. 3.14 (thick dashed lines and asterisks) for the 
eventt parameters Ei, E%, ET, <p and the minitelescope number*. Also shown are the distributions for 
alll  the events with a TOF between channels 119.5 and 120.5 (dashed-dotted lines), i.e., including those 
inn the Gaussian-like peak, and the distributions observed in the 104.5-106.5 TOF range (histograms; 
cf.. Fig. 3.11). 

Evidently,, the events in the TOF continuum around channel 120 and those around channel 105 
havee very similar energy, <p and minitelescope distributions. In other words, the events in the TOF 
continuumm around channel 120 appear also to be dominated by photon pairs that interact indepen-
dentlyy of each other in the Dl and D2 detectors and which have a spatial distribution of origins that 
peakss in the direction of the positive X-axis. The small differences that are observed in Fig. 3.14 
betweenn the histograms and the thick dashed lines may result from inadequacies of the simple model 
usedd to fit the TOF distributions (Eq. (3.9)), or may simply reflect actual existing dependences of the 
spectrall  distribution of the photons as a function of TOF. Since different regions of TOF space trace 
differentt mass component within CGRO, the latter explanation is plausible. In this respect, note that 
thee <p distribution for the TOF continuum in the 119.5-120.5 range (thick dashed line in fourth panel 
off  Fig. 3.14) again agrees well with that predicted (thin line in fourth panel) from the uncorrected 
energyy deposits given by the E\ and E2 distributions (thick dashed lines in first two panels). 

Wee can now write down a recipe for creating a model for the distribution in data space of the 
TOFF continuum in a certain total energy range (E$, —Ef). An assumption that greatly simplifies this 
recipee is that the distribution over 'scatter directions' (x, ip) [see p. 23] of the two-photon events does 
notnot depend on (p. This is equivalent to assuming that the detector responses are independent of the 
directionn of the incoming photons; this assumption thus can only partially be true. In the following, 
referencess are made to the distributions over the minitelescopes, and over E\ and £21 as observed for 

**  The minitelescope numbers are given by = (12 — 1) X 7 + i"i , with i\ = 1 .. .7 and 12 — 1 . .. 14 the 
modulee numbers in the Dl and D2 detectors respectively. 
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FigureFigure 3.14. This figure shows event distributions as a function of E\, E?, ET, V> and minitelescope for 
gamma-11 + ga.mma.-2 data subject to a 104.5-106.5 TOF selection (histograms) and to a 119.5 120.5 
TOTTOT selection (dashed-dotled lines). The thick dashed lines (asterisks in the fifth panel) are the 
distributionsdistributions inferred for the TOF continuum in the 119.5 120.5 TOF range (see text). 'The last panel 
schematicallyschematically shows by means of the vertical lines to which data the various distributions (histogram, 
dushed-dotteddushed-dotted and dashed /asterisks) pertain. In the first five panels, the distributions for the data 
aroundaround TOF — 120 were scaled lo align the dashed lines with the histograms. The thin solid lines in 
thethe third and fourth panels represent the ET and (p distributions predicted from the energy-deposit 
spectraspectra (the solid lines in the iirst two panels). The data is from Obs. 204, 205 and 200, subject to 
thethe selections E, > 70 keV, E2 > 750 keV and 40 < PSD < 110. 
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thee TOF continuum. As a first step, the distributions observed at TOF = 105 may be adopted. When 
thee dependence of these photon spectra on the TOF is found to be non-negligible, the distributions 
att TOF = 120 obtained from the fits with Eq. (3.9) might be better models to use. 

 The (x,V0 distribution can be modelled as follows: 
-- adopt the distribution JMT over the 98 minitelescopes as observed for the TOF continuum in 

thee data under consideration, subject to energy selections that exclude threshold effects (last 
panell  in Fig. 3.14). It may prove necessary to include a dependence on energy for /MJ-

-- adopt a model fXi  ̂ for the (x, ^) distribution within a single minitelescope. Neglecting 
thee possibly varying flux of photons across the surface of a single module, we may as a first 
approachh take a distribution that is based on the geometry function, corrected for the different 
Knurll  angles of the bins (see p. 102). Alternatively, we may create 'module maps' from the 
observedd event distributions. 

 The <p distribution can be modelled as follows: 
-- adopt the E\ and E2 distributions as observed for the TOF continuum in the data under 

considerationn (first two panels in Fig. 3.14), and use fMT as weight factors for the 98 minite-
lescopes. . 

-- for those pairs of (EX,E2) above the Dl and D2 energy thresholds for which Ex + E2 lies 
withinn the total energy range E$ - E$, calculate <p and weigh with the observed number of 
eventss in the weighed E\ and E2 distributions. 

 Combine the above steps into a single model for each minitelescope, and sum these to obtain the 
data-spacee distribution. 
Inn Fig. 3.15, we show preliminary results for the <p distributions predicted by this model for the 

fourr standard energy ranges, and for two smaller intervals with widths that are typically used in 7-ray 
linee analysis. Both the observed and the predicted distributions are for the TOF continuum around 
TOFF - 105. For the ranges examined, the model agrees fairly well with the data. We point out that 
partt of the deviations may be due to the uncertainties involved in the calculation of a (p spectrum 
fromm binned energy distributions. Again, we can not exclude contributions to these distributions from 
thee TOF peaks at channels 80 and 120. Therefore we conclude that the results shown in Fig. 3.15 are 
encouragingg and warrant further development of the model described above. 

Inn a similar way as described above, a data-space model for the random coincidences (type D 
events)) can be constructed. The E\ and E2 distributions for this model should reflect the radiation 
environmentt around the detectors, which have been measured during single-detector modes and which 
cann also be obtained from the burst modules (see Section 3.3.2). Note that random coincidences 
constitutee only a small fraction of the total number of events, so that the modelling of this component 
iss not crucial. 

Inn order to use the models described above as data-space background models for imaging analysis, 
last,, but certainly not least, a model for the instrumental background contained in the peak around 
TOFF channel 120 is required. As argued in Section 3.3.1, this TOF component may be dominated by 
two-photonn events as well. Whether or not this is indeed the case, is the subject of currently ongoing 
studies.. These studies concentrate on obtaining the E\ and Ei distributions of the instrumental 
backgroundd in the peak, which should again be similar if they consist of two-photon events. The 
E\E\ and E2 distributions for all events in the peak at TOF channel 120 can be obtained from fits 
withh the model given in Eq. (3.9). The next step would be to subtract from these distributions the 
contributionss from the 1.46 MeV and 2.22 MeV photons which form type A events. If the analysis 
iss performed using sky-viewing data from high-latitude observations, the only thing left to do is to 
subtractt the contribution from the cosmic 7-ray background. Much progress has recently been made 
concerningg this subject (Kappadath 1996a), and estimates for the E\ and E2 distributions for this 
importantt celestial component may come available in the near future. 
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FigureFigure 3.15. This figure shows the observed (p distributions for the TOF continuum in various Ej 
rangesranges (histograms) and those predicted by the model (dashed lines; see p. 97). The small panels give 
thethe differences between the two in terms of the square root of the number of observed events. The 
lastlast two energy ranges are the  intervals around 1.8 MeV and 4.44 MeV, with OE the energy 
resolution. resolution. 
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3.44 The background in data space 

3 . 4 .11 A n o v e r v i ew 

Sincee the launch of CGRO, there have been many studies of the instrumental background from a 
physicall  point of view. As anticipated due to the complex nature of the processes involved, the progress 
inn this field, albeit steady, has been slow. In the meantime, the imaging analysis was in increasing 
needd for a model of the instrumental background in the three-dimensional da ta space (x,ift,<p) [see 
Sectionn 2.3]. Several studies therefore concentrated on obtaining a workable data-space model without 
necessarilyy providing a physical explanation. The models that have been tried nearly all fall into one 

smoothedd version of the data itself; and 3) those which are a smoothed version of other da ta that are 
expectedd to contain a similar instrumental background distribution. 

Thee first group of models is based on the observation that the (x,ip) distribution of the observed 
eventss (DRE) is, to first order, similar to that of the geometry function (DRG). In Section 3.4.2 some 
exampless of this type of models are given. The second group of models at tempt to smooth the observed 
dataa in such a way that the signatures in da ta space of any sources that may be present in the field 
off  view are smeared out. Of the various smoothing algorithms that have been tried, those contained 
inn the COMPASS programs SRCLIX and BGDLCF have been found to produce reliable and comparable 
resultss and are generally used. An important side effect of this type of background models is the 
necessityy to account for the smeared source in the background, which can conveniently be done by 
adjustingg the response description. The background model used for most of the analysis presented in 
thiss Thesis, SRCLIX, is described in Sections 3.4.3 and 3.4.4. Finally, the third group consists of a vari-
etyy of background models, each of which is based on the assumption that the instrumental background 
doess not change significantly as a function of certain parameters. A conceptually noteworthy example 
off  this type of models is that contained in the COMPASS program BGDHIL, which assumes that the 
(X'55 ^0 distribution of the background prior to the selection on the £ angle is independent of the point-
ingg direction. The program computes the average of the observed event distributions, corrected for 
thee different geometry functions, for a number of viewing periods which were pointed at high Galactic 
lat i tudess in order to minimize the celestial contribution. Results obtained with this model are some-
timess dominated by large systematic errors and indicate that the straightforward approach described 
abovee is probably too crude. Other examples belonging to the third group of background models 
aree those which assume that the (x»V0 distribution of the instrumental background is independent 
off  ET (e.g., the COMPASS program BGDLNE). Such models use the data from the same observation 
outsidee of the studied (narrow) ET range, subject to an appropriate scaling in the <p dimension. Since 
thee continuum emission from celestial sources is present both in the studied E? range and to some 
extentt in the background model, it is reduced while any 7-ray Une emission that may be present is 
emphasized. . 

Mostt of the background models described above aim at a ((^-dependent) description of the (x, ip) 
distributionn of the instrumental background. The final (p distributions of the models are usually 
adoptedd from the observed event distribution. Lately it has become clear, however, that the contribu-
tionn from celestial sources to the observed (p distribution is not negligible, as was implicitl y assumed. 
Forr known celestial sources, it is possible to correct for these contributions (e.g., Section 3.4.3). An 
independentt prediction of the <p distribution of the instrumental background, such as that described 
inn Section 3.3.4 for the T OF continuum (p. 84), would nevertheless be valuable. 

Inn the next subsections we wil l briefly discuss some of the background models that were introduced 
above.. The observed event distribution, contained in the COMPASS data set type DRE, wil l be denoted 
E(Xii^i^p)-E(Xii^i^p)- The instrumental background, the models for which are contained in COMPASS data 
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setss of type DFLB, and the contributions from celestial sources are given by B(Xtifr,0) and n(x,i>,<p) 
respectively.. Furthermore, the symbols G, X, F and M represent the geometry function (DRG), the 
exposuree function (DRX), the PSF (FAQ or IAQ) and a convolved celestial model (DRH). In terms of 
thesee definitions, the general contents of a DRE can be written as 

== B(x, i>, $) + Y^ Mi(x> ^  v) 
1 =1 1 

== B(X,tf>,& + G(X,i& , ?) J2 x(xs,r)Hx s,l>')n(p)F(x,x 3,i>,r,*>) , 

(3.10) ) 

withh I the celestial intensity distribution of the NM models, fi^*)  — AxJAV>scos(^>s) the solid angle 
off  the bin, and the sum over (xs>^3) denoting the sum over the field of view (cf. Eq. (2.16)). 

Wee point out that there is no simple way to characterize how well a background model describes 
thee instrumental background. Direct comparisons of the predicted three-dimensional distributions 
withh those observed in E are not meaningful due to the presence of celestial sources in the latter. 
Montee Carlo simulations of event distributions in data space can provide the statistical properties of 
certainn background models (e.g., see Section 3.4.3), but they cannot be used to address the systematic 
errorss involved when the models are applied to flight data. 

3.4.22 Backg round mode ls based largely on t he D RG 

Thee first instrumental background model investigated after launch was based solely on the DRG. At 
eachh <p bin, the DRB model consists of the (x, VO distribution adopted from the DRG (cf. right picture in 
Fig.. 2.8), scaled to the observed number of events in the DRE within the <p bin (cf. Fig. 2.4). This model 
wass motivated by the observation that the ratio of the DRE and DRG seemed to be rather independent 
off  x a nd i/' (although there is a systematic increase of this ratio towards the edges of the (x, V0 plane). 
Itt can be written as (with B, G and E denoting a DRB, DRG and DRE) 

tttt '' Mi=Mi= ** MxMx feS-feS- (3-n) 
Itt should be noted that the model in Eq, (3.11) differs from what is expected from events that are 
homogeneouslyy distributed over the Dl and D2 detectors, as is evident from the following arguments. 
Iff  the instrumental background consists of single photons scattering from the Dl to the D2 detector, 
BoBo should be multiplied by the factor cos( )̂ to account for the decreasing solid angle of the (x, V0 D ms 

(similarr to the cos(V0 term in Eq. (2.10) for external sources). If, on the other hand, the instrumental 
backgroundd consists of two photons interacting in the Dl and D2 detectors, BQ should be multiplied 
byy the factor cos(^>)/ cos(0), with 9 the angle between the scattering direction and the Z-axis of 
COMPTEL.. Here the second cosine factor corrects BQ for the increasing area of the D2 modules 
containedd in (x, i>)  bins as viewed from the Dl detector. 

Despitee its simplicity, the background model from Eq. (3.11) yields surprisingly 'clean' MLR maps 
inn the 10-30 MeV range in several observations. However, for other data, particularly below 10 MeV 
andd in combinations of observations, the MLR. maps are often dominated by large-scale systematic 
effects. . 

Ann assumption implicit in the model from Eq. (3.11) is that all minitelescopes contribute the same 
numberr of events to the instrumental background. Since this is not observed in the flight data (see 
Sectionn 3.3.4), we investigated a similar model in which the weights of the individual minitelescopes 
couldd be taken into account, as well as the distribution of the interaction locations across the modules. 
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Thee minitelescope weights were determined either from the total number of counts per minitelescope, 
orr as a function of <p. Both methods were found to work fine for some observations, but they produced 
largee systematic errors for several others, especially for observations for which the selection on ( 
(p.. 38) introduced large differences between the geometry function at small and at high <p>s. Due to 
thee inclusion of source counts in the minitelescope weights, the detection significances of sources were 
alsoo greatly suppressed and the model was not pursued further. The model described in Section 3.3.4, 
whichh is the result from recent progress, is based on a similar ideas, but has the obvious advantage of 
predictingg a (p distribution. 

3.4.33 Standard SRCLI X 
r\r\ f +1 „ „ A . I 1 1 l J - l u:_u I L . J : T i i i .i . i i 
v^ii cc ui n ic u iu ic aui-LcsBiiii uaLngiuuuu u iuuc io ivuiuu d ie au ioo i i ieu vtMölUll b Ul ill* ; Udli l UIltMllStJIVtJu 

iss that contained in the COMPASS program SRCLIX. This program optionally fits models of known 
celestiall  sources to the observed data space, followed by a search for point sources using the MLR 
methodd (Section 2.4.8). Developed in 1992 (Bloemen et al. 1994), the background-modelling algorithm 
hass undergone several adjustments to avoid overestimating the detection significances and to minimize 
thee influence of the celestial sources on the background model. Here we will briefly describe the version 
(SRCLIXX version 15) that was used for the work presented in Chapter 6. 

3.4.3.11 The algorith m 
Thee SRCLIX background model is iteratively created from the data themselves, taking into account 

thee presence in these data of the celestial sources specified by the user. The scale factors for the sources 
aree those determined from a maximum-likelihood fit in the previous iteration. We will refer to the 
NMNM convolved celestial sources as S;Mi(\, i>,  ¥>), i = 1, JVjv/, with S{ the fitted scale factor and Mt- the 
distributionn in data space for model i. In the first iteration, it is assumed that s; = 0 for all t. 

Thee first step in each iteration (similar to model Ba above) is to take the (x, 0) distribution from 
thee DRG, scaled to the number of observed events in each <p bin in the DRE. This time, however, the 
latterr is corrected for the contribution from the celestial sources: 

Thee next step is to incorporate into the background model any deviations of the (x, ifr)  distribution of 
thee observed events (which are assumed to be dominated by instrumental background) with respect 
too Z?£ that are independent of (p. These corrections are based on summations over all <ps and a 
smalll  range of (x, >̂)s of the observed event distribution (corrected for the .contribution from celestial 
sources)) and of B£: 

BBLL <**,„)- BL (X ,M x ZrZt^Zr^W.M)  '  (3'13) 

withh Rx and R  ̂ denoting a [-3°, +3°] range around x and ij>  respectively. Finally, the <p distributions 
off  2?£c around each (x,il>,<p)  (the so-called (p templates) are fitted to those observed for the events. 
Thiss can be written as 

BBLL(x,ip,<p)(x,ip,<p) = Blc(X,4>,<p)xl £ G(x,V>,£') EM,&) EM,&) 
\G(X^V) \G(X^V) 

BlBlcc(x,^?')(x,^?') , 
HP*}HP*}  J 

(3.14) ) 
wheree the summation over <p' is performed in the range P$ = [tp — Atp, <p + A<p] with Aip — 6°. Such 
aa limited (p range was found to give better results than the inclusion of all tps in the fitting. The [ ]3 
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inn Eq. (3.14) denotes a running average of 3° x 3° in the (x,l/>) directions, for which the ratio EjG 
insteadd of E itself is used due to the relative independence of this ratio on (x, V0-

Wee point out that in the currently applied form of the SRCLIX algorithm, which has undergone 
severall  changes during the recent years, the modification of B'jp as given in Eq. (3.14) cancels that 
givenn in Eq. (3.13). Nevertheless, both equations are presented here because they do not cancel in the 
modifiedd SRCLIX version described in Section 3.4.4. 

Onee of the properties of the SRCLIX model is that for a background of which the (x, VO distribution 
matchess exactly that of the geometry function G, the model given by the algorithm above is identical 
too the background itself. In particular, this holds for the simulated backgrounds which are drawn from 
aa parent distribution that is taken from the DRG (Section 2.4.6). Significant deviations of the (Xt^O 
distributionn of the background in flight data from that of G may be the cause of the systematic errors 
sometimess encountered (see Section 3.4.5). 

3.4.3.22 The effective response 

Evenn though contributions from celestial sources to # °c are avoided in Eqs. (3.12) and (3.13), 
sourcee signatures in the observed event distribution do influence BL through the fitting of the <p 
templatess to E in Eq. (3.14). It is easy to show that this influence on BL is just an additive term, 
whichh depends on the source strength and its distribution in data space and which is most conveniently 
correctedd for by introducing an effective response function. With n(x, V>> <?) the normal response from 
Eq.. (2.15), the effective response neff resulting from the use of BL may be written as 

^efr(x,V>£)) = n (x ,0 ,v) -

££ 52C(X,^')) . 

(3.15) ) 
Inn SRCLIX, the effective response given by Eq. (3.15) is used to convert both the input models, and 
thee PSF used in the search. The correction of the latter depends on the celestial position; it has to 
bee recalculated at each (x3>^s) location investigated. 

3.4.3.33 Calibratio n 
AA model for the instrumental background has to meet (at least) two criteria: it should not 

artificiallyy produce apparent sources and it should not significantly reduce the inferred fluxes and 
detectionn significances for existing celestial sources (compared to what would be obtained with a 
'perfect'' background model). For the SRCLIX background model, these aspects were addressed using 
Montee Carlo simulations of the instrumental background and of celestial sources as described in 
Sectionn 2.4.6. From simulations of a background only, the distribution of the peak MLR values of 
thee observed excesses was found to be consistent with the expected x2 distribution for 3 degrees of 
freedomm (Bloemen & Klumper 1996). The likelihoods and fluxes of simulated sources have not yet 
beenn calibrated for the most recent versions (15 and 16) of SRCLIX. The results obtained from Monte 
Carloo simulations using a previous version showed that the flux was underestimated by only ~ 7% 
(vann Dijk & Blom 1994). Due to the iterative background modelling applied in the later versions, this 
fluxflux loss is likely to have become even less. 

3.4.44 Modif ie d SRCLI X 
Althoughh the background modelling as applied in SRCLIX usually works fine for single observa-

tions,, this is not always the case when the sum of a number of observations is analysed. Regularly, 
extendedd regions with negative fluxes are observed in the sky maps (see Section 3.4.5). The back-
groundd modelling in this case [Eqs. (3.12), (3.13) and (3.14)] is applied to the sum of the DRE, DRG 

jO C C Bp(x,tl>,<p)x Bp(x,tl>,<p)x ££ G(X,1>,?) "(x>Vsv' ) ) 



3.4.3.4. THE BACKGROUND IN DATA SPACE 105 105 

0 . 7 5 - 11 MeV 1 -33 MeV 

3 - 1 00 MeV 

1.55 -

gg 1.0 

gg 0.5 

0.0 0 

, , 

-\ -\ 

'1 1 

--

10-300 MeV 

10 0 200 30 

VV [°] 
400 50 

Figuree 3.26. T/ii s figure shows, as a function of <̂ , the total number of observed events [DRE((p)] 
divideddivided by the integrated value of the geometry function [DRG(tp)]f and subsequently corrected for 
thethe total integration time [using the maximum value of the exposure function (DRX)]. The data is 
fromfrom several observations from the Cyg X-l region (Section 4.2.1), subject to the standard selections 
ofof Section 2.4.1. Each observation is denoted by a different line style. 

andd DRM da ta sets. This means that any differences in the rate and/or in the <p distribution of the 

backgroundd events between observations (Fig. 3.16) are not taken into account. Such differences arise 
primarilyy as a result of different pointing directions relative to the orbital plane, causing different 

impactss of the selection on C (p. 38), although gain changes of D2 modules also have an impact at the 

lowerr energies. 
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FigureFigure 3.17. This figure shows the regions in the MLR maps, from analyses of the 1-3 MeV data 
fromfrom the Cyg X-l region (Section 4.2.1), which correspond to negative fluxes. The upper and lower 
plotsplots show the results obtained with the background models from Section 3.4.3 and Section 3.4.4 
respectively.respectively. The contours (start 0, step -3) denote the MLR values, multiplied by -1 to indicate a 
correspondingcorresponding negative flux. Note that the regions corresponding to a positive flux were omitted from 
thesethese plots for clarity. 
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] ] 

] ] 

1.755  1.26[-0.2ff] 
] ] 
] ] 

] ] 
1.80  0.1S[—l.lo-j 

] ] 

TableTable 3.1. This table gives the values and standard deviations for the scale factors of the HI, CO 
andand IC models obtained from maximum-likelihood fits to three simulated data sets for the Galactic 
CenterCenter (GC) region and for the Cyg X-l region (see text). All three models were simulated with an 
inputinput scale factor of 2.0. The columns 'Standard' and 'Modified' refer to the SRCLIX versions from 
SectionsSections 3.4.3 and 3.4.4 respectively. The number of as between the brackets denotes the difference 
betweenbetween the fitted scale factor and the input scale factor (2.0) in terms of the standard deviation. 

Too investigate the impact of these differences, the algorithm described in Section 3.4.3 was slightly 
modified.. Instead of performing Eqs. (3.12) and (3.13) on the summed data sets, B°f was created 
forr each observation separately. These distributions were subsequently summed, after which the final 
stepp given in Eq, (3.14) followed. The major difference with the standard SRCLIX approach from 
Sectionn 3.4.3 is thus that differences in the background rate and/or in the <p distributions between 
observationss are now preserved in the background model. We will refer to this new type of background 
modellingg as 'modified SRCLIX'; it is used in Chapters 4 and 5. 

3.4.55 Standard and modified SRCLI X compared 

Thee background models from Sections 3.4.3 and 3.4.4 were compared regarding the systematic 
uncertaintiess introduced in MLR maps and in the inferred scale factors of fitted models when applied 
too the sum of a set of observations (note that for a single observation the background models are 
identical).. The former comparison was made using data obtained from observations of the Cyg X-l 
regionn {Section 4.2.1), the latter using data obtained from Monte Carlo simulations. Note that the 
positivee MLR values are usually multiplied by - 1 when the corresponding fluxes are negative. 

Fig.. 3.17 gives an example of the typical differences that may be observed in the regions in MLR 
mapss that correspond to negative fluxes, when either the background model from Section 3.4.3 or 
thatt from Section 3.4.4 is used. Although the celestial coverages of those regions are similar for both 
backgroundd models, the significances of the corresponding (positive) systematic deviations from the 
expectedd zero-MLR level are much less for the modified than for the standard SRCLIX model. For 
example,, the largest negative fluxes in the maps in Fig. 3.17 correspond to MLR values of 47.4 and 
13.88 respectively (i.e., 6.3er and 2.9<T for 3 d.o.f.). These results confirm the importance of a proper 
treatmentt of the differences in the instrumental background from observation to observation. When 
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data-spacee models for strong celestial sources in the field of view are included in the analysis, the 
significancess of the negative fluxes usually decrease (in Fig. 3.17 no models were included). 

Thee Monte Carlo simulations (Section 2.4.6) were performed for the observations belonging to the 
Galacticc Center (GC) and the Cyg X-l regions (Section 4.2.1). For each observation separately, we 
simulatedd an instrumental background and the distributions in data space for the celestial models of 
thee HI, CO and IC distributions (see Section 4.3.1) in the 1-3 MeV range. The input scale factors of 
thesee last three models were taken to be 2.0, which is a value that is similar to those inferred for real 
dataa (Table 4.4). In Table 3.1 we present the fitted scale factors found from the iterative background 
modellingg and simultaneous model fitting using the standard and modified SRCLIX algorithms. Because 
thesee simulations are labour-intensive, the whole process was repeated only three times (labelled ' 1 ', '2' 
andd '3' in the second column of Table 3.1). Despite the low statistics, several conclusions can be drawn 
fromm Table 3.1. Most importantly, the scale factors derived with the modified SRCLIX version are all 
consistentt with the input value of 2.0. On the other hand, those derived with the standard SRCLIX 
versionn may be systematically off by several standard deviations. In particular, the IC component is 
invariablyy assigned too large a scale factor, while the CO component is severely underestimated in 
thee GC region. Again, these results confirm the importance of the correct background modelling from 
Sectionn 3.4.4. 

Acknowledgements:Acknowledgements: I thank John "You name it, we configure it" Macri and his team for performing the 
requestedd 'low-TOF' instrumental modes, of which the preliminary results are given in Section 3.3.2. 
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4.11 Introductio n 
Doo stellar-mass black holes exist, as predicted by the theory of General Relativity? How many of 

suchh exotic objects have formed in our Galaxy and what fraction might be detectable? What are the 
observationall  fingerprints through which we may identify them? Although these questions cannot be 
fullyy answered yet, there now exists a growing number of Galactic binary systems for which there is 
persuasivee evidence for the presence of a compact object of more than ~ 3 M 0. Since the upper limit 
onn the mass of neutron stars is currently believed to be - 3 M 0 (Friedman, Ipser k Parker 1986), these 
binaryy systems probably contain a stellar-mass black hole (see Friedman k Ipser (1987) and Bahcall, 
Lynnn k Selipsky (1990) for more conservative upper limits). A confirmation of this hypothesis, ruling 
outt other compact objects that have been proposed, would be yet another triumph for the theory of 
Generall  Relativity, which still lacks convincing evidence for its prediction of such collapsed objects. 
COMPTELL observations of the black-hole candidates (BHCs), as these systems are called, form the 
subjectt of this chapter. 

Ass of now, thei'e are 27 Galactic sources known which might harbour a stellar-mass black hole. 
Tablee 4.1 summarizes some of the relevant properties of these systems; more information on many 
off  them can be found in Tanaka k Lewin (1995). The most convincing type of evidence, a firm 
lowerr limit of ~ 3 M© on the mass of the compact object obtained from a direct measurement of the 
dynamicall  parameters, exists only for 8 of the BHCs. In this chapter, I will refer to these as the 'type 
I '' candidates. The evidence for the presence of a black hole in the other BHCs is based on similarities 
betweenn their spectral and temporal characteristics and those of the strong candidates. Due to the 
lackk of generally accepted selection criteria, I will here distinguish between BHCs for which the only 
characteristicc observed is an ultra-soft X-ray spectrum (the 'type III ' candidates) and BHCs for which 
theree are other spectral as well as temporal arguments, such as a hard spectral component extending 
att least to several tens of keV (the 'type II ' candidates). It should be noted that the classification is 
uncertainn in some cases and that additional observational data may alter it. 

Most,, if not all, of the BHCs given in Table 4.1 belong to the group of X-ray binaries. This type 
off  objects consists of a donor star of mass M2 and a compact object of mass Mi which is either a 
neutronn star or a black hole. The X-ray emission is thought to originate in an accretion disk around 
thee compact object, which is fuelled by mass loss from the donor star due to a strong stellar wind or 
too Roche-lobe overflow. The binary nature has not convincingly been shown for ail the members of 
Tablee 4.1. Noticeable exceptions are IE 1740.7-2942 for which direct accretion from the interstellar 
mediumm has been proposed (Bally k Leventhal 1991; Mirabel et al. 1991; Chen, Gehrels k Leventhal 
1994)) and GX 339-4, for which only a tentative orbital period exists (Callanan et al. 1992). One way 
off  dividing the X-ray binaries in distinct groups (see Fig. 4.1) is based on the masses of the donor 
stars,, the distribution of which is roughly bimodal. If M2 is of the order of ~ 1 M 0 or less, the system 
iss called a low-mass X-ray binary (LMXB) . The members of the other group typically contain a donor 
starr of at least several solar masses and are called high-mass X-ray binaries (HMXBs). 

Off  the BHCs given in Table 4.1, only three belong to the group of HMXBs: Cyg X-l , LMC X-l 
andd LMC X-3. They exhibit a persistent type of X-ray emission which varies by at most a factor 
off  ~ 2 - 5. Because the normal star in such systems is optically more luminous than the accretion 
disk,, it is relatively straightforward to determine the spectral type. Together with its projected radial 
velocityy and the orbital period, the so-called mass function of the system is obtained, which in turn is 
aa lower limit on the mass of the compact object (see also Section 4.1.1). 

Manyy of the other BHCs given in Table 4.1, on the other hand, are ultra-soft transient LMXBs, 
alsoo called soft X-ray transients or SXTs . These systems show dramatic increases (several orders of 
magnitude)) of the X-ray flux typically within a couple of days, often to be followed by an exponential 
decayy during the following months, with occasionally a secondary {less intense) outburst after several 
months.. The X-ray outbursts are correlated with optical novae, which allowed for a determination 
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F/'guree 4.J. This figure shows the place of the BHCs from Table 4.1 within the group of X-ray binaries 

(numbers(numbers from van Paradijs & McClintock 1995; Tanaka & Lev/in 1995). The percentages between 

bracketsbrackets refer to the fractions within the subgroups. WR 148 was not included in this overview because 

ofof the lack of a measured X-ray flux (Pollock 1987). 
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Object t 

GROO J1719-24* 
GS1826-24 4 

EXOO 1846-031 
SSS 433 

GRSS 1915+105 
4UU 1957+11 
GS2000+25* * 

CygX-1 1 
GS2023+338C C 

WRR 148 
GROO J0422+32d 

lA0620-00e e 

LMCC X 3 
GRSS 1009-45' 

LMCC X-l 
GRSS 1124-6849 

GS1354-64 4 
TrAA X-l' 1 

4UU 1543-47 
4UU 1630-47 
GXX 339-4 

GROO .11655-40̂ 
1HH 1741-322J 

HH 1755-338 
1HH 1705-250* 

GRSS 1734-292 
IEE 1740.7-2942 

Ml l 
2.38 8 
9.28 8 
29.95 5 
39.69 9 
45.74 4 
50.80 0 
63.37 7 
71.33 3 
73.12 2 
90.08 8 
165.89 9 
209.96 6 
273.58 8 
275.56 6 
280.20 0 
295.30 0 
309.98 8 
320.32 2 
330.92 2 
336.91 1 
338.94 4 
344.59 9 
357.13 3 
357.22 2 
358.59 9 
358.84 4 
359.15 5 

*[° ] ] 
6.97 7 

-6.08 8 
-0.92 2 
-2.24 4 
-0.69 9 
-9.61 1 
-3.00 0 
3.07 7 

-2.09 9 
6.47 7 

-11.91 1 
-6.54 4 
-32.08 8 

9.01 1 
-31.52 2 
-7.07 7 
-2.78 8 
-4.43 3 
5.43 3 
0.25 5 

-4.33 3 
1.90 0 

-1.61 1 
-4.87 7 
9.06 6 
1.40 0 

-0.12 2 

L/H H 

L L 
L L 
L? ? 
H H 
L? ? 
L? ? 
L L 
H H 
L L 

H? ? 
L L 
L L 
H H 
L? ? 
H H 
L L 

L? ? 
L? ? 
L? ? 
L? ? 
L? ? 
L? ? 
L? ? 
L L 
L? ? 
L? ? 
L? ? 

SXT? ? 

Y Y 
Y Y 
Y Y 
N N 
Y Y 
N N 
Y Y 
N N 
Y Y 
? ? 

Y Y 
Y Y 
N N 
Y Y 
N N 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
N N 
Y Y 
Y Y 
N N 

U? ? 

N N 
N N 
Y Y 
N N 
? ? 

Y Y 
Y Y 
Y Y 
N N 
? ? 

N N 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
Y Y 
N N 
Y Y 
Y Y 
Y Y 
N N 
N N 

H? ? 

N N 
N N 
N N 
N N 
Y Y 
N N 
Y Y 
Y Y 
Y Y 
N N 
Y Y 
N N 
N N 
Y Y 
N N 
Y Y 
N N 
N N 
N N 
N N 
Y Y 
Y Y 
Y Y 
N N 
Y Y 
Y Y 
Y Y 

ƒ* ? ? 

Y? ? 

Y Y 
Y Y 
Y Y 

Y Y 
Y Y 
Y Y 

Y Y 
Y Y 

Y Y 

Class s 

II I 
II I 
II I I 
I I 
II I 
II I I 
I I 
I I 
I I 
II I I 
I I 
I I 
I I 
II I 
I I 
I I 
II I 
II I 
II I 
II I 
II I 
I I 
II I 
II I 
II I 
II I 
II I 

 -

region n 

I I 

I I 
1,11 1 
I,II,II I I 
1,11,111 1 
II,II I I 
11,111 1 

11,111 1 
II I I 

IV V 

V V 

V V 
V V 
i,v v 

TabicTabic 4.1. This table gives the BHCs which are searched for in this study (many from Tanaka &: 
LewinLewin 1995). The ten columns denote: Object: the name of the object; I, b: the galactic longitude and 
latitudelatitude of the object; L/H: LMXB or HMXB; SXT?; soft X-ray transient?; U?; has an ultra-soft X-
rayray component ever been detected?; H?: has a hard spectral component ever been detected at energies 
aboveabove 200 keV?; / A / ?: does a mass function exist?; Class: the class of the object (see Introduction); 
region:: the celestial region(s) in which it lies (see Section 4.2.1). A '?' denotes that the information is 
notnot found in the literature or that there are several contradicting reports. The object names are the 
namesnames most frequently encountered in the literature, adopting the nomenclature from the SIMBAD 
datadata base. Other names often encountered are (see column 1): a) GRS 1716-249, Nova Oph 1993; b) 
QZQZ Vul; c) V404 Cyg; d) Nova Per 1992; e) Nova Mon 1975; f) Nova Vel 1993; g) Nova Mus 1991; h) 
1A1524-62;1A1524-62; i) Nova Sco 1994 j) H 1743-32; k) Nova Oph 1977. 

off  the typical recurrence time scale of several decades from comparisons with optical novae earlier 
thiss century (e.g. A0620-00, Eachus, Wright & Liller 1976; GS2023+338, Marsden 1989). During 
quiescence,, i.e., before and long after the outbursts, the X-ray flux from SXTs is usually very low and 
oftenn undetectable (Mineshige et al. 1992; McClintock, Home k Remillard 1995). Also the optical 
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emissionn from the accretion disk in SXTs decreases by a very large factor during the quiescent states 
betweenn outbursts, allowing for a determination of the spectral type and the orbital radial-velocity 
variationss of the secondary. A lower limi t to the compact object mass is then found in a similar way 
ass for the HMXBs, using the mass function. Note that a clear view of the secondary, which is vital for 
determiningg the mass function for SXTs, is not possible for LMXB s in general, because the persistent 
opticall  emission from the accretion disk completely dominates in the binary system. 

Theree are two main models to explain the recurrent outbursts. One involves an instability in the 
masss transfer to the accretion disk (Hameury, King k Lasota 1986), the other involves an instability 
inn the accretion disk itself (Mineshige k Wheeler 1989). In the mass transfer instability model, the 
outburstss are triggered by a sudden increase of the mass transfer from the secondary, caused by 
envelopee expansion due to hard X-ray illumination. In the accretion disk instability model, in which 
thee mass transfer from the secondary is assumed to be constant, the outbursts are caused by a sudden 
increasee in accretion rate through the disk, as a result of a thermal instability in the inner accretion disk 
region.. Both models have problems explaining the existing da ta on SXTs. The upper limi t on the hard 
X-rayy emission from GS2000+25 during quiescence and just before the outburst in 1988 (Mineshige 
ett al. 1992), appears to be in conflict with the high values required for the mass transfer instability 
model.. On the other hand, the rather large quiescent X-ray flux measured for GS2023+338 (Wagner 
ett al. 1994) is difficul t to reconcile with the low values allowed by the accretion disk instability model. 
Chen,, Livi o k Gehrels (1993) argued tha t, although both models have problems explaining all the 
observationall  data, the primary outburst is likely to be caused by an accretion disk instability, while 
aa mass transfer instability originating near the inner Lagrangian region possibly drives the secondary 
outburstt (see also Augusteijn, Kuulkers k Shaham (1993) for a mass transfer instability originating 
inn the secondary). 

Finally,, there are three BHCs in Table 4.1 which are believed to be persistent LMXBs. The type 
II II  BHC WR 148 has been included because of the high mass est imate for the unseen companion. It 
hass not yet been shown, however, that the companion is indeed a compact object. 

Thee origin and evolution of the binary systems believed to harbour black holes is not yet fully 
understood.. This is not only t rue for BHCs, but also for the origin and evolution of the LMXB s and 
HMXB ss in general. From the relatively large number of HMXB s observed and the faster evolution of 
high-masss stars compared to ~ 1 M© stars, it seems that the formation rate of HMXB s is much larger 
thann that of LMXB s (for an overview of this subject see Verbunt k Van den Heuvel 1995). To address 
thiss issue properly, one must not only know how these systems evolve but also make assumptions 
about,, e.g., the birth rates of the primaries and secondaries themselves and about the initial mass 
ratioo and period distr ibutions of the binaries. A major problem for evolutionary scenarios for the 
LMXB ss is to avoid the break-up of the binary when the heavy star explodes to form the compact 
object.. Several schemes have been proposed which avoid such a break-up, including a spiral-in of 
thee companion during a common-envelope phase and the accretion-induced collapse of a white dwarf 
(Verbuntt 1993). Est imating the probabilities of the different scenarios to occur, Romani (1992) came 
too the conclusion that the number of LMXB s containing black-hole primaries may be comparable or 
evenn exceed that of LMXB s containing neutron-star primaries and could be of the order of a few 
hundredd in our Galaxy. 

Sincee the processes that are thought to be responsible for the emission from BHCs (accretion) 
aree similar to those assumed for neutron-star systems, the question inevitably arises whether there 
aree spectral or temporal characteristics that are unique to the BHCs, or to the neutron-star systems 
forr that mat ter. These characteristics could then be used to identify possible BHCs, after which a 
determinationn of the mass function must give a more solid proof (see Section 4.1.1). Although several 
X-rayy characteristics have been proposed to be indicative for a black hole or a neutron star, many of 
thesee were refuted in later years (Tanaka 1989; van der Kli s 1994). Among the signatures that are 
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generallyy accepted as solid indications of a neutron star, are the so-called Type I bursts and regular 
X-rayy pulses (Tanaka & Lewin 1995). It turns out that a large fraction of systems that contain black 
holess are transients (this is not an iron-clad criterion, since there is also a small number of SXTs that 
harbourr a neutron star, e.g. Cen X-4). It has also been suggested that a hard power-law tail in the 
X-rayy spectrum is a signature of an accreting black hole (Liang 1993; Gilfanov et al. 1995). Indeed, 
hardd spectral components extending beyond 200 keV have not been observed from accreting neutron 
stars.. Such a difference may e.g. be related to the absence of a surface of the compact object in the 
casee of a black hole, which for neutron stars is a source of copious soft photons that effectively cool the 
innerr accretion-disk region. However, power-law tails have been observed in the 10-100 keV spectra 
off  LMXBs containing neutron stars, in particular for those that have low X-ray luminosities (Barret 
&&  Vedrenne 1994). An analysis of HEAO-A4 data for a sample of LMXBs harbouring neutron stars 
showedd that the 20-80 keV spectra of these systems become harder as the X-ray luminosity decreases 
(vann Paradijs & van der Kli s 1994). The lack of detected power-law spectral tails above 200 keV for 
neutron-starr systems may therefore be the result of a lack of sensitivity. 

Thiss chapter describes the results for a search for BHCs using over three years of COMPTEL 
observations.. COMPTEL observations of BHCs may help to determine the 7-ray energies to which 
thee high-energy tails extend, which in turn may be used to constrain some of the (model-dependent) 
sourcee parameters. This chapter is structured as follows. First we address the question how to derive 
a.. mass estimate for the compact object in binary systems in Section 4.1.1). An overview of the current 
statuss of low-energy 7-ray observations of BHCs is given in Section 4.1.2, while the models predicting 
7-rayy continuum and line emission are introduced in Sections 4.1.3 and 4.1.4 respectively. Section 4.2 
describess the analysis method. The Galactic diffuse emission, which must properly be accounted 
forr when analysing sources near the Galactic plane, is addressed in Section 4.3. The results of the 
searchh for BHCs are presented in Sectior 4.4 and discussed in Section 4.5. Note that the BHCs GRO 
J0422+322 and Cyg X-l , which are treated in more detail in Chapter 5, are omitted from the search. 

4.1.11 The mass function 
Theree are several temporal and spectral characteristics which are considered to be indications for 

thee presence of a black hole. None of them, however, is as strong as a lower limit on the compact-
objectt mass in excess of the maximum possible mass of a neutron star. The most straightforward way 
too derive such a mass limit is to determine the the mass function from the dynamics of the binary 
system.. If the orbital period P, the semi amplitude Ki of the orbital radial-velocity variations of the 
secondaryy star and the eccentricity e can be measured, the mass function ƒ gives the required lower 
limi tt to the compact object's mass M\ through the relation 

f(Mf(M ll)) ^ 
Mff  sin2 

(M(M 11 + M2? 

withh Mi the mass of the secondary and i the inclination of the system. The last part of Eq. (4.1) 
containss the variables A'2, P and e, all of which can in principle be determined from photometric 
andd spectroscopic observations. A firm lower limit on M\ is now obtained if we set Mi = 0 and 
sinn i = 1. Using reasonable estimates for M  ̂ based on its spectral type and observational limits on the 
inclination,, it is possible to constrain the compact object's mass even more. In many cases, the systems 
aree non-eclipsing and only an upper limit on the inclination exists. Modelling of the tidal distortion of 
thee secondary, which is often observed in the optical light curve, may provide a reasonable estimate. 
However,, because the accretion disk often contributes considerably in the optical, the uncertainties are 
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Object t 

CygX-1 1 
LMCC X-l 
LMCC X-3 
1A0620-00 0 

GRSS 1124-684 
GS2023+338 8 
GS2000+25 5 

GROO J0422+32 
GROO J1655-40 

IMIM  [ M 0] 

0.255 1 
0.144 5 
2.33 3 

3.188 6 
3.11 4 

6.088  0.06 
4.22 5 

1.211  0.04 
3.355 4 

Mi[Mi[  M0] 

166 5 
4 - 10 0 

4.55 - 6.5 
4.11 - 5.6 
5.99 6 
1 0-- 15 
>> 5.5 
>> 2.6 

4 .0 -5 .2 2 

Reference e 

1,2 2 
3 3 

4,5 5 
6,7,8 8 

9 9 
10,11 1 

12 2 
13 3 
14 4 

TableTable 4.2. This table gives the existing mass functions /M and best estimates for the compact-object 
massmass Mi for BHCs. References: 1) Dolan 1992; 2) Gies & Bolton 1986; 3) Hutchings et al. 1987; 4) 
CowleyCowley et al. 1983; 5) Kuiper et al. 1988; 6) McClintock & Remillard 1986; 7) Haswell k Shatter 1990; 
8)8) Haswell et al. 1993; 9) Remillard et al 1992; 10) Casares k Charles 1994; 11) Shahbaz et al. 1994; 
12)12) Charles k Casares 1995; 13) Filippenko, Matheson k Ho 1995; 14) Bailyn et al. 1995. 

large.. Therefore, a much better estimate of the inclination can be obtained from infrared observations 
off  these ellipsoidal modulation, for which the contribution of the accretion disk is lower (e.g. Shahbaz, 
Naylorr & Charles 1994; Shahbaz et al. 1994). 

Thee first object for which the mass function, together with estimates for M2 and i, revealed the 
presencee of a heavy compact object was Cyg X-l . Early measurements at the beginning of the seventies 
suggestedd a mass of the compact object larger than ~ 3 M 0 (Webster k Murdin 1972; Bolton 1972). 
Moree recent observations have placed a very conservative lower limit of 5 M 0 (Dolan 1992), with a 
probablee value of (16  5) M s (Gies k Bolton 1986). Apart from Cyg X-l , there are six additional 
BHCss for which a mass function has been derived. Table 4.2 lists these mass functions together with 
thee best estimates for the mass of the compact objects in these systems, in nearly each case larger 
thann ~ 3 M 0, the current maximum possible mass of neutron stars. 

4.1.1.11 Other  mass estimates 

Theree are three other methods which have been used to estimate the mass of the black hole in 
BHCs.. I will refer to these methods as the 'superhump' model, the 'outer-disk velocity' model and the 
'rotationall  broadening' model. None of the alternative mass estimates is considered to be as reliable 
ass that inferred from the mass function, although they usually are consistent with it. However, these 
methodss may provide useful additional constraints and also have the advantages that they can be used 
whenn not all of the dynamical parameters are available. 

Thee superhump model was proposed by Mineshige, Hirose k Osaki (1992) to explain the slightly 
longerr orbital periods of BHCs during outburst compared to the quiescent state, just as is the case for 
thee superoutbursts of SU UMa systems. According to the theory of superhumps, tidal instabilities in 
thee accretion disk lead to variations in the disk emission with a period that is slightly larger than the 
orbitall  period. Such superhumps occur only when M2/Mx ;£ 0.33 (Whitehurst k King 1991). If only 
thee superhump period is known, Mineshige, Hirose k Osaki (1992) argued, a lower limit to Mi can be 
obtainedd if one assumes that the secondary is a Roche-lobe filling  main-sequence star. If the orbital 
periodd is known as well, no assumptions about the secondary are necessary and a more stringent lower 
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limi tt can be obtained. Applied to the BHCs GS2000+25, GRS 1124-684 and GRO J0422+32, the 
superhumpp model gave mass estimates of Mx > 3.6 M 0, M\ > 4.6 M 0 and 2.9 M 0 < M1 < 6.2 MQ 

respectivelyy (Mineshige, Hirose & Osaki 1992; Kato, Mineshige & Hirata 1993). These estimates are 
consistentt with the mass functions for these systems and thus demonstrate the potential applicability 
off  this model. 

Thee outer-disk velocity model is based on Ha (and H/3) observations of transient BHCs when they 
havee reached their quiescent state. The spectral lines are typically double-peaked in these systems 
andd are thought to arise within the accretion disk. The velocity inferred from the peak separations 
iss assumed to be a measure for twice the projected rotational velocity VE of the outer edge of the 
disk.. For Keplerian orbits around the black hole, the outer edge of the accretion disk Rd is given 
byy Rd = GMIKVEI sinz)2, with Mi the mass of the black hole and i the inclination of the disk. 
Thee accretion disk cannot extend beyond the radius of the Roche lobe for the primary, given by 
RRLL = [0.499-2/3/(0.69-2/3 + ln(l + ?_1'3))] *  a (Eggleton 1983) with q = M2jM^ the mass ratio and 
aa the binary separation. Therefore the relation Rdj'  RL - r) must hold (with r\ < 1), the solution of 
whichh sets an upper limit to the mass My of the compact object. In Section 5.2.2, this method is 
appliedd to the BHCs GRO J0422+32, 1A0620-00 and GS2023+338 and it is shown that the upper 
limi tt given by this method may be lower than the lower limit given by the mass function, thereby 
questioningg the validity of some of the assumptions (e.g., undisturbed axisymmetric Kepler form of 
thee Ha emission region) underlying this method. 

Thee rotational broadening model can be used to estimate the mass ratio q, provided that high-
resolutionn spectroscopic measurements are available. This model is based on the assumption of a 
co-rotatingg secondary, in which case the rotational broadening of the absorption lines, v r o t sin i, can 
bee written as vTQi sin i = 0.462A'2g

1/,3(l + q)2/3 (Wade & Home 1988). A determination of K2 and 
v rott sin i then gives an estimate for q, after which constraints on the inclination (or a reliable estimate 
forr the mass of the secondary) can be used to derive an estimate for the compact-object mass. This 
techniquee has been applied to the BHCs 1A0620-00 (Marsh, Robinson & Wood 1994) and GS2023+338 
(Casaress & Charles 1994), yielding 3.30 M© < Mi < 4.24 M 0 (2<r) and 7 - 24 M 0 respectively. 

4.1.22 7-ray observations of BHCs 

Beforee giving an overview of detected ~MeV emission from BHCs, the observed spectral shapes 
upp to several hundreds of keV are briefly discussed. We note that all of these observations are either 
off  non-transient BHCs, or of transient BHCs during outburst. Not much is known about the (hard) 
X-rayy and MeV emission from transient BHCs during quiescence, other than that the 0.5 - 10 keV 
X-rayy luminosity is usually very small (Mineshige et al. 1992; Wagner et al. 1994; McClintock, Home 
&&  Remillard 1995). This aspect is further discussed in Section 4.5.2. 

Onee of the prime signatures of black-hole systems, as is currently believed, is a hard spectral 
componentt extending beyond 200 keV. Indeed, many of the BHCs have shown such low-energy 7-
rayy emission (Gilfanov et al. 1995), while it has not been detected in neutron-star binaries (see also 
Sectionn 4.1). Usually, the hard tail follows a power-law shape up to a certain break energy after 
whichh the spectrum exhibits an exponential cutoff (Sunyaev et al. 1991a). This spectral distribution 
iss reminiscent of inverse-Compton models (Section 4.1.3.1), which are often found to be a reasonably 
goodd fit to the (hard) X-ray spectra of BHCs along a large energy range. A more detailed overview 
off  hard X-ray /low-energy 7-ray observations of BHCs can be found in Gilfanov et al. (1995). 

Thee spectra of BHCs above 100 keV have on more than one occasion also shown transient line-like 
orr broad features superimposed on the continuum. Broad features near 400 keV were observed with 
SIGMAA for IE 1740.7-2942in October 1990 (Bouchet et al. 1991; Sunyaev et al. 1991b) and September 
19922 (Cordier et al. 1993). Both were found to be consistent with a Gaussian-shaped line centered at 
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~~ 390 keV and FWHM of ~ 190 keV with variable intensity (Cordier et al. 1993). Another, possibly 
relatedd feature, was observed in October 1991 when there was significant (5<r) excess emission above 
1500 keV compared to previous observations (Churazov et al. 1993). A narrower line has been observed 
withh SIGMA for the BHC GRS 1124-684 (Sunyaev et al. 199*2; Goldwurm et al. 1992). A Gaussian 
fitfit  to this feature, which was accompanied by a line around ~ 170 keV, gave a position of ~ 476 keV, 
withh a FWHMof ~58keV. 

Forr comparisons with the COMPTEL observations presented in this thesis, however, it is also im-
portantt to summarize the detections at energies above ~ 700 keV. The only BHC for which detections 
havee been claimed at these energies is Cyg X-l , the first Galactic binary system for which convincing 
evidencee for a heavy compact object was found. Most noticeable is the detection of a transient 7-ray 
'bum"'' at 1 MeV durir." observations in 1979/1980 with the HEAO-3 G^mma-Ray Spprtrnrnptpr (Ling 
ett al. 1987; see also Fig. 1.1). During the so-called 71 state, which was defined by a 45-140 keV flux 
beloww ~ 10 photons cm- 2 s- 1 keV-1, the spectrum showed a broad Gaussian-shaped feature centered 
att ~ 965 keV with a FWHM of ~ 1173 keV and an integral line flux of 1.6 X 10~2 photons cm"2 s- 1. 
7-rayy emission from Cyg X-l above 1 MeV was also reported by McConnell et al. (1989), who claimed 
aa 2.9a detection in the 2 - 6.3 MeV energy range during balloon flights in 1984. This emission was 
nott confirmed by the simultaneous observations with SMM-GRS, from which an upper limit on the 
durationn of the emission of several days could be placed (Harris et al. 1993). Apart from several other 
balloonn detections of Cyg X-l at energies > 1 MeV (see Owens k McConnell, 1992, for an overview), 
thee only other BHC for which MeV emission may have been detected is IE 1740.7-2942. During 
observationss made in 1979, also with the HEAO-3 Gamma-Ray Spectrometer, significant MeV emis-
sionn from the Galactic Center region was measured, showing up as a bump near 1 MeV (Riegler et al. 
1985).. Although this emission has not been shown to originate in IE 1740.7-2942, the similarity of the 
hardd X-ray spectrum and the possible 7-ray bump observed for IE 1740.7-2942 with those observed 
forr Cyg X-l is remarkable. 

Becausee of the possibly important theoretical implications of such strong transient MeV features 
forr the still unknown structure of accretion disks, a confirmation of their existence with more sensitive 
instrumentss would be extremely valuable. During a number of observations of Cyg X-l with OSSE and 
COMPTELL from 1991 to 1993, such features were not detected, even when the 100 keV flux indicated 
thatt the source was in the 7! state (Leising et al. 1993; McConnell et al. 1994). Indeed, the spectrum 
abovee ~ 700 keV was always found to be a smooth continuation of the spectrum measured at hard 
X-rayy energies with some evidence for spectral hardening above 1 MeV. Also during the observations 
withh the Solar Maximum Mission (SMM) in the period 1981-1989 no evidence for transient strongly 
enhancedd MeV emission was obtained (Schwartz et al. 1991; Harris et al. 1993). Therefore, if the 
resultss reported by Ling et al. (1987) are correct, it follows that enhanced transient MeV emission, of 
aa strength as measured with the HEAO-3 Gamma-Ray Spectrometer, is a very infrequent process. 

4.1.33 Mode ls for  cont inuum M eV emission 

4.1.3.11 Inverse-Compton models 
Thee first interpretation that comes to mind for any observed MeV emission is that it is the 

extrapolationn of the models used to explain the hard X-ray observations. These hard X-ray data have 
oftenn successfully been modelled using an analytical description of the inverse-Compton process. In 
thiss process, UV and soft X-ray photons, originating in the accretion disk, scatter on high-energy (kT Z 
200 keV) electrons, thereby gaining an average energy of A(hu)/hu = (AkT - hu)jmec

2, with kT the 
plasmaa temperature and m£c

2 the electron's rest-mass energy. The emergent spectrum depends, among 
otherr things, on the plasma temperature kT and its optical depth r. The analytical approximation 
thatt has generally been used was derived by Sunyaev k Titarchuk (1980; hereafter ST80). It describes 
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thee spectrum resulting from inverse Comptonization in optically thick clouds (r > 1) as a function 
off  just four parameters: the plasma temperature kT, the optical depth r, the distribution of the 
soft-photonn sources and the geometry of the cloud, the last three of which are usually expressed using 
thee parameter 0. For a spherical geometry with a central photon source, 0 - W2/Z(T + 2/3)2, while 
forr a disk geometry with a homogeneous distribution of photon sources, 0 - TT2/12(T + 2/3)2. The 
photonn spectrum ([ photons cm"2 s_l keV-1] ) predicted by the ST80 model is given by the equation 

FFvv(x,x(x,x00)) = — —r-~j — 
>oo + 3) 1 / x ' 

2a00 + 3 xl \x0J 0<x<zo 

r (2a00 + 4) xl \x0J Jo 

withh x = hv/kT, x0 = hvajkT the energy of the input soft photons (only affects the normalization of 
thee spectrum), aQ = (9/4 + -y0)

l/2 - 3/2, 70 = 0/Q and 0 - kTjmtc
2. Fits with this model to the 

spectrumm of Cyg X-l in its low state typically yielded a temperature kT of 25-70 keV and an optical 
depthh between 2 and 5 (e.g., Steinle et al. 1982; Perotti et al. 1986; Schwartz et al. 1991; Ubertini 
ett al. 1991; Salotti et al. 1992). During recent years, several authors have pointed out the differences 
betweenn the analytical ST80 approximation and Monte-Carlo simulations of inverse-Compton spectra 
att higher plasma and photon energies (e.g. Grebenev et al. 1993). In addition, when Haardt et 
al.. (1993) applied a reflection-layer model to EXOSAT archival data of Cyg X-l , they found much 
higherr plasma temperatures (kT ~ 150 keV) than inferred from the ST80 fits. Their findings are 
inn accordance with the high plasma temperatures found from COMPTEL observations of Cyg X-l 
(McConneill  et al. 1994; Chapter 5 this thesis). In the meantime, Titarchuk (1994; hereafter T94) had 
derivedd a modified analytical approximation, valid in a much larger region of the (kT,0) parameter 
planee (see Hua & Titarchuk, 1995, for a comparison of the T94 model and Monte-Carlo simulations). 
Inn particular, the T94 model can be applied at plasma temperatures up to several hundreds of keV 
andd is valid for optically thin plasmas as well. .Since the T94 model is used for some of the spectral fits 
presentedd in this thesis, I will here give the relevant equations that determine the emergent spectrum. 
Forr the diffusion regime (r >  1), the spectrum is given by 

F ,, . a0(ao + 3) 1 / x \2+a° 

T(2o;; + 4) x£ \x0J JQ 

xCxxCx22--bb'e-'e-xx((l+l+ ^  ̂ x>x* 

withh a0 as defined above, 70 = 0/0(1 + /o(0)) the relativistic modification of the definition given 
above,, x, — 0.5 + 70 and 

aa = (9/4 + 7 )1 ' 3 - 3 / 2, 

77 = 0Xtr/Qfi, 

fo(O)fo(O) = 2.50 + 1.87502(1 - 0 ), 

XXiTiT(z)(z) - 1 + 2.8(1 - 1.10)*  - 0.44z2, 

/ * = ( !!  + /o(0) / (l + 10.2*))/(1 + 4.6*  + l . lz2), 

zz = hv/kT, 

bb00 = ((1 + 54.1602(1 - 1.046e)7o)1/2 - l ) /2, 

hh = (4b0 + 7.40(1 - O.420)7o)/(1 + 2b0). 

(4-4) ) 



4.1.4.1. INTRODUCTION 121 121 

Thee normalization factor C is determined from the continuity requirement of the last two parts of 
Eq.. (4.3) at x = xm. Note that the second and third parts in Eq. (4.3) can also be combined in a single 
equationn valid at all energies x > x0 (Hua k. Titarchuk 1995). For the optically thin case (r < 2), the 
spectrumm can be calculated using the second part of Eq. (4.3) with i , = oo, and 70 and 7 replaced 

by y 
__ g (l + (15/8)0) 

700 0(14-(19/8)0) (4.5) 
77 = 7 o (l + 4.6z+ l.lz2) 

Extensivee Monte-Carlo simulations by Hua & Titarchuk (1995) showed that in the region of 
thee (fcT,/?) parameter plane bounded by the lines kT = 5 keV, kT - 500 keV, kT w 90/30'95 and 
kTkT ~ î nnn;30.62 tv,c 'pn̂  iriodcl ^ivcs an excellent description of the s"cctrum result in™ from the 
inversee Compton process. Moreover, within this complete region the spectrum was found to be nearly 
independentt of the characteristics of the soft-photon sources, which enables the application of the T94 
modell  to a variety of sources. In particular, there is very good agreement of the model with EXOSAT, 
SIGMAA and OSSE data for Cyg X-l , and with OSSE data for NGC 4151 (T94). 

Att this point we would like to point out the simplified shape of the ST80 and T94 models at 
COMPTELL energies (> 0.75 MeV). For the softer spectra observed for BHCs, it is customary to 
assumee a Wien-type input spectrum in the COMPTEL analysis. Such spectra, of the form 

FFVV{X,XQ){X,XQ) oc x2e~x [ photons cm"2 s"1 keV^1] (4.6) 

(withh x = hvjkT), accurately describe the high-energy limit (x > 1) of the non-relativistic inverse-
Comptonn model of Eq. (4.2) (ST80). Note that the spectral shape of Eq. (4.6) does not involve 
thee optical depth r. This allows the spectral shape at COMPTEL energies to be described by just 
onee parameter, the plasma temperature kT, which should be equal to that inferred at lower energies 
(providedd that the spectrum is indeed described by the ST80 model). 

Whenn relativistic effects are taken into account, the high-energy tail in the diffusion limit becomes 
off  the form (T94) 

F„(x,rr0)) oc x2-b'e-^l+bo\ (4.7) 

withh b0 > 0 and &i > 0 defined in Eq. (4.4). This function is steeper than the corresponding non-
relativisticc approximation in Eq. (4.6), the difference becoming larger with increasing plasma tempera-
ture.. Also for the optically thin case (Eqs. (4.3) and (4.5)), the high-energy limit is no longer described 
byy the simple Wien approximation from Eq. (4.6). However, in both these cases, the spectral shape in 
aa limited high-energy range (e.g., 0.75-3 MeV) can again be approximated by the simple Wien-type 
spectrumm from Eq. (4.6), using a temperature kT' different from the true plasma temperature kT of 
thethe T94 models. This is illustrated in Fig. 4.2, which shows the T94 models for arbitrary values of the 
plasmaa temperature and optical depth in the optically thin case (solid line) and in the diffusion limit 
(dashedd line). The dotted lines are the fits of a Wien-type spectrum to these models in the 0.75-3 
MeVV range, with the Wien temperature kT' and the normalization left free. It can be seen that these 
Wienn approximations are quite good in the 0.75-3 MeV range, with the largest deviations (up to 15%) 
occurringg at the lower energy boundary. For the diffusion limit , we thus find kT' = 47.0 keV (plasma 
temperaturee kT — 60.0 keV); for the optically thin case we find kT' = 124.0 keV (plasma temperature 
kTkT = 153.0 keV). From this it follows that, also for relativistic plasmas, we may assume Wien-type in-
putt spectra (Eq. (4.6)) at COMPTEL energies. The temperature inferred from the analysis, however, 
cannott be directly interpreted as the plasma temperature itself. 
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FigureFigure 4.2. This figure shows the T94 models for kT = 153 keV and r — 0.15 (solid line), and for 
kTkT = 60.0 keV and r = 2.5 (dashed line). The dotted lines are the Wien spectra that are used as 
approximationsapproximations in the 0.75-1 MeV and 1-3 MeV ranges. 

4.1 .3 .22 Other  mode ls 

Sometimess the observed 7-ray emission seems to exceed that expected from an extrapolation of the 
inverse-Comptonn spectra fitted to hard X-ray data. Several models have been proposed to explain such 
excesss emission, involving both thermal and non-thermal mechanisms. We note that this terminology 
doess not refer to the type of emission process, since that is invariably of a non-thermal origin, but it 
referss to the state of the mat ter that is involved. Indeed, the emission mechanisms in both cases are 
oftenn the same, usually involving inverse-Compton scattering of photons on high-energy (thermal or 
non-thermal)) electrons. We wil l now discuss some of the models that predict (transient) MeV emission 
inn excess of the extrapolation of the inverse-Compton model. 

AA popular model to explain the transient 7-ray bumps that have been observed for BHCs is the 
emergencee of a hot thermal electron (-positron) cloud in the inner accretion-disk region. For example, 
Liangg & Dermer (1988) and Liang (1990) modelled the 7] spectrum of Cyg X- l measured with the 
HEAO-33 GRS by incorporating a hot pair-dominated cloud (kT ~ 400 keV) in the inner disk region 
whichh radiates through Comptonized bremsstrahlung and annihilation of the electron-positron pairs. 
Forr this cloud to become visible at MeV energies, a transition zone has to be introduced between 
thee inner and outer disk regions, which prevents the soft photons originating in the cool outer parts 
fromm cooling the hot plasma cloud. The origin of this transition zone is supposed to be a local 
instability,, but is not further specified. Instead of invoking a pair plasma, Melia & Misra (1993) 
proposedd a model in which the MeV photons are produced in the two-temperature inner region of 
thee disk by self-Comptonization of bremsstrahlung photons originating in the electron plasma. They 
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solvee the relativistic radiative-transfer equations for emission from a standard o-disk model (Shakura 
kk Sunyaev 1973) in a self-consistent manner and in addition allow for a stratified density distribution. 
Itt was found that, due to the gravitational stratification, an increase of the viscosity parameter a from 
0.11 to 0.2 causes the corona in the inner region to become optically thick. The corona then acts as a 
shield,, preventing the low-energy photons from the disk to cool the hot inner region, which causes the 
emergencee of the self-Comptonized bremsstrahlung of the high-energy electrons within a radius of ~7 
Schwarzschildd radii. They propose to identify the a PS 0.2 disk with the 7}  state that shows the MeV 
bumpp and the a sa 0.1 disk with the f2 state. The transition of the 72 to the 73 state may then be 
causedd by an increase in the accretion rate. 

Bothh these models reproduce the anti-correlation between the < 400 keV flux and the MeV bump 
ass observed in the 71 to -y2 transition of the HEAO-3 observations of Cyg X-l in 1979. An important 
differencee between the Liang (1990) and Melia k Misra (1993) models is the assumption of a negligible 
positronn density in the latter model, the justification of which is not clear given the relativistic electron 
temperaturee in the inner region (Misra k Melia 1995). More importantly, a consequence of the Melia 
kk Misra model is that a MeV spectral bump, although less pronounced than in the 71 state, should 
alwayss be present, also in the 72 and 73 states (Melia & Misra 1993). The predicted flux at 1 MeV 
off  ~ 8 x 10"4 photons cm- 2 s- 1 MeV-1 for the 72 state, in which Cyg X-l spends most of its time, 
shouldd readily be detectable with COMPTEL (see Section 5.5). 

Anotherr possible origin of MeV emission from BHCs may involve pion production from collisions 
ofof energetic protons in a two-tempera.ture plasma,. Such a plasma may be formed during accretion on a 
blackk hole, for which the typical gravitational potential energy per nucleon at the horizon is ~ 160 MeV 
(Shapiro,, Lightman k Eardley 1976). Under favourable conditions the energy exchange between the 
protonss and electrons, the latter of which are cooled considerably due to the inverse-Compton process, 
mayy be weak and the ions may reach much higher temperatures than the electrons (Shapiro, Lightman 
&&  Eardley 1976; Björnsson k Svensson 1992). Around ion energies of kTi > 20 MeV per nucleon, 
pionn production becomes important, the cross section of which increases steeply with energy in this 
energyy range. The TT° mesons that are created decay nearly instantaneously creating two 7 photons 
off  ~ 70 MeV which, due to the creation close to the compact object, are redshifted to an energy of 
~~ 18 MeV for a distant observer. The resulting 7-ray spectra for spherically-accreting black holes 
accretingg from the interstellar medium and from a supergiant-wind in a binary were calculated by 
Dahlbacka,, Chapline k Weaver (1974) and Kolykhalov k Sunyaev (1979) respectively. 

Basedd on this type of models, Jourdain k Roques (1994) interpreted the high-energy deviations in 
thee spectra for the BHCs Cyg X-l and GRO J0422+32 as measured with SIGMA as evidence for TT° 
productionn in a two-temperature accretion disk. Taking into account only the production and decay 
off  neutral pions, they calculate the resulting photon spectrum from the hot pair plasma that arises 
fromm the TT° production and decay, pair creation and upscattering of a dense UV/soft X-ray photon 
population.. Combining the inferred UV/soft X-ray luminosity and the high-energy spectral cut off, it 
iss in principle possible to constrain the size of the emitting region using the dependence of the 7 - 7 
opacityy on the density of low-energy photons. For GRO J0422+32 and Cyg X-l they find sizes of 100 
kmm and 30 km respectively. However, the SIGMA data do not show a high-energy cutoff so that the 
sizee is poorly constrained (see also Section 5.2). 

Wee here point out a possible luminosity problem with the model of Jourdain k Roques (1994). 
Thee starting point of this model is, like in the models of Dahlbacka, Chapline k Weaver (1974) 
andd Kolykhalov k Sunyaev (1979), the decay of neutral pions created by proton-proton collisions. 
However,, the latter models involve spherically-symmetric accretion on a black hole, in which case the 
positronss resulting from TT+ decay can freely escape the production region. In the accretion-disk model 
off  Jourdain k Roques (1994), the opacity is much larger due to the copious amount of low-energy 
photons.. Therefore, the positrons produced in TT+ decay, with a typical energy of ~ 30 MeV (Dermer 
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1986),, will become a constituent of the hot pair plasma. Since the cross section for 7r+ production 
iss a factor of ~ 6 higher than that for w° production near the threshold energy for pion production, 
thee contribution of T+ decay to the luminosity likely exceeds that of TT° decay. Therefore, the neglect 
off  7T+ production would appear not to be justified. As Dermer (1986) stated, the spectrum of the 
photonss resulting from the positron production during TT+ decay 'would mask any pure 7r°-decay 7-ray 
spectrumm that might be expected1. 

Another,, possibly relevant, model was proposed by Skibo, Dermer k Ramaty (1994) to explain the 
line-likee features that have been observed around ~ 500 keV for GRS 1124-684 and IE 1740.7-2942 
(seee Section 4.1.2). Following the radio observations of jets in IE 1740.7-2942 (Mirabel et al. 1993), 
theyy proposed that a temporarily enhanced jet-like energy release in the form of a cold plasma and 
hard-spectrumm photons up to 10 MeV may give rise to 7-ray line-like features. This phenomenon is 
basedd on the well-known Compton-scatter formula which states that for each possible scatter angle 6 
thee energy t*  of the scattered photon converges to the value 

__ 0.511 MeV 
C**  " 7(l + /?) ( l -cos0) ( 4 , 8^ 

whenn the initial photon energy tends to infinity, with 0 the velocity of the plasma in units of the 
lightspeedd and 7 - (1 - /J2) - 1 '2. When the initial photon spectrum is hard, all photons with an 
energyy c > 0.511/[7(1 + /?)(1 - cos0)] will end up with a scattered energy just below e*. Because 
theree are two jets moving with high speed in opposite directions, two 7-ray line features are created, 
thee energies of which are a function of viewing angle. At small scatter angles (9 < 45°), i.e., when 
thee observer is situated in the general direction of one of the jets, this mode] produces an MeV bump 
similarr to that observed with HEAO-3 for Cyg X-l . 

4.1.44 M o d e ls for  7-ray l in e emission 

Whilee the field of X-ray spectroscopy is currently making a big step forward due to the development 
off  high-resolution instruments (ASCA, and soon SAX and XMM) , the field of 7-ray spectroscopy is 
stilll  in its infancy. Nevertheless, models for nuclear 7-ray line emission from hot optically-thin plasmas 
weree discussed as early as the late seventies (Higdon & Lingenfelter 1977). Since then, these models 
havee been refined in many ways by several authors (Aharonian & Sunyaev 1984; Guessoum & Gould 
1989;; Guessoum 1989). The main results of these studies can be summarized as follows. When the 
temperaturee of the ion component in the plasma becomes of the order of 1010 - 1011 K (but not as 
highh as > 1012 K when pion production becomes dominant), several types of nuclear reactions start 
occurring.. Many of these reactions produce excited nuclei, either directly through collisions with 
protonss and a-particles, or through spallation reactions. The excited nuclei promptly decay on a 
typicall  time scale of picoseconds and less, hereby emitting a 7-ray photon which is characteristic for 
thee element and the excited level. The relative strengths of these 7-ray lines depend mainly on the 
relativee abundances of the elements and the excitation cross sections of the levels; for a plasma of 
solarr abundances the strongest lines will be found at 4.438 MeV and 6.129 MeV, corresponding to 
thee first excited states of  12C and 1 60 respectively. Of much less importance are the resonant and 
non-resonantt proton captures (e.g. p + 12C ->  13N + 7(2.370 MeV)) for which the cross sections are 
orderss of magnitude below those for simple excitation (Guessoum 1989). 

Anotherr possible channel for 7-ray line production is that of neutron capture. This channel is only 
importantt when there is a considerable neutron production rate in the plasma, i.e., at ion temperatures 
kTkT > 5 MeV required for the neutron-producing spallation reactions. The contribution of neutron 
capturee to the 7-ray line production then depends on the time scale for neutron capture (c, 

1019 9 

ttcc ~ —— seconds, 
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withh np the proton density, compared to the neutron decay time tj - 9.2 x 102 seconds. For proton 
densitiess np > 1016 cm- 3 neutron capture becomes a non-negligible type of emission, of which the 
mostt important 7-ray line will be found at 2.224 MeV from the formation of deuterium (Aharonian 
kk Sunyaev 1984; Guessoum 1989). 

Cann we possibly detect the 7-ray lines produced in the hot accretion disks in BHC systems with 
COMPTEL?? Detailed calculations including the effects of spallation show that this is probably not 
thee case. The relevant time scales for proton thermalization tpp, for proton cooling due to electron 
scatteringg tpe, and for the break-up of nuclei ^ can be written as 

ttppppnnpp « 1014(fcT,/0.511 MeV)3/2 s cm"3 

ttpepennpp « 1016(fcTe/0.511 MeV)3/2 s cm"3 {kTe < 0.511) 

ass 2 X 1016(fcTe/0.511 MeV) s cm"3 (kTe > 0.511) 

ttbbnnpp ss 5 X 1015 s cm"3 

(Guessoumm k Gould 1989). For ion temperatures AT,- of several MeV, thermalization will occur before 
break-upp and break-up will occur before significant electron cooling if the electron temperature kTe 

iss not lower than a few hundred keV. It then depends on the product of the proton density and the 
timee elapsed, tnp, what fraction of the nuclei is destroyed due to spallation before it can contribute 
significantlyy to the 7-ray line production. For Cyg X-l , Aharonian k Sunyaev (1984) estimated a fine 
fluxflux for the 4.438 MeV fine from 12C of F4.438 = (0-6 - 4.0) X 10"7(X c/5 x 10- 4) photons cm- 2 s "\ 
inn which Xc is the abundance of  12C. A detection of this fine and other 7-ray lines would provide 
importantt information on the product tnp. However, it should be noted that such excitation lines will 
bee broadened by thermal motions in the extremely hot plasma (up to several hundreds of keV) and, 
moree importantly, may be significantly redshifted depending on the distance of the production site to 
thee black hole (Higdon k Lingenfelter 1977). For a likely production site at radii less than ~ 10rg 

(r(r gg - GM/c2 is the Schwarzschild radius), which is the region where the two-temperature disk forms 
(Shapiro,, Lightman k Eardley 1976), the energy of an intrinsic 4.438 MeV photon as measured by an 
outsidee observer can be anything from zero up to 4.21 MeV. If we assume that the bulk of the photons 
iss emitted at r « org (Higdon k Lingenfelter 1977), the observed line will be at ~ 4.0 MeV. 

Alsoo the 2.224 MeV line from the neutron capture by protons will he significantly broadened 
andd redshifted if the neutron capture takes place in the accretion disk itself. A large fraction of the 
neutrons,, however, escapes from the accretion disk, taking away not only thermal energy but angular 
momentumm as well. Because this 'neutron evaporation' takes place primarily in the plane of the 
accretionn disk, a significant fraction of the neutrons may be captured by the companion star or other 
surroundingg cold matter, producing a narrow 7-ray line at 2.224 MeV (Aharonian k Sunyaev 1984). 
Forr the non-transient BHC Cyg X-l , Guessoum & Dermer (1988) estimated a narrow-line 2.224 MeV 
fluxx of ~ 10"6 - 10- 7 photons cm- 2 s_1 if a two-temperature plasma is present in this system. 

Althoughh the 7-ray lines mentioned above have not been detected yet, possible support for the hy-
pothesiss of acceleration of ions to high energies might have come from optical observations of LMXBs. 
Observationss of Cen X-4, GS2023+338 and 1A0620-00 have shown high (^cosmic) Li abundances in 
thesee systems (Martin et al. 1994a). Since Li is depleted in the stellar interiors by (p,a) reactions 
andd is diluted in the outer layers by convection into the deeper hot layers where it is destroyed, the 
highh abundances suggest that the observed Li has recently been produced. Martin et al. (1994b) 
proposedd that spallation of C, N and O elements and a - a collisions in the accretion disk during 
X-rayy outbursts may be responsible for this Li enrichment*, and calculate the energy requirements 

**  see Sackmann k Boothroyd (1996) for a possible other origin: 7Li production in low-mass red 
giantss by means of cool bottom processing. The companion in GS2023+338 has been proposed to be 
aa stripped giant (King 1993). 
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too sustain the Li surface abundance. Depending on the typical energy per nucleon Ep, they find a 
necessaryy average power of ~ 5x 1035 erg s- 1 to ~ 5x 1033 erg s- 1 for Ep - 10 MeV and Ev = 1 GeV 
respectively.. Such an amount of energy is similar to that inferred from the typical luminosities during 
outburstss and their recurrence time. The high Li abundances found from optical observations also 
shedd a new light on the possible origin of the narrow (476  15) keV line observed with SIGMA for 
GRSS 1124-684 (Section 4.1.2), when it was realized that the first excited state of  7Li has an energy 
off  478 keV (Martin et al. 1994a). 

4.22 The BHC search: introduction 
Evidently,, 7-ray observations of BHCs have been rare and, consequently, the theoretical un-

derstandingg of MeV emission from such systems is poor. Some models predict continuum emission 
extendingg up to several MeV, at flux levels that are comparable to COMPTEL's sensitivity. Other 
modelss predict the presence of 7-ray spectral lines, but due to break-up reactions the expected flux 
iss relatively low. Here we use all of the Galactic-plane COMPTEL observations performed during 
thee first ~ 3 years of the CGRO mission (Phases I to III ) to conduct the most sensitive search for 
transientt and persistent MeV emission from BHCs to date. This search is performed both in the stan-
dard,, broad, energy ranges to obtain fluxes and upper limits for continuum emission and in narrow 
energyy ranges around (redshifted) 7-ray fine energies. Because many of the BHCs lie close to the 
Galacticc plane, source confusion plays an important role. In addition, the Galactic diffuse emission, 
whichh dominates the 7-ray sky above 100 MeV, may contribute significantly to the COMPTEL fluxes 
derivedd for point sources at low latitudes when not properly accounted for. For this search, the ob-
servationss are divided into five groups, corresponding to five celestial regions. The reason for this 
divisionn is twofold. Firstly, observations that are located far away from a BHC do not contribute to 
thee detection significance of that source. Secondly, this approach allows us to perform a consistency 
checkk on the results found for the Galactic diffuse emission (see Section 4.3). 

Resultss for a BHC search using the standard analysis method (SRCLIX; Section 3.4.3) on COMP-
TELL data have been previously published by McConnell et al. (1996). The analysis presented here 
improvess on these results in two ways. Firstly, the instrumental background model for a sum of 
observationss does now take into account the differences in the <p distributions between these observa-
tionss (Section 3.4.4). This new method was shown to produce MLR maps which do nol suffer from 
thee systematic negative offsets that are occasionally observed for the standard analysis method (Sec-
tionn 3.4.5). Secondly, instead of using previously published COMPTEL results on the Galactic diffuse 
emissionn from all-sky fits, we examine this important component in each of the five regions separately 
(Sectionn 4.3). Monte-Carlo simulations have shown that, using the instrumental background model 
fromm Section 3.4.4, diffuse emission at the levels observed with COMPTEL should give consistent 
resultss between the regions (Section 3.4.5). Here it is shown that the individual contributions of the 
constituentt model components to the observed emission in the five regions are presently not under-
stood,, but that the sum of these components may be regarded a good first-order estimate of the total 
diffusee emission. 

Thee remainder of this section is organized as follows. First we introduce the five celestial re-
gionss that together cover most of the BHCs (Section 4.2.1). Several analysis issues are described in 
Sectionn 4.2.2. We then make a sidestep to discuss the models for the Galactic diffuse emission in 
Sectionn 4.3. Finally, the results of the BHC search, with and without accounting for the Galactic 
diffusee emission, are presented in Section 4.4. 
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FigureFigure 4.3. This figure shows the distribution of the BHCs (*) studied in the search (Table 4.1) and 

thethe celestial coverage for the five regions defined in Table 4.3. 

region n 

1 1 

II I 
II I I 
IV V 
V V 

Name e 

Galacticc center (GC) 

SSS 433 
Cygg X-l 

A0620-00 0 
GRSS 1124-684 

Center r 

(0°,0°) ) 
(-20°,, 0°) 
(20°,0°) ) 

(0°,-20°) ) 
(0°,20°) ) 
(45°,, 0°) 
(71°,3°) ) 

(210°,-6.5°) ) 
(295°,-7°) ) 

Radius s 

30° ° 
30° ° 
30° ° 
30° ° 
30° ° 
35° ° 
35° ° 
35° ° 
35° ° 

TableTable 4.3. This table gives the definitions of the celestial regions which are used in the BHC search. 

TheThe four columns denote 1) the number of the region; 2) the object on which the region has been 

centered;centered; 3) the central position of the region; and 4) the radius of the region. 

4.2.11 Definit io n of th e five celestial regions 

Basedd on the celestial distribution of the BHCs (Fig. 4.3), five regions were chosen, each of which 
containingg a subset of the BHCs. For each of the regions a central position and a radius were defined 
(Tablee 4.3). The (/,&) coverage of these regions are also shown in Fig. 4.3. Since the GC region 
containss many BHCs covering a somewhat extended longitude and lat i tude range, four additional 
positionss were chosen at 20° from the GC. We then selected all observations from Phase I, II  and II I 
forr which the pointing directions he within the circular areas defined by the central positions and the 
radii.. Detailed information about the observations used in this search can be found in Appendix A, 
inn which the last column gives the region(s) in which they are included. 
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Inn Fig. 4.4 the exposures across each of the regions are shown. These were calculated using 
thee C O M P T EL exposure calculator (Version 1.2), which returns the effective observing t ime (units: 
days)) without the additional multiplication by the energy-dependent effective area. For an on-axis 
source,, the lat ter varies from ^ 15 cm2 at 1 MeV, up to ~ 38 cm2 at 4.4 MeV and then again down 
too ~ 15 cm2 at 30 MeV (Stacy et al. 1996). Apart from a triangular response approximation, the 
COMPTELL exposure calculator includes for each observation an estimate for the loss of exposure 
duee to, a.o., SAA passages, lack of real-time telemetry coverage and the Earth blocking the field of 
view.. For this thesis, the triangular-shaped response function with a base of 100° was replaced by a 
two-dimensionall  Gaussian of width as — 24°, which was found to give a better approximation to the 
actuall  exposures. Note that G% is slightly energy dependent; the value used here is typical for a source 
withh an E~2 photon spectrum in the 1-3 MeV range. Although the exposure times thus calculated 
aree still only a first-order approximation and cannot be used in the scientific analysis itself, tfiey are 
usefull  for quick-look exposure maps to identify areas which are underexposed. 

4.2.22 Energy ranges, instrumental background model and analysis me thod 

Thee search for continuum emission from BHCs is performed in the four standard energy ranges 
0.75-11 MeV, 1-3 MeV, 3-10 MeV and 10-30 MeV. The 10-30 MeV energy range was analysed twice, 
usingg (^-ranges from 0° up to 36° and from 4° up to 36° (see Section 2.4,2). Since is not yet clear which 
off  these two g r a n g es yields the most trustworthy results, the results for both are presented here. To 
searchh for 7-ray line emission, we analysed the data in small energy intervals ([E -2a,E + 2a-]), with 
a{E)a{E) the energy resolution from Eq. (2.4)) around the energies of the 7-ray lines that are expected 
too be the strongest in binary systems containing a two-temperature accretion disk: 2.224 MeV, 4.438 
MeVV and 6.129 MeV. A narrow and non-redshifted 7-ray line, however, is only predicted for 2.224 MeV 
photonss originating in neutron capture by hydrogen in the secondary star (Section 4.1.4). Therefore, 
thee search was repeated in the energy intervals 1.85-2.15 MeV, 3.7-4.3 MeV and 5.125-5.875 MeV, 
whichh are roughly the r energy intervals centered around 2.0 MeV, 4.0 MeV and 5.5 MeV. These 
centerr energies are the energies at which the 2.224 MeV, 4.438 MeV and 6.129 MeV lines wil l be 
observedd when the emission effectively takes place at a distance of hrg from the black hole (see 
Sectionn 4.1.4). We point out that most of the lines wil l to some extent be broadened, while the PSFs 
weree created assuming a narrow line. 

Forr each observation, the DRI data sets, i.e., the event (DRE), the geometry (DRG) and the 
exposuree (DRX) data sets (see Section 2.3.4), were created anew from the highest-quality da ta cur-
rentlyy available. Hereby, the standard event selections from Section 2.4.1 have been applied. The 
da taa sets for the observations belonging to a certain region were summed according to the algorithm 
describedd in Section 2.4.7. Data-space models for specific celestial distributions (both point sources 
andd extended diffuse emission) were created from the summed DRXs and DRGs, taking into account 
thee full spherical response description (i.e., using IAQs instead of FAQs, see Section 2.3.2). For these 
convolutionss and for the search itself, we used the set of simulated PSFs given in Section 2.4.3. How-
ever,, no simulated PSFs exist yet for the narrow energy intervals around 2.0 MeV, 4.0 MeV and 5.5 
MeV.. For these, we used modelled PSFs, also given in Section 2.4.3. It is well known that simulated 
andd modelled PSFs (Section 2.3.2), although to first-order very similar, may show small differences, 
bothh in normalization and in shape. In order to ensure consistent fluxes throughout this thesis, i.e., 
basedd on simulated PSFs only, the fluxes obtained with the modelled PSFs were corrected for the 
normalizationn differences. The correction factors (0.97, 0.95 and 1.0 respectively) were determined 
fromm the upper limit s on the fluxes for a number of BHCs in the narrow energy ranges around 2.224 
MeV,, 4.438 MeV and 6.129 MeV, for which both simulated and modelled PSFs are available. 

Ass instrumental background model, the model from Section 3.4.4 is used. We point out that the 
usee of this type of instrumental background models (Sections 3.4.3 and 3.4.4) yields an est imate of 
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thee sum of the continuum and 7-ray line emission. Without further information on the underlying 
continuum,, the fluxes derived in narrow energy ranges must be considered upper limits on the fluxes 
off  the 7-ray lines that may be present in these energy ranges. 

Thee search is performed in a (Galactic-)latitude range of [-20°, 20°] and in a longitude range 
off ° around the central positions of the regions (Table 4.3). We use the Maximum Likelihood 
Ratioo (MLR) method (Section 2.4.8) to determine detection significances and fluxes. Each region 
iss analysed twice, the first time disregarding the influence of the Galactic diffuse emission on the 
detectionn significances and fluxes inferred for the BHCs, the second time taking the Galactic diffuse 
emissionn into account by fitting the data-space models prior to the search (see Section 2.4.8). 

4.33 The Galactic diffuse emission 
Beforee the results of the BHC search can be presented, we need to address the complicating factor 

off  the Galactic diffuse emission in more detail. Dominantly present above 100 MeV, this emission 
showss up as a bright Galactic-plane distribution in the SAS-2 and COS-B maps. As we will see in 
Sectionn 4.4, also the COMPTEL data show evidence for emission associated with the Galactic plane. 
Sincee most of the BHCs lie within \b\ < 5°, it is necessary to estimate the contribution of this diffuse 
emissionn to the fluxes assigned for the BHCs. After the short introduction in Section 4.3.1 and a 
descriptionn of the analysis method in Section 4.3.2, the applicability of the models used to explain the 
diffusee emission above energies of ~ 100 MeV is discussed in Section 4.3.3. 

4.3.11 Theory and previously obtained results 
Thee classical interpretation of the diffuse Galactic emission above 100 MeV is that it is dominated 

byy 7T°-decay, resulting from nuclear interactions between cosmic-ray particles and nuclei of the inter-
stellarr gas (for an overview see Bloemen 1989). Below 100 MeV, the main contribution is thought to 
comee from bremsstrahlung losses of low-energy cosmic-ray electrons interacting with the interstellar 
gas.. In both cases, the celestial 7-ray distribution is expected to correlate approximately with that of 
thee interstellar gas, as mapped by HI and CO surveys (the latter component assumed to be a tracer of 
H2).. Studies performed with SAS-2 and COS-B data (> 100 MeV) have shown that such a correlation 
indeedd exists (e.g., Fichtel & Kniffen 1984; Bloemen 1989). It should be noted that the assumptions 
aboutt the cosmic-ray density distribution, e.g., whether or not it is coupled to matter, differ among 
thee various studies. Another component (= IC) that is thought to contribute to the diffuse Galactic 
emissionn both below and above 100 MeV is inverse Compton radiation from high-energy cosmic-ray 
electronss scattering on the interstellar radiation field. The relative contribution of this component 
nearr the Galactic plane probably does not exceed 5%-10% at energies near 100 MeV (see Bloemen, 
1989,, for an overview). Important parameters that can be derived in studies of the diffuse Galac-
ticc emission are the 7-ray emissivity per H atom q (sr_1 s- 1) , the CO-to-H2 conversion factor X7 

(mols.. cm- 2/ (K km s- 1) ) and a dimensionless scale factor s for the predicted IC distribution (Mic). 
Thesee are assumed to be related to the 7-ray distribution 1  ̂ (cm- 2 sr- 1 s_1) as 

AA  = ^(Nm + 2 * , W C 0 ) + sMlc, (4.9) 

withh JVJJJ the atomic hydrogen gas column density and WQQ the velocity integrated CO intensity. 
Thee predictions for the relative contributions of the bremsstrahlung and the IC components in the 

COMPTELL energy range suffer from the uncertainties in the low-energy cosmic-ray electron spectrum 
ass well as from uncertainties in the interstellar radiation field. However, because the IC component is 
expectedd to have a broader latitude distribution than the bremsstrahlung component, it is in principle 
possiblee to disentangle their contributions. 
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Recentt analyses revealed that the COMPTEL data show indeed evidence for a broader latitude 
distributionn than those of the HI and CO models. It remains uncertain, however, whether this should 
indeedd be attributed to IC emission. Furthermore, an emission component that correlates with the 
COO distribution appears to be lacking in the COMPTEL energy regime (Strong et al. 1996; Bloemen 
ett al. 1996), except perhaps for the 10-30 MeV energy range (see Section 4.3.3). Also, it should be 
notedd that part of the inferred diffuse intensities may be due to unresolved, weak point sources. 

4.3.22 Analysis method 
Thee COMPTEL results on the Galactic diffuse emission described above were derived from fit-

tingg the HI and CO surveys and the theoretical IC distribution, each folded through the instrument 
response,, to observations covering the whole Galactic plane. Although there may be deviations of the 
diffusee emission with respect to the gas distributions, caused by, e.g., a Galactocentric gradient in the 
CRR electron density or a coupling between matter and cosmic rays, they have not yet been taken into 
account. . 

AA thorough investigation of these possible deviations would for example involve the simultaneously 
fittingfitting of the gas surveys in several Galactocentric rings to the observed all-sky 7-ray distribution, as 
hass been done at energies above 100 MeV using COS-B data (Bloemen 1987). A simpler way to get 
insightt into this matter is to fit  the HI and CO surveys and the theoretical IC distribution (from here 
onn the HI, CO and IC models, respectively) to the COMPTEL data covering different celestial regions 
andd to compare the derived scale factors. If there are no strong large-scale deviations, then the fitted 
scalee factors of the models in the different regions should be consistent. We have performed such a 
consistencyy check in the standard energy intervals by fitting the HI, CO and IC models to the data for 
thee five regions defined in Section 4.2.1. The HI and CO surveys used were the same as in the COS-B 
studiess (see Bloemen 1989). The IC model was adapted from Strong k Youssefi (1995). Data-space 
modelss were created as described in Section 4.2.2. The contribution of each of these models to the 
observedd diffuse emission was determined from maximum-likelihood fits (Section 2.4.8), for which the 
backgroundd model was again taken from Section 3.4.4. For region IV, a model for the Crab was 
includedd as well. 

Becausee previously obtained results have shown that the diffuse emission at COMPTEL energies 
iss not yet completely understood (Strong et al. 1996), we have chosen an unprejudiced approach: the 
threee models were fitted simultaneously but were also selected in different combinations. 

4.3.33 Results and discussion 
Thee results of the fits are given in Table 4.4. In this Table, we have included the results for the 

fitsfits with all three models and for the fits with the HI and IC models only (first and second rows for 
eachh region). The reason for including the latter fit  values is the negative scale factor often found for 
thee CO model when all three models are fitted simultaneously. The results for the other combinations 
off  models (not included in Table 4.4) are similar; they are discussed below. 

Thee detailed information contained in Table 4.4 is complex and not straightforwardly interpretable. 
Summarizing,, we can conclude that there is not a single combination of models for which the results 
forr the different regions are consistent. This is not only the case when all energy ranges are taken 
intoo account, but also if we focus on a specific energy range. A similar picture is obtained from the 
fitsfits with the other combinations of the models. Since a consistent picture is lacking, how should we 
interprett the results from the diffuse-model fits in the five regions? I will first address the possible 
astrophysicall  explanations for these inconsistencies, followed by a discussion of the possible technical 
(relatedd to the analysis method) origins. 

 The results of the fits are inconsistent due to astrophysical reasons: e.g., the HI and CO sur-
veyss and the theoretical IC distribution explain only part of the diffuse-like 7-ray emission seen with 
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EE [MeV] 

0.75-1 1 

1-3 3 

3-10 0 

region n 

I I 

II I 

II I I 

IV V 

V V 

I I 

II I 

II I I 

IV V 

V V 

I I 

II I 

II I I 

IV V 

V V 

0.777 9 
0.855 1 
2.166 2 

-0.088 9 
5.144 2 
1.477 4 

-0.822 9 
-0.455 8 
0.666  0.74 
0.688  0.60 

0.766 1 
1.322 4 
9.011  0.55 
5.499  0.52 
12.88 0 
5.500 0 
1.377  1.02 
0.999  0.90 
6.933  0.56 
3.322  0.48 

1.022 5 
0.977 1 
1.211 1 
0.633 9 
1.733 3 
0.666 9 
0.266  0.43 
0.233  0.35 
1.900 2 
0.833 9 

<>2 2 

0.122 2 

-5.966 2 

-11.99 6 

2.844  3.75 

0.066 7 

0.833  0.57 

-8.488  0.88 

-22.00 5 

-3.511 4 

-13.33 6 

-0.066 6 

-1.566 7 

-3.677 1 

-0.199 5 

-4.466  0.64 

3 3 

0.899  0.25 
0.911 5 
2.999  0.23 
1.688 3 
4.033 6 
2.011  0.26 

-9.244 3 
-9.300 3 
0.488 5 
0.488  0.25 

3.000 8 
3.122 8 
4.955 7 
3.322 7 
7.299  0.22 
4.066 2 
14.88 5 
14.88 5 
4.944 1 
3.377 1 

0.855 8 
0.855 8 
1.433 6 
1.166 6 
2.244 0 
1.777 9 
10.66 9 
10.66 7 

0 0 
1.200 9 

11 units: 10 25 photons sr s * 
22 units: 10-25 photons sr"1 s"1 x 1020 mols. cnT2/(K km s"1) 

TableTable 4.4a. This table gives the results for the fits of the HI, CO and IC models to the five celestial 
regions.regions. The five columns denote: 1) the energy range; 2) the celestial region as defined in Table 4.3; 
3)3) Sm = q/4ir (see Eq. (4.9)); 4) SCo = (q/4n)(X1/2.3), i.e., a value of 1.0 for the ratio SCo/Sm 
impliesimplies X  ̂ = 2.3; 5) the dimensionless scale factor s for the predicted IC distribution. The first 
rowrow for each region shows the results obtained when all three models were fitted simultaneously; the 
secondsecond row shows the results for the HI+IC only fits. The standard corrections of Section 2.4.4 were 
applied. applied. 

COMPTEL,COMPTEL, or the CR electrons are not homogeneously distributed. Admittedly, it has not been 
shownn that the emission at MeV energies is truly diffuse and a significant (or even dominant) contri-
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EE [MeV] 

10-30 0 

10-30* * 

region n 

I I 

II I 

II I I 

IV V 

V V 

I I 

II I 

II I I 

IV V 

V V 

«r1 1 

0.422 0 
0.533  0.09 
0.177 5 
0.266  0.05 

-0.099 6 
0.122 5 

-0.188 2 
-0.122 0 
0.499 6 
0.377 5 

0.322 7 
0.500 3 
0.166 9 

.. 0.32  0.09 
-0.022 1 
0.200  0.09 

-0.200 7 
-0.111 5 
0.299 0 
0.322  0.09 

c2 2 

0.211 0 

0.322 3 

0.888 2 

0.422  0.46 

-0.700 1 

0.277 3 

0.466 7 

0.811 2 

0.655 2 

0.100 1 

s s 

0.188 2 
0.211  0.02 
0.233 2 
0.288 1 
0.222  0.04 
0.344  0.02 
1.755 5 
1.711 5 
0.455  0.04 
0.355 2 

0.155 4 
0.177 4 
0.133 4 
0.222 2 
0.155 6 
0.277 5 
1.611 4 
1.577 4 
0.399 6 
0.400 5 

11 units: 10~25 photons sr l s 1 

22 units: 10-25 photons sr"1 s"1 X 1020 mols. cm~2/(K km s"1) 

Tablee 4.4b. This table is similar to Table 4.4a, but now for the 10-30 MeV energy range. The asterisk 
denotesdenotes the restricted (^-selection of 4° - 36°. 

butionn from a Galactic population of other (point) sources cannot be excluded. On the other hand, 
correlationss of the interstellar-gas distributions with the 7-ray emission from GeV energies down to 
~~ 50 MeV have been found both from COS-B and EGRET observations (Strong et al. 1988; Strong k 
Mattox,, in preparation), while such correlations are also claimed in the low-energy 7-ray domain from 
observationss with SIGMA (Claret et al. 1995). The 7-ray intensities derived from all-sky fits to the 
COMPTELL data are in reasonable accordance with the results from these other wavelength regions 
(Strongg et al. 1996). With this in hindsight, there appear to be two types of astrophysical explanations 
forr the inconsistent results given in Table 4.4. One explanation is the additional presence of a popula-
tionn of weak MeV point sources, the Galactic distribution of which is such that maximum-likelihood 
fitsfits including only the diffuse models yield inconsistent results between the regions. Although this re-
mainss a possibility that cannot be excluded, one might wonder why we do not detect several of these 
objectss as separate point sources. The other explanation involves the assumptions that have been 
madee for the predicted MeV emission associated with the HI, CO and IC models. For example, the 
distributionn of the low-energy CR electrons might not be homogeneously distributed, as is implicitly 
assumedd here by using the HI and CO surveys 'as is'. The COS-B and EGRET data indeed show 
evidencee for a Galactocentric gradient in the observed emissivities, with a hint for steeper gradients at 
lowerr energies (Bloemen 1989; Strong & Mattox, in preparation). In addition to this, local deviations 
off  the 7-ray intensity with respect to the interstellar-gas surveys may arise from a possible coupling 
off  the CR intensity with matter (e.g., Fichtel k Kniffen 1984). The results obtained with COMPTEL 
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inn the different celestial regions are inconclusive regarding these matters. The only clear trend that 
seemss to exist is an increase of the scale factor 5 of the IC model below 10 MeV from region I to 
regionn III , i.e., from the inner Galaxy outwards. This may indicate that the scale height of the CR 
sourcess in the IC model, for which a value of 3 kpc was adapted (Strong & Youssefi 1995), is different 
att MeV energies. We point out that the strongly deviating values of s for region IV are a result of 
thee lack of structure in the celestial distribution of the IC model in the anti-center in combination 
withh the iteratively created instrumental background model. The (x,i>) distributions for both these 
modelss are similar, so that a fraction of the instrumental background events is wrongly assigned to 
thee IC model (or vice versa). This argument does not apply to the variations in the scale factors for 
thee fitted IC models in the other regions. There, the IC model contains sufficient celestial structure 
too be recognized, as is evident from the consistent scale factors found for the Monte-Carlo simulations 
off  the IC model in the GC and Cyg X-l regions (Section 3.4.5). 
Itt is remarkable that even for the 10-30 MeV energy range, which is closest to the lower-edge of the 
COS-BB and EGRET energy ranges, a consistent picture for the five regions is lacking. At the same 
time,, this is the only energy range for which > 2<r correlations between the 7-ray emission and the 
COO distribution are found (Table 4.4b). The fact that this was not found for all-sky fits (Strong et 
al.. 1996) may be the result of the improved instrumental background model used here (Section 3.4.4). 
Inn the other energy ranges, S'co is often assigned a significant negative value, especially in regions II 
too V. Even though the celestial distribution of the CO component is very different from those of the 
HII  and IC components, these negative scale factors appear to be the result of a complex interplay 
betweenn all three models and are not understood. 

 The results of the fits are inconsistent due to technical reasons: the iteratively created instrumental 
backgroundbackground model cannot be used when diffuse models are fitted. In Section 3.4.5 it was shown that 
maximum-likelihoodd fits with this model, to an instrumental background and diffuse emission created 
fromm Monte Carlo simulations, correctly yield the input intensities for all three components of the 
diffusee emission. Indeed, no significant differences were found between the results for the two regions 
(II  and III ) considered. In Monte Carlo simulations, however, the simulated instrumental background 
hass a (x, VO distribution that is drawn from the (x, ^) distribution of the DRG (Section 2.4.6). For the 
limitingg case of infinitely high statistics, it can be shown that the background model from Section 3.4.3 
whenn applied to simulated data is equal to the simulated background itself. A technical reason for 
thee inconsistencies observed in Table 4.4 may therefore have its origin in the (x>V0 structure of the 
true,, unknown, instrumental background. As is currently understood, the (x>V0 structure of the 
instrumentall  background deviates significantly from that of the DRG. This will then also result in 
deviationss of the background model with respect to the instrumental background. However, since 
thesee deviations occur on small scales in the (x, ty) plane, it is likely that their influence will average 
outt when the data from a large number of observations (~ 10 - 30 per region) is analysed. Moreover, 
onlyy ^-dependent deviations would play a role, since the background model incorporates a correction 
too eliminate (x, i>)  deviations that do not depend on (p. Summarizing, it cannot be fully excluded 
thatt the inconsistencies seen in Table 4.4 could be due to the background modelling itself, but any 
connectionn of this kind would not be easily understood either. 

4.3.44 Conc lus ion 

Thee unavoidable conclusion from the discussion above is that the origin of the diffuse Galactic 
emissionn observed with COMPTEL is not yet understood. A more extensive and detailed analysis 
off  the diffuse emission, including correlation studies of different Galactic populations that might 
contributee to it, is outside the scope of this paper. The same applies to the interesting astrophysical 
implicationss of the failure to detect a correlation of the CO distribution with the emission below 
100 MeV (and perhaps also in the 10-30 MeV range) as observed with COMPTEL. For a recent, 
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comprehensive,, discussion concerning these matters the reader is referred to Strong et al. (1996). 
Ass a result of the above, there is a considerable uncertainty in the fluxes derived for point sources 

thatt lie close to the Galactic plane, as most of the BHCs do. In order to present estimates of these 
uncertainties,, we proceed as follows. The detailed celestial distribution of the Galactic diffuse emission 
att MeV energies is unknown and there is no globally consistent picture arising from the COMPTEL 
data.. However, nearly all of the diffuse-like emission observed in the sky maps that are presented 
inn Section 4.4 disappears when the HI and IC diffuse models are included in the model fitting prior 
too the search. This suggests that a significant fraction of the diffuse emission can be described by 
thesee models, even though the origin of the emission might be different. In addition, the inferred 
intensitiess connect smoothly to those derived in the neighbouring hard X-rays and high-energy 7-rays 
(Strongg et al. 1996). In the next Section, we will therefore tentatively assume that the HI and IC 
diffusee models are a first-order approximation of the underlying Galactic diffuse 7-ray background on 
topp of which source fluxes have to be derived. Only the HI and IC models will be included since no 
evidencee was found for CO-related emission in any of the regions (except perhaps for the 10-30 MeV 
range).. For each region, we will use the scale factors that were derived for that region. Because of the 
significantt differences in the scale factors between the regions and the possibility of local deviations in 
thee emissivities, we believe that this approach is better than fixing the scale factors for all regions at 
thee values obtained from all-sky fitting. It goes without saying that the results for the BHCs presented 
inn this thesis will benefit greatly from a better understanding of the Galactic diffuse emission at MeV 
energies. . 

4.44 The BHC search: results 
Inn Figs. 4.5 to 4.9, we present for each region the MLR maps in the 0.75-1 MeV, 1-3 MeV, 3-10 

MeVV and 10-30 MeV energy ranges. The left pages show MLR maps for which the Galactic diffuse 
emissionn was not modelled out, the right pages show the results obtained when the HI and IC models 
aree included and fixed at the values found in Section 4.3.3. The MLRs were multiplied by -1.0 if the 
correspondingg flux was less than 0.0. For the 10-30 MeV energy range two maps are shown, subject 
too <p selections of 0° - 36° and 4° - 36° respectively. From these maps it is evident that the inclusion 
off  the events with small <£'s leads to systematically higher MLRs and thus to higher inferred source 
detectionn significances (note, however, that the fluxes are generally consistent; see also Section 2.4.2). 
Forr region IV, a model for the Crab was included as well. Note that the values in MLR maps represent 
aa measure of the detection significances for point sources. The presence of diffuse emission must be 
determinedd from a maxi mum- likelihood fit of the celestial distributions, convolved with the instrument 
response,, to the events data space. 

Thee most striking feature to be seen in the MLR maps on the left pages is the concentration of the 
emissionn towards low latitudes, with a strong increase towards the inner Galaxy. This clearly argues 
forr a Galactic origin of this diffuse-like emission, the models for which were discussed in the previous 
section.. When these models are included, most of the emission is seen to disappear (right pages). 
Noticeablee exceptions are the 0.75-1 MeV and 1-3 MeV energy ranges for region V (Fig. 4.9b). The 
remainingg large-scale emission that is observed in these maps, which also shows up in all-sky imaging 
(Strongg et al. 1996), is not predicted by any of the diffuse models used here and poses a challenge to 
theoristss in the field of diffuse Galactic 7-ray astronomy. 

Wee point out that the large areas with negative fluxes on the left pages are inherent to the 
instrumentall  background model used (Section 3.4.5) and are caused by the presence of strong sources 
(diffusee emission, the Crab) in the field of view. When these sources are included as models, the 
systematicc negative features disappear (cf. the 1-3 MeV energy range in Figs. 4.5a,b and 4.8a,b). In 
thee only MLR map in which several strong negative features remain after the inclusion of the diffuse 
modelss (the 1-3 MeV map in Fig. 4.9b), there is significant positive emission as well. 
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Object t 

GROO J1719-24 
GS1826-24 4 

EXOO 1846-031 
SS433 3 

GRSS 1915+105 
EQQ 1957+115 
GS2000+25 5 

GS2023+338 8 
WRR 148 

A0620-00 0 
GRSS 1009-45 
GRSS 1124-684 

GS1354-64 4 
TrAA X-l 

4UU 1543-47 
4UU 1630-47 
GXX 339-4 

GROO J1655-40 
1HH 1741-322 
HH 1755-338 
1HH 1705-250 

GRSS 1734-292 
IEE 1740.7-2942 

0.75-1 1 

<< 5.31 
<8.67 7 
<< 10.20 
<< 11.11 
<< 12.07 
<< 4.05 
<4.55 5 
<< 17.69 
<< 4.60 
<< 5.46 
<< 11.60 
<< 4.40 
<< 11.91 
<< 17.97 
<< 8.30 
<6.18 8 
<< 7.52 
<< 10.74 
<< 3.67 
<< 3.67 
<< 5.17 
<< 5.02 
<< 3.67 

1-3 3 

<9.77 7 
<9.47 7 
<< 19.56 
<< 10.89 
<< 9.61 
<< 8.25 
<4.38 8 
<< 19.52 
<< 13.77 
<< 5.38 
<< 4.49 
<4.55 5 
<< 19.24 
<< 25.46 
<< 12.70 
<< 14.48 
<< 15.72 
<< 17.90 
<< 21.28 
<< 15.14 
<< 7.27 
<< 20.24 
<< 20.71 

3-10 0 

<< 4.11 
<< 5.22 
<< 5.63 
<< 5.29 
<< 4.91 
<< 3.87 
<< 3.34 
<< 3.45 
<< 3.03 
<4.08 8 
<< 1.94 
<< 3.06 
<8.25 5 
<< 7.52 
<2.23 3 
<< 5.83 
<< 5.81 
<< 6.34 
<< 7.39 
<< 5.85 
<< 1.58 
<6.82 2 
<< 7.45 

10-30 0 

<< 2.51 
<< 2.50 
<< 3.10 
<< 1.84 
<< 1.32 
<< 0.71 
<< 1.00 
<< 0.88 
<< 0.66 
<< 1.30 
<0.65 5 
<2.30 0 
<2.85 5 
<4.01 1 
<< 1.68 
<< 2.65 
<< 1.97 
<< 2.69 
<2.72 2 
<< 2.11 
<< 1.66 
<3.35 5 
<3.64 4 

10-30* * 

<< 1.27 
<< 1.61 
<< 2.18 
<< 1.63 
<< 1.28 
<< 0.97 
<< 0.87 
<< 0.58 
<< 0.65 
<< 1.59 
<< 0.89 
<< 1.46 
<< 2.17 
<3.70 0 
<0.96 6 
<< 2.36 
<< 1.36 
<< 2.26 
<< 1.85 
<< 1.40 
<< 0.60 
<< 2.52 
<< 2.96 

R R 

I I 
I I 
II I 
II I 
II I 
II I 
II I I 
II I I 
II I I 
IV V 
V V 
V V 
V V 
V V 

TableTable 4.5. This table gives, for the standard energy intervals ([MeV]), the 2a upper limits on the lluxes 
assignedassigned to BHCs when the models for the diffuse emission have not been included in the analysis 
(cf.(cf. the left pages of Figs. 4.5 to 4.9). Flux units in columns 2-6 are 10~5 photons cm~2 s_1. The 
lastlast column gives for each BHC the region that was used to determine the upper limit. Note that the 
BHCsBHCs LMC X-l and LMC X-3 are located outside the defined regions and that GRO J0422+32 and 
CygCyg X-l are treated in more detail in Chapter 5. 

Tablee 4.5 gives the la upper limits on the fluxes assigned to the BHCs in the standard energy 
rangess when the models for the diffuse emission are not included in the analysis (i.e., corresponding 
too the left pages of Figs. 4.5 to 4.9). All fluxes and errors in this table were converted to la upper 
limits,, whatever the significance for a source detection at the position of the BHC. The reason for this 
approachh is that in this case the possible confusion with other point sources and the contribution of 
thee diffuse emission do not permit a determination of fluxes other than upper limits, especially for the 
GCC region. 

Inn Table 4.6 we present the fluxes and upper limits in the standard energy ranges when the 
modelss for the diffuse emission are included in the analysis (see Section 4.3.4). The fluxes in this table 
weree converted to 2a upper limits only if the detection significance (assuming 1 degree of freedom) 
wass less than 2er, which corresponds to an MLR of 4. It should be noted that also in this table 
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Object t 

GROO J1719-24 
GS1826-24 4 

EXOO 1846-031 
SSS 433 

GRSS 1915+105 
EQQ 1957+115 
GS2000+25 5 
GS2023+338 8 

WRR 148 
A0620-00 0 

GRSS 1009-45 
GRSS 1124-684 

GS1354-64 4 
TrAX- 1 1 

4UU 1543-47 
4UU 1630-47 
GXX 339-4 

GROO J1655-40 
1HH 1741-322 
HH 1755-338 
1HH 1705-250 

GRSS 1734-292 
IEE 1740.7-2942 

0.75-1 1 

<3.68 8 
<7.24 4 
<4.50 0 
<< 9.13 

5.700 + 2.69 
<4.05 5 
<4.55 5 

10.255 + 3.03 
<< 4.60 
<5.46 6 
<< 11.69 
<4.40 0 
<< 10.20 

8.588 + 3.80 
<7.45 5 
<3.93 3 
<5.48 8 
<< 7.07 
<3.68 8 
<3.67 7 
<4.93 3 
<3.68 8 
<3.67 7 

1-3 3 

<< 3.64 
<< 3.60 
<4.63 3 
<4.37 7 
<< 4.29 
<< 8.17 
<4.38 8 

8.955 + 2.50 
<< 9.87 
<5.38 8 
<< 5.52 
<4.55 5 
<7.89 9 
<< 12.97 
<< 8.97 
<4.22 2 
<< 7.75 
<5.42 2 
<6.68 8 
<4.97 7 
<6.09 9 
<5.69 9 
<< 5.53 

3-10 0 

<< 1.54 
<2.97 7 
<< 1.99 
<< 2.41 
<2.56 6 
<3.66 6 
<2.14 4 
<< 2.33 
<< 2.7i 
<< 3.17 
<< 1.94 
<2.05 5 
<4.61 1 
<3.17 7 
<2.23 3 
<< 1.96 
<< 2.60 
<< 1.73 
<2.26 6 
<< 2.17 
<< 1.58 
<< 1.53 
<2.17 7 

10-30 0 

<0.75 5 
<< 1.08 
<< 1.02 
<0.71 1 
<0.72 2 
<0.71 1 
<0.58 8 
<0.54 4 
<:: u.6i 
<< 1.15 
<0.65 5 

0.855 + 0.38 
<0.94 4 
<< 1.64 
<0.91 1 
<0.78 8 
<0.74 4 
<0.66 6 
<0.56 6 
<0.55 5 
<0.56 6 
<0.75 5 
<< 1.02 

10-30* * 

<0.76 6 
<< 1.22 
<< 1.09 
<0.76 6 
<0.76 6 
<0.96 6 
<0.63 3 
<0.58 8 
<< 0.65 
<< 1.51 
<0.93 3 
<< 1.32 
<< 1.17 
<< 2.60 
<< 0.96 
<< 1.03 
<< 0.78 
<< 0.99 
<0.60 0 
<0.60 0 
<0.60 0 
<< 1.25 

0.933  0.36 

R R 

I I 
I I 
II I 
II I 
II I 
II I 
II I I 
II I I 
II I I 
IV V 
V V 
V V 
V V 
V V 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 
I I 

TableTable 4.6. This table gives, for the standard energy intervals ([MeV]), the fluxes and 2a upper limits 
assignedassigned to BHCs when the models for the diffuse emission have been included in the analysis (cf. the 
rightright pages of Figs. 4.5 to 4.9). For units see caption to Table 4.5. 

thee measurements may be influenced by source confusion, e.g., the high fluxes for GS2023+338 are 
influencedd by Cyg X-l , which is located only 5.5° away and has not been modelled out. The possible 
detectionss are further discussed in Section 4.5.1. 

Thee MLR maps (not shown) for the narrow energy ranges around 2.224 MeV, 4.438 MeV and 6.129 
MeV,, and around the corresponding redshifted lines, are rather empty and show only few excesses, 
mostt of which are of low statistical significance. Apart from a weak excess (MLR ~ 9) in the 4.438 
MeVV MLR map coincident with SS 433, all other features are at most marginally consistent with 
positionss of BHCs. A prominent diffuse-like component at low latitudes, as was observed in the MLR 
mapss for the wider energy ranges, is lacking in these maps (the possible presence of diffuse emission 
inn these narrow energy ranges which contain relatively few events should again be addressed using 
maximum-likelihoodd fits with data-space models for the diffuse emission). Because of the above, we 
havee not included figures containing these MLR maps. Table 4.7 gives the 2<7 upper limits on the 
fluxesfluxes from BHCs for the narrow energy ranges when the possible presence of Galactic diffuse emission 
iss neglected. Also for this table (as for Table 4.5), we have converted each flux to a 2a upper limit , 



148148 CHAPTER 4. A SEARCH FOR BLACK-HOLE CANDIDATES 

Object t 

GROO J1719-24 
GS1826-24 4 

EXOO 1846-031 
SSS 433 

GRSS 1915+105 
EQQ 1957+115 
GS2000+25 5 

CygX-1 1 
GS2023+338 8 

WRR 148 
GROO J0422+32 

A0620-00 0 
GRSS 1009-45 

GRSS 1124-684 
GS1354-64 4 
TrAA X-l 

4UU 1543-47 
4UU 1630-47 
GXX 339-4 

GROO J1655-40 
1HH 1741-322 
HH 1755-338 
1HH 1705-250 

GRSS 1734-292 
IEE 1740.7-2942 

2.224 4 

<< 1.25 
<< 2.34 
<< 3.27 
<< 1.99 
<< 1.52 
<< 1.61 
<< 1.49 
<< 2.77 
<< 2.29 
<< 1.85 
<< 2.78 
<< 2.32 
<< 1.58 
<< 1.62 
<< 4.79 
<4.99 9 
<< 3.85 
<< 1.89 
<< 2.65 
<< 2.44 
<< 2.88 
<< 2.32 
<< 1.28 
<< 2.19 
<< 2.11 

4.438 8 

<< 1.04 
<< 0.79 
<< 1.31 
<< 2.54 
<< 1.93 
<< 0.87 
<< 1.47 
<< 1.89 
<0.81 1 
<< 1.30 
<< 1.28 
<< 1.01 
<< 1.53 
<< 1.35 
<< 1.78 
<< 2.16 
<< 1.02 
<< 1.71 
<< 1.28 
<< 1.43 
<< 1.41 
<< 1.27 
<< 1.19 
<< 1.31 
<< 1.41 | 

6.129 9 

<< 1.31 
<< 0.88 
<< 1.47 
<0.94 4 
<< 0.78 
<< 1.09 
<< 0.73 
<< 1.11 
<0.85 5 
<< 0.79 
<< 1.17 
<0.91 1 
<0.80 0 
<< 1.53 
<< 0.99 
<< 1.97 
<< 1.30 
<< 1.37 
<< 1.85 
<< 1.23 
<< 1.00 
<< 1.15 
<0.65 5 
<< 0.63 
<< 1.08 

2.0 0 

<< 1.45 
<2.58 8 
<< 5.49 
<< 2.01 
<< 1.49 
<< 2.53 
<< 1.47 
<< 3.09 
<< 1.80 
<< 2.21 
<< 2.77 
<< 1.95 
<< 1.55 
<< 2.20 
<< 3.71 
<< 3.76 
<< 3.81 
<< 3.50 
<< 2.86 
<< 2.94 
<< 3.46 
<< 2.25 
<< 1.56 
<< 2.44 
<< 2.68 

4.0 0 

<< 1.69 
<< 1.30 
<< 1.08 
<< 1.84 
<< 1.40 
<< 1.65 
<< 1.34 
<< 2.14 
<< 1.93 
<< 2.11 
<2.07 7 
<2.05 5 
<< 1.06 
<< 1.09 
<2.60 0 
<2.47 7 
<< 2.14 
<< 1.97 
<< 2.33 
<< 1.21 
<< 1.75 
<2.27 7 
<0.85 5 
<< 1.78 
<< 1.89 

5.5 5 

<< 0.95 
<< 1.50 
<< 1.86 
<0.89 9 
<0.90 0 
<< 1.33 
<< 1.07 
<< 1.24 
<< 0.82 
<< 1.66 
<< 1.32 
<< 1.31 
<< 1.19 
<< 1.47 
<< 1.40 
<< 1.61 
<< 1.02 
<< 1.22 
<< 0.88 
<< 1.80 
<< 2.05 
<< 1.34 
<0.96 6 
<< 1.93 
<< 1.87 

R R 

I I 
I I 
II I 
II I 
11 1 
II I 
II I I 
II I I 
II I I 
II I I 
IV V 
IV V 
V V 
V V 
V V 
V V 

TableTable 4.7. This table gives, for the narrow energy intervals ([MeV]), the 2a upper limits on the üuxes 
assignedassigned to BHCs when the models for the diffuse emission have not been included in the analysis. 
ForFor units see caption to Table 4.5. 

whateverr the significance for a source detection at the position of the BHC. We point out that the 
usee of (modified) SRCLIX type of instrumental background models (Sections 3.4.3 and 3.4.4), gives 
ann estimate for the sum of the continuum and -y-ray line emission. The upper limits in Table 4.7 thus 
nott only include a possible contribution from the Galactic diffuse emission, but also the underlying 
continuumm flux in these narrow energy ranges, if present. In this respect, the excess in the 4.438 MeV 
mapp coincident with SS 433 must presently be regarded an upper limit as well. 
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4.55 The BHC search: discussion 

4.5.11 On individua l sources 
Wee will now briefly discuss the positive flux measurements listed in Table 4.6. In this section, 

wee take 1 degree of freedom to determine detection significances of the BHCs that are positionally 
consistentt with excesses in the MLR maps. No corrections for the number of trials are made. For 
comparison,, in an all-sky survey made with COMPTEL a number of ~ 6 statistical fluctuations above 
ZaZa are expected in a single energy range (assuming that point sources separated by more than 5° can 
bee resolved). 

 GRS 1915+105: The 0.75-1 MeV sky map for the SS 433 region shows a weak excess consistent 
withh this BHC, which has been found to eject radio-emitting lumps at a superluminal speed (Mirabel 
&&  Rodriguez 1994). The detection significances at the position of GRS 1915+105 before and after 
thee inclusion of the diffuse emission are 2.6a and 2.2a respectively. In the individual observations 
forr this region, in general no significant emission from this position is seen, except for Obs. 318 in 
thee first week of February, 1994 (S. Brandt, internal COMPTEL communications). The 0.75-1 MeV 
MLRR map for this observation (Fig. 4.10, right picture) shows a weak excess that is consistent with 
GRSS 1915+105. If the BHC is indeed the origin of this excess, a detection significance of ~ 2.9cr 
andd a flux of (3.7  1.3) x 10~4 photons cm- 2 s_1 (0.75-1 MeV) is implied (cf. the 2a upper limit 
duringg Obs. 203.0+203.3+203.6 of 2.3 x 10~4 photons cm- 2 s"1). When the HI and IC models for the 
Galacticc diffuse emission are included, with scale factors as determined from the fits to the complete 
Cygg X-l region (Table 4.4), the flux changes only by 0.2<r. 
Thee 0.75-1 MeV flux at the position of GRS 1915+105 during Obs. 318 is roughly a factor of 
100 higher than the time-averaged flux listed in Table 4.6 and would imply a luminosity of 2.6 x 
IQ^iD/Q.SIQ^iD/Q.S kpc)2 erg s- 1 for an assumed power-law spectrum with a photon spectral index of -2.5 
(note,, however, that the upper limit in the 1-3 MeV range is incompatible with this assumed spec-
trum).. Such a luminosity is only a small fraction of that inferred for the 8-150 keV range during 
observationss on September 23 and 24 (TJDs 8888-8889), 1992 (Sazonov et al. 1994). It is interesting 
too note that Obs. 318 was performed during the second large X-ray outburst of GRS 1915+105, which 
lastedd roughly from December 1993 to April 1994 (Fig. 4.10, left picture). The average 20-100 keV 
fluxflux measured by BATSE during this and the previous large outburst (May 1992 to July 1993) was 
roughlyy 200-250 mCrab, with a highly variable spectral hardness (Paciesas et al. 1995a). For Obs. 43 
(Octoberr 29 - November 3, 1992), which was performed during the first large outburst, a 2a upper 
limi tt of 5.5 X 10~4 photons cm- 2 s_1 is obtained in the 0.75-1 MeV range. This upper limit is con-
sistentt with the flux measured during Obs. 318 and also with the extrapolated power-law spectrum 
measuredd with SIGMA on September 23-24, 1992 (Finoguenov et al. 1994), from which a 0.75-1 MeV 
fluxflux of 7.9 x 10~5 photons cm- 2 s_1 is expected. Note that the average BATSE flux in the 20-100 
keVV range (Paciesas et al. 1995a) is considerably higher (~ 40%) than the flux measured with SIGMA 
(Finoguenovv et al. 1994). 

 GS2023+338: This source is perhaps the most interesting candidate for 7-ray emission apart 
fromm GRO J0422+32 and Cyg X-l , because of the observed high 0.2-10.0 keV luminosity during 
thee quiescent state (~ 6 x 1033(rf/3.0 kpc) erg s_1; Wagner et al. 1994) compared to that for other 
BHCss (e.g. McClintock, Home & Remillard 1995). When we include a data-space model for Cyg 
X-ll  in the 0.75-1 MeV range, the 2a upper limit for GS2023+338 (cf. Table 4.5) is reduced to 
11.11 x 10~5 photons cm- 2 s- 1. After the models for the Galactic diffuse emission are also taken into 
account,, this upper limit decreases to 9.7 x 10~5 photons cm- 2 s"1 (cf. Table 4.6). 
Thee analysis for GS2023+338 in the 1-3 MeV range is somewhat more complicated, because the 
observedd excess peaks at (l,b)v (76.5°,-0.5°) with a maximum MLR of 19.3 (Fig. 4.11a). A possible 
(diffuse)) counterpart contributing to this excess is the local enhancement in the HI distribution at 
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FigureFigure 4.10. Left: This picture shows the time coverage of the two major outbursts ofGRS 1915+105 
(vertical(vertical fill  pattern) as seen with BATSE (Paciesas et al. 1995a), together with the time coverage of 
thethe COMPTEL observations (horizontal fill  pattern) for which GRS 1915+105 was within 30° of the 
pointingpointing direction (Obs. 2.0, 7.0, 7.5, 13.0, 20.0, 43.0, 231.0, 318.0, 328.0, 330.0, 331.0, 331.5, 332.0, 
333.0).333.0). The most relevant observations, Obs. 43 and Obs. 318, are indicated; Right; This picture 
showsshows the 90% and 95% location contours for the excess observed in the 0.75-1 MeV energy range in 
Obs.Obs. 318. The position of GRS 1915+105 is indicated with an asterisk. 

slightlyy larger longitudes. Indeed, when the. HI and IC data-space models for the Galactic diffuse 
emissionn are included in the analysis, with scale factors determined from the fits to the Cyg X- l region 
(Tablee 4.4), the remaining weak excess is consistent with GS2023+338 (Fig. 4.11b). Another possible 
counterpartt for the excess observed in Fig. 4.11a, is the Galactic 26A1 line emission at 1.809 MeV. The 
celestiall  distribution of this component as observed with COMPTEL (Oberlack et al. 1996), shows a 
weakk excess that is consistent with the position given above. Finally, we cannot exclude contributions 
fromm 2EG J2019+3719, 2EG J2020+4026 and 2EG J2026+3610, which are three nearby sources 
fromm the second E G R ET catalog (Thompson et al. 1995). The low fluxes and upper limit s in the 
COMPTELL energy ranges, however, indicate that one or more of these sources must exhibit a spectral 
break,, given their power-law spectra in the EGRET range. When we include a data-space model 
forr Cyg X- l only (Fig. 4.11a), the 2a upper limi t for GS2023+338 in the 1-3 MeV range becomes 
15.99 x 1 0- 5 photons cm"2 s- 1 (cf. Table 4.5). After the models for the Galactic diffuse emission 
aree also taken into account (Fig. 4.11b), we obtain a flux of (5.3  2.6) x 10~5 photons c m- 2 s- 1 

(cf.. Table 4.6). Given the uncertainties due to the possible source confusion (see above), this weak 
fluxx must be regarded an upper limit . Hence, COMPTEL does not detect significant time-averaged 
emissionn from GS2023+338 in the standard energy ranges; the high fluxes in Table 4.6 are due to 
confusionn with the nearby Cyg X- l . 

However,, in the ML R maps for the individual observations (in which Cyg X- l has not been modelled 
out),, there are several hints for an extension of the Cyg X- l contours in the direction of GS2023+338. 
Thee most extreme example of this is the ML R map for the 1-3 MeV range for Obs. 318 (Fig. 4.11c). 
Thee observed excess with a peak ML R of 18.1 is not consistent with Cyg X- l at the > 3(7 level. 
Whenn the models for the diffuse Galactic emission are included as well (Fig. 4 . l i d ), the excess has a 
maximumm ML R of 12.0 and is consistent with Cyg X-l only at the 2.7a level. In both cases, however, 
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FigureFigure 4.11. This figure shows the 1-3 MeV MLR maps for the summed observations of the Cyg X-l 
regionregion (upper pictures) and for Obs. 318 (lower pictures). The '*'  and the '+'  denote the positions of 
GS2023+338GS2023+338 and Cyg X-l respectively. The contours are the la, 2a and 3a location contours, unless 
specifiedspecified differently, ( a ): including a data-space model for Cyg X-l; (b): including data-space models 
forfor Cyg X-l, HI and IC. The contour levels for this picture represent MLRs, starting at 3.0, with a 
stepsizestepsize of 3.0; (c): no models included; (d): including data-space models for HI and IC. 

thee emission is coincident with GS2023+338. Because this is one of the sources that contain high 
lithiumm abundances (Section 4.1.4), a detection in the 1-3 MeV range would be potentially interesting 
duee to the possible presence of a 2.224 MeV line from neutron capture by hydrogen. However, the 
present,, crude, methods for detecting 7-ray line emission do not show evidence for significant line 
features.. We therefore conclude tha t, although we cannot exclude a contribution from 7-ray lines, the 
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1-33 MeV flux for Obs. 318 at the position of GS2023+338 is not dominated by a 2.224 MeV line, since 
thatt would have shown up in the present spectra. 

Assumingg for now an E~2 ° power-law continuum spectrum, the 1-3 MeV flux at the position of 
GS2023+3388 during Obs. 318 is (4.5 ) X 10"4 photons cm"2 s"1, which is reduced to (3.6  1.0) X 
lO - 44 photons cm- s- 1 when the data-space models for the Galactic diffuse emission are incorporated 
(withh the scale factors obtained from the fits to the Cyg X-l region). The upper limit for the 0.75-1 
MeVV range is consistent with this spectrum, but it does not support soft spectra that have photon 
spectrall  indexes smaller than -2.7. The 2a upper limit for the 3-10 MeV range is below the expected 
flux,flux, indicating a different spectral shape above 3 MeV than the simple E~2-0 power law assumed here. 
Iff  the emission indeed originates in GS2023+338, a luminosity of (1.0  0.3) x 1036 erg s"1 during 
Obs.. 318 would be implied, assuming an E~20 power law spectrum and a distance of 3.0 kpc. The 
weakk excess in the 1-3 MeV MLR map for the Cyg X-l region (Fig. 4.11b) is probably dominated by 
thee contribution from this observation and corresponds to a time-averaged luminosity of (1.5 ) x 
10355 erg s"1. This would correspond to an accretion rate of M = L/TJC2 = 2.6 x 10_11(0.1/?7) M 0 yr^1, 
withh rj  the efficiency of the conversion of mass to radiative energy, which is highly uncertain at these 
energies.. Note that, if the flux measured in Obs. 318 is a rare phenomenon, the time-averaged fluxes 
mayy decrease when more observations are added. 

 WR 148: Although the flux levels for this source do not reach the requirement to be included 
inn Table 4.6, it should be noted that there is an excess consistent with this source in the 1-3 MeV 
rangee for the Cyg X-l region (Fig, 4,7a). WR 148 is a spectroscopic Wolf-Rayet binary which has 
attractedd attention in the past because of its unusually low mass function (~ 0.3 M s) and the large 
heightt (~ 800 pc) above the Galactic plane (Drissen et al. 1986). The optical light curve shows broad, 
shallow,, dips when the WR star is in front (Moffat fc Shara 1986) which, in view of the probable 
inclinationn of ~ 67°, are not caused by eclipses but by variable absorption (Drissen et al. 1986). The 
systemm seems to be associated with a small and a large HI ring-shaped shell detected both in radio 
andd in IR (Dubner et al. 1990). For reasonable values of the inclination and the mass of the WR-
star,, the unseen companion is inferred to be heavier than ~ 4 M© (Drissen et al. 1986). However, 
thee nature of the companion is still a mystery. Neither a normal main-sequence star nor a black 
holee fits well into the general picture of the binary: a main-sequence star is difficult to reconcile 
withh the observed luminosity dips and the inclination, while the absence of radio-continuum emission 
(Dubnerr et al. 1990) and X-ray emission (Pollock 1987) sheds doubt on the presence of an accreting 
blackk hole. If the absence of X-ray emission from accretion is hypothesized to be due to very large 
absorptionn (Moffat & Seggewiss 1979), a detection of the source in 7-rays might still be possible. The 
COMPTELL excess near the position of WR 148 should therefore be regarded a tentative, but by no 
meanss conclusive, result which could be substantiated by a detection of flux variations correlated with 
thee orbital period of ~ 4.3 days. 
Theree has been no report of a close-by EGRET source, but a search in the SIMBAD database near 
thiss position returns several other possible counterparts, including a number of EINSTEIN sources. 
Anotherr possible candidate is Nova Cyg 1992, which was discovered in the optical on February 19, 
19922 by Collins (1992). COMPTEL upper limits on the 22Na 7-ray line emission (1.275 MeV) from 
thiss nova, located at (/,&) = (89.13,+7.82), were previously reported by Iyudin et al. (1995). Taking 
intoo account the mean life time of  22Na of 3.75 years and the many more post-outburst observations 
includedd in the search presented here, the possible (marginal) detection of this source would not be 
inn contradiction with the non-detection in Iyudin et al. (1995). We will have to await refined spectral 
analysiss methods to determine if the 1-3 MeV excess is consistent with a continuum spectrum or that 
itt also contains one or more spectral lines. 

 GRS 1124-684: The flux measurement for this source in the 10-30 MeV energy range is of 
marginall  significance only and is below the la significance level when the tp > 4° selection is applied. 
Sincee BHCs are not a priori expected to emit in this energy range, we should also take into account 
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thee number of trials in energy space. Therefore, we consider this measurement to be statistically 
insignificant. . 

 GRO 31655-40: This is, like GRS 1915+105, a superluminal source which was observed with 
BATSEE to be in outburst several times during 1994 (Zhang et al. 1994; Tingay et al. 1995; Harmon 
ett al. 1995a). A preliminary analysis of the COMPTEL data obtained during a target-of-opportunity 
observationn (Obs. 336.5; 4-9 August, 1994), revealed no evidence of this source at MeV energies 
(McConnelll  1995), with 0.75-1 MeV upper limits that are consistent with the extrapolation of the 
BATSEE data. We have now analysed also Obs. 338.0, the second dedicated observation lasting only 
twoo days, and again find no evidence for this source. 

 A1524-62: The > 2a flux measurements for this source in the 0.75-1 MeV and 1-3 MeV energy 
rangess are obtained in a region which contains much more residual emission, most or all of which 
iss not understood {Fig. 4.9). Moreover, there is no real evidence for a point source at or near this 
location,, (although the weak excess near (/, b) = (324.5, —7,5) is formally consistent with A1524-62 at 
thee ~ 3<r level). Therefore, we do not regard these measurements as evidence for weak emission from 
A1524-62. . 

 IE 1740.7-2942: Also for the position of this source, the significance of detection is low and is 
onlyy obtained for one of the two ^-selections applied to the data in the 10-30 MeV energy range. In 
addition,, source confusion may play an important role near the Galactic center, more than in the rest 
off  the Galactic plane. In view of this, we regard also the positive flux for IE 1740.7-2942 in Table 4.6 
ann upper limit . 

4.5.22 On the BHCs in general 
Thee search performed in Section 4.4 has not revealed significant (> 3er) time-averaged MeV 

emissionn for any of the BHCs included (for COMPTEL results on GRO J0422+32 and Cyg X-l see 
Chapterr 5). Typical upper limits on continuum emission in each of the standard energy ranges and on 
7-rayy line emission in the selected narrow energy ranges are shown in Table 4.8. These values are the 
resultss of the most sensitive systematic searches for time-averaged continuum and 7-ray line emission 
fromm BHCs in the 0.75-30 MeV range to date. For comparison, the typical 95% upper limit on a 1 
MeVV 7-ray line from the direction of the Galactic center derived from observations with SMM/GRS 
betweenn 1980 and 1987 is 2 x 10~4 photons cm- 2 s- 1 (Harris et al. 1990), while the upper limits for 
0.6-7.00 MeV emission from Cyg X-l during 12 day intervals in the period 1981-1989 derived with the 
samee instrument are roughly 2.4 Crab units (Harris et al. 1993). The COMPTEL upper limits on 
continuumm emission in Table 4.8 are comparable to the COMPTEL upper limits previously published 
(McConnelll  et al. 1996), although the latter are somewhat lower at lower energies. These differences 
mayy be due to differences in the amount of observations used, to differences in the treatment of the 
Galacticc diffuse emission and to differences in the instrumental background model, and are therefore 
indicativee for the magnitude of the systematic uncertainties. 

Mostt of the BHCs included in the search were quiescent at hard X-rays over the last few years 
duringg which the COMPTEL observations were performed (as inferred from the continuous BATSE 
monitoring).. The classical*  understanding of transient BHCs in quiescence is that they contain a nearly 
'empty'' accretion disk, which is slowly filled with matter that is transferred from the companion. This 
iss inferred from the low (but often observable) X-ray flux (Mineshige et al. 1992; Wagner et al. 1994; 
McCUntock,, Home & Remillard 1995), which is a measure of the mass-accretion rate M at the inner 
edgee of the disk, and from optical observations that provide information on the mass-transfer rate 
MMTT at the outer edge of the disk. In the case of 1A0620-00, McClintock, Home k Remillard (1995) 

 See, e.g., Narayan & Yi (1995) for advection-dominated accretion disks, which form a recently 
re-discoveredd solution to problem of rotating accretion flows around black holes and neutron stars. 
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7-rayy line emission 

E E 
[MeV] ] 

2.224 4 
4.438 8 
6.129 9 
2.0 0 
4.0 0 
5.5 5 

lala upper limit 
photonss cm- 2 s- 1 

2.44 x 10"5 

1.44 X 10"5 

1.11 x 10~5 

2.66 X 10"5 

1.77 x 10- 5 

1.33 x 10"5 

continuumcontinuum emission 

E E 
[MeV] ] 

0.75-1 1 
1-3 3 

3-10 0 
10-30 0 

10-30* * 

2(77 upper limit 
photonss cm- 2 s- 1 MeV-1 

2.33 x 10"4 

3.11 x 10"5 

3.44 x 10"6 

4.00 x 10"7 

4.99 X 10"7 

TableTable 4.8. Typical upper limits {or the time-averaged fluxes of BHCs. These numbers are averages 
ofof the values given in Tables 4,6 and 4.7. Left: Upper limits on continuum emission in broad energy 
ranges,ranges, corrected for the contribution from the Galactic diffuse emission. The asterisk denotes the 
deviatingdeviating <p-selecthn of 4° — 36°. Right: Upper limits on f-ray line emission. The latter values still 
containcontain the possible contributions from continuum emission and from the Galactic diffuse emission. 

findfind M < 5 x 10~15 M@ yr - 1 and Mr ~ 10~10 M 0 y r - 1. After a certain amount of time has passed 
(typicallyy more than a decade), the disk is thought to undergo a thermal instability, leading to the 
thee dramatic outbursts mentioned in Section 4.1. However, are the BHCs truly quiescent between the 
largee outbursts, and is the recurrence time indeed several decades? 

AA number of observations of BHCs during the last few years have revealed previously unknown 
behaviourr of these systems. Most remarkable has been the discovery of the ejection of lumps of 
matterr at superluminal velocities during outbursts of the BHCs GRS 1915+105 and GRO J1655-40 
(Mirabell  & Rodriguez 1994; Tingay et al. 1955). It is possible that GX 339-4, which shows similar 
outburstt patterns (Paciesas et al. 1995b), and IE 1740.7-2942, for which radio jets have been observed 
(Mirabell  et al. 1992), also belong to this type of BHCs. Long-term monitoring of GRS 1915-1-105 
andd GRO J1655-40 indicate that in general the onset of the radio outbursts (Rodriguez et al. 1995; 
Greiner,, Predehl tz Pohl 1995) occurs at the time when the outburst in X-rays is decaying (Paciesas 
ett al. 1995a). These observations led Greiner, Predehl & Pohl (1995) to propose a general picture 
forr the outbursts of such systems, which starts with an X-ray outburst that is associated with an 
increasedd accretion rate, followed by an outflow of (part of) the infalling matter. The matter moving 
outwardss (which is prevented to accrete for some unknown reason) is proposed to be responsible for 
thee subsequent radio emission. Liang fo Li (1995) showed that the lumps of matter observed for GRS 
1915+1055 may be 'pair plasmoids' that are accelerated by the radiation pressure from the hard X-rays. 
Thee large number of pairs that is needed may be liberated in an inner accretion disk region, when 
itt is shielded from the soft photons that normally cool the hot plasma. This may lead to so-called 
'superheating'' of the plasma (kTe ~ rnec

2 keV), which will result in pair production through 7 — 7 
interactionss when the compactness / (« L/R with L the luminosity and R the diameter of the 7-ray 
producingg volume) is large (Liang &; Li 1995). We may expect to observe 7-rays from this type of 
systemss during several parts of the complete outbursts. For instance, during the X-ray outbursts 
themselves,, the extrapolations of the observed hard X-ray spectra predict MeV fluxes close to the 
sensitivityy limit of COMPTEL. If the scenario described above is correct, we might also expect to 
seee an MeV bump during the 'superheating' phase whenever the compactness of the inner region is 
nott large enough to convert all 7-ray photons into electron-positron pairs. The outbursts in these 
superluminall  transient BHCs appear to have a typical frequency of the order of 1 yr - 1 and are seen to 
lastt up to several months (Harmon et al. 1995b). A detectable time-averaged signal at MeV energies 
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iss therefore conceivable. We note that Obs. 231, for which no significant emission from GRS 1915+105 
wass found, was performed when the X-ray flux had already decayed, so that the putative 'superheating1 

phasee which is expected to last only a few days may have been missed. 
Anotherr type of phenomenon which may serve to show the lack of understanding of the quiescent 

phases,, is the detection of so-called mini outbursts from the transient BHCs GRO J0422+32 (Callanan 
ett al. 1995; Chevalier k Ilovaisky 1995) and GRS 1009-45 (Bailyn & Orosz 1995) several hundred 
dayss after the main outbursts. During these mini outbursts, lasting typically 10-20 days, the sources 
brightenn several magnitudes in the optical. For GRO J0422+32, there is suggestive evidence for a 
"-- 120 day periodicity when the mini outbursts are combined with the secondary X-ray outburst 
(Callanann et al. 1995). A pointed ASCA observation, which was performed when the first optical 
minii  outburst for GRO J0422+32 was in progress, found this source also in X-rays, at the level of 1 
mCrabb in the 0.5-10 keV range (Tanaka 1993). Unfortunately, there is no information on the X-ray 
emissionn between the mini outbursts, so it is not known whether it correlates with the mini outbursts 
orr whether it is steady. 

Finally,, we point out that the inferred recurrence times of several decades for some of the BHCs 
(e.g.,, 1A0620-00 and GS2023+338), are in fact only upper limits (outbursts may have been missed) 
soo that the actual timespan between outbursts may be lower. Most noticeable is the extremely short 
recurrencee time of ~ 600 days for the BHC 4U 1630-47, in which an outburst mechanism different 
fromm that in other BHCs may play a role (Parmar, Angelini k White 1995). Recently, a search for low-
Muxx transients in archival BATSE data resulted in the discovery of similar short-recurrence outbursts 
(300-4000 days) from the BHC EXO 1846-031 (Grindlay et al. 1994). 

Thee examples of recent unexpected behaviour of transient BHCs discussed above clearly indicate 
thatt the picture we have of these systems (long quiescent periods during which the systems have very 
loww and constant X-ray and optical emission, separated by strong outbursts once every few decades) 
mayy be too simple. In fact, it is still not precisely known what the outburst mechanisms are in all these 
differentt types of BHCs, although accretion-disk instabilities likely play a role in some of them (see 
Sectionn 4.1). Detectable time-averaged 7-ray emission cannot be excluded in view of the extrapolations 
off  the hard X-ray spectra and the predictions of some theoretical models. However, the present 
indicationss for MeV emission from the transient BHCs GRS 1915+105 and GS2023+338 obtained 
withh COMPTEL (Section 4.4) are all of low significance (< 3a) and do not permit a comparison with 
theoryy beyond speculation. Bearing this in mind, the possible detection of GS2023+338 in the 1-3 
MeVV range in Obs. 318 would be most remarkable because no outburst of this source in X-rays has 
beenn reported during the last years. This hint is similar to that found for GRO J0422+32 in the 1-2 
MeVV range in Obs. 325 (Section 5.2.5). We have checked the BATSE Earth-occultation light curve 
forr GS2023+338, but have not found evidence for significant hard X-ray emission since April 1991 
untill  1995 (Grindlay et al. 1996). In Obs. 318 the 3<r upper limit is about 0.01 photons cm"2 s- 1 

(20-1000 keV). A 4.5a flux (0.018 photons cm"2 s- 1) was found roughly two weeks later. We, however, 
cannott make definite association of this flux with GS2023+338 due to the limited angular resolution 
off  BATSE (about 1 degree at this flux level) and possible weak source interference for the occupation 
analysiss (S.N. Zhang, private communication). 
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5.11 Introductio n 

Thee search for black-hole candidates (BHCs) in the previous Chapter has not revealed firm evi-
dencee for time-averaged 7-ray emission from any of these objects. However, two BHCs were omitted 
fromm the search. One of these is the well-known Cyg X-l , the first Galactic object for which convinc-
ingg (dynamical) evidence for the presence of a heavy compact object was found. The other is GRO 
J0422+32,, a transient BHC which went into outburst in 1992. The reason for not including these 
BHCss in Chapter 4 is that both have been detected with COMPTEL and deserve the more extensive 
analysess that are presented in this Chapter. 

AA general introduction including the observational properties and theoretical understanding of 
BHCss has been given in Section 4.1. The results for GRO J0422+32 and Cyg X-l are given in 
Sectionss 5.2 and 5.3 respectively and discussed in Section 5.4. The main conclusion that can be drawn 
fromm the COMPTEL observations of BHCs can be found in Section 5.5. 

5.22 The BHC GRO J0422+32* 

5.2.11 Introductio n 

Onee and a half years after the launch of CGRO, on August 5, 1992, GRO J0422+32 was found 
too be in outburst with BATSE (Paciesas et al. 1992). The 20-300 keV flux, a few days earlier still 
undetectable,, increased dramatically and reached a maximum of ~ 3 Crab on August 9 (Harmon et 
al.. 1992). Because of the high X-ray flux, the hard spectrum and the detection up to several hundreds 
off  keV, GRO J0422+32 was declared a target of opportunity (TOO) to allow the other instruments 
onn board CGRO to observe the source as well. 

Thee 20-300 keV BATSE light curve is shown in Fig. 5.1. After the outburst, the flux decayed 
withh an e-folding time of ~ 40 days, comparable to the decay times of other SXTs such as GS2000+25 
andd GRS 1124-684. A second and smaller outburst was observed in the beginning of December 1992, 
~~ 111 days after the main outburst (Harmon, Fishman & Paciesas 1992). Similar behaviour has been 
observedd in several other SXTs as well (see Chen, Livio & Gehrels 1993). On smaller time scales, 
thee X-ray flux was observed to be strongly variable with a fractional rms of up to ~ 30% (Denis et 
al.. 1994). A detailed analysis of the X-ray power spectrum shows that it is a flat distribution up to 
"«« 0.03 Hz followed by a u~0&z decline, independent of energy. Quasi-periodic oscillations (QPOs) 
weree detected around ~ 0.03 Hz and ~ 0.1 Hz (Kouveliotou et al. 1992). 

Ass for several other BHCs, the spectrum of GRO J0422+32 was hard and extended up to at 
leastt several hundreds of keV. The spectrum measured with TTM/HEXE/Pulsar X-l on board the 
Mir-Kvantt was found to be consistent with the ST80 model (Section 4.1.3.1), with kT ~ 29 keV and 
rr ~ 2.0 (Sunyaev et al. 1993). On the other hand, the OSSE data obtained near outburst are well 
representedd by a two-component inverse-Compton model with temperatures kT of 30 keV and 60 
keV,, and optical depths r of 6 and 3 respectively (Cameron et al. 1992). The SIGMA data confirm 
thatt the > 40 keV spectrum, averaged over ~ 40 days post outburst, is too complex for a single-
componentt inverse-Compton model (Roques et al. 1994). A luminous soft X-ray component, which is 
oftenn present during outbursts of SXTs (with the noticeable exception being GS2023+338), was not 
detectedd (Sunyaev et al. 1993). 

**  The analysis presented in this Section has previously been published, in a different form, in van 
Dijkk et al., 1995, A&A 296, L33-L36 
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Figuree 5.1. This figure shows the 20-300 keV light curve of GRO J0422+32 as measured with the 
BurstBurst and Transient Experiment (BATSE) on board CGRO (from the BATSE public data base). The 
timetime coverage of the COMPTEL observations (36.5 and 39.0) are denoted by the horizontal bars. 

GROO J0422+32 was the first transient BHC discovered by BATSE on board the CGRO obser-
vatory.. Near the outburst in August 1992, i t was observed with COMPTEL on two occasions. In 
subsequentt years, it has been in the field of view on several more occasions. This Section describes 
thee analysis of the C O M P T EL data on GRO J0422+32, the results of which have been reported pre-
viouslyy in van Dijk et al. (1994). First we summarize the current status of the compact-object mass in 
GROO J0422+32 in Section 5.2.2. The COMPTEL observations and analysis method are described in 
Sectionn 5.2.3. The results for the observations performed during the main outburst (Obs. 36.5, 39) and 
forr the post-outburst observations (Obs. 213, 221, 321.1, 321.5, 325) are presented in Sections 5.2,1 
andd 5.2.5 respectively. The results are discussed in Section 5.4. 

5.2.22 On the mass of the compact object in GRO J0422+32 
Att the t ime of writing this thesis, the mass of the compact object in GRO .10422+32 is still 

somewhatt uncertain. The mass function that has been derived for this object. 

ffMM = 1.21 + 0.04 M 0 (5.1 1 

(Fil ippenko,, Matheson fc Ho 1995; see also Orosz & Bailyn 1995; Casares et al. 1995), is the smallest 
knownn among the BHCs that belong to the LMXB s (Table 4.2) and does not exclude a neutron star 
byy itself. We therefore have to rely on estimates of the mass of the secondary and the inclination. 

Thee secondary has an optical spectrum reminiscent of that of an M2 V star (Filippenko, Matheson 
&&  Ho 1995; Casares et al. 1995), the mass of which is typically ~ 0.4 M Q . In some SXTs, the inferred 
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FigureFigure 5.2. This figure shows the ratio of the outer disk radius Rd to the Roche-lobe radius Ri versus 
thethe compact object mass Mj. The intersection of the curves with the horizontal dotted line (the 
maximummaximum possible Rd/Ri) gives the upper limit on M\. For each source, the left curve was calculated 
forfor the most-likely values ofM2, i and VE while the right curve was calculated using the extreme values. 
TheThe inclination for GRO J0422+32 was assumed to be 41° (Casares et al. 1995). References: GRO 
J0422+322 — Bonnet-Bidaud k Mouchet (1995); GS2023+338 — Shahbaz et al. (1994b), Casares & 
CharlesCharles (1994), Casares et al. (1993); 1A0620-00 — Shahbaz et al. (1994a), Marsh, Robinson & Wood 
(1994). (1994). 

meann density p of the secondary, which is given by p « 110/Pi? g em 3, is very low compared 
too that for normal main-sequence stars and indicates that the secondary is probably evolved. For 
G.S2023+338,, King (1993) developed a stripped giant model and discussed the influence on the inferred 
mass.. However, the orbital period of 5.08 hours for GRO J0422+32 gives p m 4.3 g c m- 3 , which is 
consistentt with the mean density for a main-sequence star. Nevertheless, a lower mass for the secondary 
cannott be excluded. The inclination has been determined by Casares et al. (1995) from the ellipsoidal 
modulationn of the secondary in the / -band, and is found to be ~ 42°, relatively independent of the 
masss ratio. 

Wi t hh M 2 = 0.39 MQ, i = 42° and the mass function from Eq. (5.1), the compact-object mass 
becomess 4.7 M©. If the secondaries mass is much lower, e.g. M2 — 0.2 M©, the primary wil l still have 
aa larger mass than the maximum possible mass for a neutron star if i < 50°. Whatever the exact 
valuee of Mi, the present data do not support a mass typically measured for neutron stars (~ 1.4 M©; 
vann Paradijs k McClintock 1995). 

Howw does the dynamical mass estimate compare to the mass estimates from other methods (Sec-
tionn 4.1.1.1)? The superhump model gives 2.9 M© < Mx < 6.2 M© (Kato, Mineshige k H i rata 1993). 
Onn the other hand, the outer-disk velocity model predicts an upper limi t of M\ < '2.2 M© (Bonnet-
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Bidaudd k Mouchet 1995). How reliable is this latter method to derive mass estimates for BHCs? In 
Fig.. 5.2 I show the ratio RdjRL versus Mi for GRO J0422+32, GS2023+338 and 1A0620-00, the 
latterr two being firm BHCs because of their mass function (Section 4.1.1). For RdjRb < 0.9 t n e 

upperr limits on Mi are 1.5 MQ, 3.3 M 0 and 18.2 M@ respectively (left curves). Taking the extreme 
valuesvalues for M2, i and VE (right curves), these upper limits become 4.1 M 0, 4.3 M 0 and 37.8 M 0. Al-
ternatively,, if we assume that the Ha emission peaks at ~ 0 ,5^^ (with RLX the distance to the inner 
Lagrangiann point, Marsh, Robinson k Wood 1994) instead of at the outer edge of the disk, the upper 
limit ss for the right curves become 2.2 MQ, 2.3 MQ and 23.3 M® respectively. For 1A0620-00, these 
upperr limits on M\ are not in conflict with the mass function. However, for GS2023+338 they are 
significantlyy below the well established mass function / (Mi ) - (6.08  0.06) M 0 (Casares k Charles 
1994),, thereby questioning the validity of some of the assumptions underlying this method (e.g., there 
mayy be non-Kepierian motion near uie outer edge of the disk; Orosz et ai. 1934;. 

Thee fact that for GS2023+338 the outer-disk velocity vE determined from the double-peaked Ha 
iss not consistent with the rest of the system parameters was already noted by Casares et al. (1993). 
Thiss may either be caused by non-Keplerian motions or by other contributions to the Ha emission. 
Therefore,, mass estimates using VE are at the least questionable and we conclude that the possible 
conflictt for GRO J0422+32 with the mass function (if * > 50°) is not really worrying. 

5.2.33 Observations and analysis 
Afterr GRO J0422+32 was declared a target of opportunity, CGRO was pointed at this source on 

Augustt 11, 1992. This first observation (36) covered the plateau-like maximum of the BATSE 20-300 
keVV light curve (Fig. 5.1). A rotation around the pointing axis to enhance the solar aspect angle divides 
thiss observation in two parts (36.0 and 36.5). About 2 weeks later, when the X-ray flux was decreasing 
withh a characteristic decay time of ~ 40 days, another CGRO observation of GRO J0422+32 followed 
(39).. After these 'outburst1 observations, GRO J0422+32 was in the field of view of COMPTEL 
severall  more times during 1993 and 1994. Table 5.1 gives a hst of these observations, with the last 
columnn showing the number of days that have passed since the onset of the main outburst (more 
informationn about these observations can be found in Appendix A). Obs. 36.0 lasted only 40 hours 
andd was analysed in combination with Obs. 36.5. However, adding Obs. 36.0 reduced the detection 
significancee of GRO J0422+32, It is not clear whether this is due to unknown background effects 
resultingg from the adding of data spaces for two different observations between which COMPTEL was 
rotatedd around the pointing direction, to time variability of the source or to a statistical effect close 
too the detection threshold. For this reason, Obs. 36.0 was omitted from the analysis presented here. 

Wee applied the standard data selections as listed in Section 2.4.1. For three D2 modules (11, 13 
andd 14), the effective area was reduced as a result of the failure of a PMT on the outside of these 
modules.. Module D2-2 was ignored completely in the analysis because of the failure of its central 
PMT,, rendering it useless at low energies. The total reduction in efficiency due to these effects is 

- 1 0 %. . 
Continuumm emission was searched for using the standard MLR method (Section 3.4.3), yielding 

significancee maps as well as fluxes. Whenever a positive signal was found, we used several Wien-
typee input spectra of various temperatures kT and a power law input spectrum with index -2.0 
too determine the dependence of the flux on the assumed input spectrum. Note that a Wien-type 
spectrumm is expected since the early OSSE data could be represented by a two-component Sunyaev-
Titarchukk inverse-Compton model {see Section 4.1.3.1). In general we used simulated PSFs,. except 
forr the power-law spectra in the 1-2 MeV range for which only modelled PSFs were available. 

Becausee GRO J0422+32 is located in the anti-center and at a distance of - 11° from the Galactic 
plane,, the influence of the Galactic diffuse emission on the derived fluxes for GRO J0422+32 is expected 
too be negligible. Hence, we did not include models for the Galactic diffuse emission in the analysis. 
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Obs. . 

36.0 0 
.5 5 

39 9 
213 3 
221 1 

321.1 1 
321.5 5 
325 5 

Z Z 

3.91 1 
3.32 2 
2.99 9 
16.87 7 
22.20 0 
17.98 8 
17.98 8 
18.77 7 

Start t 

Augg 11, 1992 
Augg 12, 1992 
Sepp 01, 1992 
Marr 23, 1993 
Mayy 13, 1993 
Febb 08, 1994 
Febb 15, 1994 
Aprr 26, 1994 

End d 

Augg 12, 1992 
Augg 20, 1992 
Sepp 17, 1992 
Marr 29, 1993 
Mayy 24, 1993 
Febb 15, 1994 
Febb 17, 1994 
Mayy 10, 1994 

AT T 

1-2 2 
2-10 0 

22-38 8 
225-231 1 
276-287 7 
547-554 4 
554-556 6 
624-638 8 

Tablee 5.1. This table gives the list of observations for GRO J0422+32. The five columns show: 1) 
thethe observation number (see Appendix A); 2) the angular distance of GRO J0422+32 to the pointing 
direction;direction; 3) the start date and time; 4) the end date and time; 5) the number of days N since Aug. 
1111 (peak X-ray flux). 

5.2.44 Resul ts for  observat ion periods 36.5 and 39 

GROO J0422+32 is detected in the 1-2 MeV range during the peak X-ray outburst (Obs. 36.5) 
withh a significance of 3.0<r. Fig. 5.3 shows the 95% and 99% location contours corresponding to the 
observedd excess. In Obs. 39, no emission above 1 MeV is seen, but a weak detection is obtained in the 
0.75-11 MeV range. The previously reported 2a flux point in the 0.75-1 MeV range during Obs. 36.5 
(vann Dijk et al. 1994) is not confirmed by the improved analysis. 

Tablee 5.2 shows the fluxes derived for GRO J0422+32. It is evident that these values are only 
weaklyy dependent on the assumed input spectrum. We plotted the COMPTEL results for Obs. 36.5 
inn Fig. 5.4, using a Wien input spectrum with kT = 100 keV for the fluxes in the lowest two energy 
rangess and an E~2 power-law input spectrum for the upper limits in the higher energy ranges. The 
extrapolatedd fits to the SIGMA and OSSE data are denoted by the dashed and dotted Unes. 

Wee emphasize the 1-2 MeV flux in Obs. 36.5, because it is most important for comparison with 
models.. In Fig. 5.4 it is shown that it is somewhat higher than expected from an extrapolation of 
thee inverse-Compton model fits to the SIGMA and OSSE data. From a comparison of the number of 
countss expected for these extrapolated fits and the number of counts observed in the 1-2 MeV range, 
wee derive a significance of 2.8<r for the excess. Such a high-energy deviation from the fitted ST80 
modell  is also observed in the 300-700 keV SIGMA data (Roques et al. 1994), for which a significance 
off  5.8<7 was derived. 

Becausee the ST80 model is known to be inaccurate at large photon energies (Section 4.1.3.1), we 
fittedfitted the combined SIGMA and COMPTEL data points both with the ST80 model and the improved 
T944 model. It should be noted that the SIGMA fluxes are averages over 40 days (Roques et al. 1994), 
whilee the COMPTEL flux is for Obs. 36.5 only. If the decay time scale is the same at all energies, the 
COMPTELL flux should be reduced by a factor 1.5 to account for the decay of the intensity of GRO 
J0422+322 during the longer SIGMA observation. This correction factor is based on an e-folding time 
off  40 days starting roughly at TJD 8849 before which the intensity was relatively constant during 
aa couple of days. The results of the spectral fits are shown in Table 5.3. The fit labelled 'A' is 
equivalentt to the fit  from Roques et al. (1994) [dashed line in Fig. 5.4]. Note that the T94 model for 
thesee temperatures and optical depths can be approximated in the 1-2 MeV range by a Wien-type 
spectrumm of temperature kT « 100 keV (see also Section 4.1.3.1). 
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FigureFigure 5.3. This figure shows the sky map in the 1-2 MeV range for Obs. 36.5, with GRO J0422+32 
andand the Crab indicated by V and ' respectively. The contours plotted for GRO 30422+32 are the 
95%95% and 99% error location contours; the contours for the Crab are at arbitrary levels. Note that 
thethe quasar PES 0528+134 reported by Collmar et a/. (1993), located only 8° from the Crab, is not-
detecteddetected at these low energies. 

Obs. . 

36.5 5 

39 9 

E E 
[MeV] ] 

0.75-1 1 
1-2 2 

0.75-1 1 
1-2 2 

Fluxess and 2<r upper limits 
[10~44 photons cm- 2 s_1] 

1000 keV 

<< 3.5 
2.88  1.0 
2.88  1.0 

<< 1.5 

1200 keV 

<< 3.4 
2.88  1.0 
2.88  1.0 

<< 1.5 

1500 keV 

<< 3.4 
2.99  1.0 
2.88  1.0 

<< 1.5 

2000 keV 

<< 3.4 
2.99 0 
2.88 0 

<< 1.4 

aa = -2.0 

<< 2.3 
2.66 8 
2.00  0.8 

<< 1.2 

Tabiee 5.2. This table gives the fluxes and 2a upper limits for the 0.75-1 and 1-2 MeV ranges in 
Obs.Obs. 36.5 and Obs. 39. The kT values in the third row refer to the temperatures of the Wien input 
spectra;spectra; the a value in the last column refers to the photon index of the power law input spectrum. 
TheThe errors quoted are la errors. 
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FigureFigure 5.4. This figure shows the COMPTEL 1-2 MeV dux point and upper limits for Obs. 36.5, 
togethertogether with the SIGMA data, points. Dashed line: extrapolated ST80 fit to SIGMA data (Roques 
etet al. 1994); dotted line: extrapolated two-component ST80 fit to OSSE data (Cameron et al. 1992); 
solidd line: extrapolated fit D from Table 3. The lower plot region shows the differences between fit B 
andand the SIGMA and COMPTEL data points. 

Althoughh the quality of the fits in Table 5.3 is poor for both models, it is evident that the T94 fits 
givee a significantly higher plasma temperature and smaller optical depth than the ST80 model, just 
ass expected. This is in accordance with the higher temperatures fcmnd for Cyg X- l from COMPTEL 
observationss (see Section 5.3 and McConnell et al. 1994a), and from reflection models applied to 
EXOSATT data (Haardt et al. 1993). It is also clear from Table 5.3 that the reduced chi-square 
valuess are significantly smaller if the lowest SIGMA da ta points are omitted (with no effect on the 
fittedd parameters), indicating a more complicated spectral shape at lower energies. We note that 
thee C O M P T EL flux point, due to its low significance, has only a marginal influence on the fitted 
parameters. . 

A tt energies > 500 keV, the fi t with the more appropriate T94 model clearly lies above the ex-
trapolatedd ST80 model fits (Fig. 5.4). Even for the T94 model fits, however, the C O M P T EL 1-2 
MeVV da ta point hes 2.7a above the model value (2.6a if we account for the decay of the hard X-ray 
intensityy of CRO J0422+32 during the ~ 40 days SIGMA observations). When the high SIGMA da ta 



5.2.5.2. THE BHC GRO J0422+32 169 

Data a 

SS + C 

ss + c 
S{>S{> 130keV) + C 

Model l 

ST80 0 
T94 4 
T94 4 

XÏ(dof) ) 

27.3(16) ) 
27.4(16) ) 
3.05(8) ) 

JIT T 

588  1 
1000 4 
1022 3 

T T 

2.000 3 
1.044 5 
1.11 3 

Fit t 

A A 
B B 
C C 

TableTable 5.3. This table gives the results of the model fitting. Column 1: the data used, with S denoting 
SIGMASIGMA and C denoting COMPTEL; column 2: the inverse-Cornpton model; column 3: the reduced 
chi-squarechi-square value and the number of degrees of freedom; column 4: the temperature [keV] and column 
5:: the optical depth. Errors quoted are la errors. 

pointss in the 300-700 keV range are taken into account as well, the significance of these high-energy 

deviationss becomes even larger. The 0.75-1 MeV flux measured in Obs. 39.0 is consistent with the 

T944 model fits for Obs. 36.5 presented here. 

5.2.4.11 Search for  t i m e variabi l i t y 

Wee have investigated the possibility that the 1-2 MeV emission observed with C O M P T EL in 
Obs.. 36.5 was due to a short-lived intense flare instead of persistent low-level emission as was implicitl y 
assumedd in the previous sections. Therefore the data- were divided into 7 parts of roughly 1 day 
durationn and each part was analysed separately with the ML R method. 

Inn Fig. 5.5, the likelihood ratios and the fluxes obtained are shown as a function of T J D. A > 2a 
signall  was obtained only for the two TJDs 8848 and 8851. To determine the significance of the flux 
variationss in Fig. 5.5, we performed a least-squares fit  with a constant intensity. The \ 2 value thus 
obtainedd was 11.4 for 6 degrees of freedom, which formally indicates a chance of 0.08 that the 1-2 
MeVV flux was actually constant during Obs. 36.5. This result is strongly influenced by the negative 
fluxflux found on T JD 8850. Setting this flux value to zero, or removing it completely from the analysis, 
increasess the 0.08 chance found above to 0.20 and 0.23 respectively. We thus do not find evidence for 
significantt t ime variations during Obs. 36.5. 

I tt must be noted that we have not considered the variations in the background models in our 
variabilityy est imate. For, the SRCLIX type of background models (Section 3.4.3) were determined 
forr each day separately from the corresponding sparse data spaces, which typically contain only a 
feww thousand events. At these low numbers, the background models for different days may differ 
considerablyy in a statistical sense. The statistical errors in Fig. 5.5 should therefore be increased to 
accountt for the addit ional uncertainties, which would decrease the probability of t ime variability even 
more. . 

5.2.4.22 A search for  7-ray tines in observa t ion per iod 36.5 

Wee have also addressed the possibility that the spectrum in the 1-2 MeV range in Obs. 36.5 may 
containn one or more 7-ray lines. Unfortunately, reliable and calibrated methods for line detection 
usingg the full instrument response are still under development. Therefore, we have searched for the 
presencee of 7-ray lines in the raw count spectrum for a [ -2°,2°] ARM selection (Section 2,1.1) at 
thee position of GRO J0422+32. Evidence for lines in this data representation may be obtained from 
1)) fitting the raw count spectrum with a suitable function for the continuum, or 2) from subtract ing 
thee raw count spectrum of a (set of) high-latitude observat ion )̂ subject to an ARM selection at 
aa similar position in instrument coordinates and ensuring a similar geometry coverage. We have 
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FigureFigure 5.5. This figure shows the MLR values (chi-squared distributed with 1 degree of freedom), and 
thethe fluxes (10~4 photons cm'2 s"1 MeV'1) obtained for GRO J0422+32 in each day of Obs. 36.5 in 
thethe 1-2 MeV range. 

appliedd both of these methods to the raw count spectrum for Obs. 36.5, using two different sets of 
high-latitudee observations (Obs. 204-206 and Obs. 304-308+311). There is no evidence for 7-ray line 
emissionn from GRO J0422+32 in the residual spectra for these methods when the standard event 
selectionss are applied. Only for a special T OF selection which possibly increases the signal-to-noise 
ratioo (110 < T OF < 130), a line feature around 1.27 MeV is observed when using the second method. 
AA fit with a Gaussian gives a position of (1.269  0.006) MeV and a a of (0.027  0.06) MeV (errors 
aree l a and statistical only). The highest detection significance of this fine, 3.9a from an F- test, is 
foundd with respect to the raw count spectrum of Obs. 204-206. Because the fitted a of the Gaussian 
iss unrealistically small, we repeated the fit with a fixed at 0.046 MeV, the energy resolution at 1.27 
MeV.. The F-test gives a detection significance of 3.7a in this case. If we correct for the number of 
trialss in energy space, this significance decreases to 2.9a. Hereby we have neglected the fact that we 
havee optimized the signal by using two different T OF selections and different background methods. 

Apartt from the low significance of the 1.27 MeV line in Obs. 36.5, there is also some doubt whether 
thiss possible line has indeed a celestial origin. A line consistent with this energy is also obtained for 
certainn other cuts through the data space which completely reject photons that may have originated 
fromm GRO J0422+32. For more information concerning the details of the spectral line analysis for 
GROO J0422+32 in Obs. 36.5 see van Dijk (1995). 
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FigureFigure 5.6. This picture shows the la, 2a and 3a location contours for the excess observed in the 1-2 

MeVMeV energy range in Obs. 325 (without modeis for the Galactic diffuse emission). The location of 

GROGRO J0422+32 is indicated with an asterisk. 

5.2.55 Resul ts for  post-outburst observat ions 

Afterr the main outburst, GRO J0422+32 was again within 30° from the pointing direction during 
Obs.. 213, 221, 321.1 321.5 and 325. In most of these observations, the standard energy ranges do 
nott show significant emission from GRO J0422+32. Surprisingly, however, for the 1-3 MeV range 
inn Obs. 325 (~630 days after the main outburst ), an excess consistent with GRO J0422+32 is again 
observed.. Fig. 5.6 shows the la, 2a and 3a location contours for the 1-2 MeV range, which is the 
energyy range in which the excess was noticed first. The detection significances for GRO J0422+32 
inn this observation, assuming 1 degree of freedom, are 3.4a and 5.0a in the 1-3 MeV and 1-2 MeV 
rangess respectively, with corresponding fluxes of (2.8 ) x 10"' photons c m- 2 s_ 1 and (3.7 ) x 
10"44 photons c m- 2 s"1. This suggests that most, if not all, of the emission is contained within the 1 -2 
MeVV interval. For the 0.75 1 MeV and 3-10 MeV ranges, the flux and 2a upper limi t during Obs. 325 
aree (9.6  8.1) x 10~5 photons cm"2 s_ 1 and < 5.1 X 10~5 photons c m- 2 s_ 1 respectively. The E~7 

power-laww spectrum, which was assumed as input spectrum for the 1 2 MeV range, is consistent with 
thee 0.75-1 MeV flux, but cannot extend up to 10 MeV due to the stringent upper limi t in the 3-10 
MeVV range. During the other observations, the 2a upper limit s in the 1-2 MeV interval are typically 
inn the range from 1.7 x 10~4 photons c m- 2 s~' to 2.4 x 10- '1 photons c m- 2 s_ 1 (with an average value 
off  2.0 x 10~4 photons c m- 2 s_1 ), indicating that the 1-2 MeV flux, if the detection in Obs. 325 is 
real,, is probably time variable. 

Thee detection of significant emission in only one energy range raises again the question of whether 
theree is a contribution from -,-ray lines. Preliminary analysis, using the currently available analy-
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siss methods, show hints for such spectral structures (Iyudin, internal COMPTEL communication and 
reports).. However, the analysis for this observation is particularly difficult due to the extremely asym-
metricc geometry function (DRG), caused by the slowly varying angle between the pointing direction 
andd the orbital plane of CGR.0. Towards the end of Obs. 325, this angle is even close to 90°, which is 
ann orientation that is prone to cause severe problems for the creation of background models (a similar 
situationn occurs for Obs. 14). Again, we will have to await refined spectral analysis methods which 
takee into account the full instrument response. 

5.33 The BHC Cyg X- l 

5.3.11 Histor y 

Beingg the first stellar-mass BHC ever discovered, Cyg X-l has attracted attention from both 
theoristss and observers for already more than 20 years. A breakthrough was established with the 
discoveryy of a variable radio source in the X-ray error circle determined by Uhuru (Braes & Miley 
1971).. This allowed for the association of Cyg X-l with the optical counterpart HD 226868 and the 
determinationn of the mass function of the binary system by Webster & Murdin (1972) and Bolton 
(1972).. The compact-object mass, inferred from the mass function and the likely mass of the secondary, 
wass larger than ~ 2 MQ, and so the first BHC had been discovered (see also Section 4.1.1). 

Thee X-ray spectrum of Cyg X-l has been often studied in subsequent years, and many of the 
BHCss characteristics, that at certain times were believed to be found, came from observations of this 
persistentt BHC (e.g., White & Marshall 1984; Tanaka 1989). Summarizing (neglecting all the spectral 
detailss that have meanwhile been found), the X-ray spectrum of Cyg X-l is usually in either a low 
statee or a high state, corresponding to a hard power-law type of spectrum and a softer spectrum 
withh an additional luminous soft component around 1 keV (Liang k Nolan 1984). Around 6-7 keV, 
thee spectrum is complicated and shows evidence of a Fe absorption edge and possibly a weak narrow 
Fee emission line (Done et al. 1992; Marshall et al, 1993). The absorption edge, together with the 
excesss emission above 10 keV relative to a power-law spectrum, are reminiscent of the reflection of a 
power-laww spectrum on an accretion disk (Haardt et al. 1993; see also Skibo h Dermer, 1995, for an 
alternativee explanation of the > 10 keV excess). 

Mostt of the 7-ray observations of Cyg X-l have already been mentioned in Section 4.1.2. The 
overalll  picture from these observations is that the spectrum is usually consistent with the inverse-
Comptonn models from Section 4.1.3.1, or at least has a similar shape (e.g. Salotti et al. 1992; T94). 
Att some occasions, transient MeV emission has also been claimed (Ling et al. 1987; McConnell et 
al.. 1989; see also Harris et al. 1993). However, the sensitivity of previous 7-ray telescopes to persistent 
MeVV emission, at levels that are comparable to the extrapolation of the inverse-Compton models fitted 
too lower-energy data, has not been sufficient to validate these models at energies around 1 MeV. The 
launchh of COMPTEL/CGRO has now changed this situation, enabling observations at MeV energies 
moree than an order of magnitude more sensitive than achievable in the past. 

Resultss from COMPTEL observations of Cyg X-l performed during the first year have been 
reportedd by McConnell et al. (1994a). The emission was analysed assuming Wien-type input spectra 
inn non-standard, smaller, energy ranges and compared to contemporaneous data from OSSE. For 
Obs.. 2.0 and 7.0, Wien temperatures of 192 =b27 keV and 204db21 keV were found, respectively. These 
temperaturess are much higher than typically inferred from (hard) X-ray data and are supported by 
thee results obtained with the relativistic T94 model and by models which invoke a reflection layer 
(seee also Section 4.1.3.1). No evidence was found for enhanced MeV emission at the levels previously 
reportedd by Ling et al. (1987) and McConnell et al. (1989). 



5.3.5.3. THE BHC CYG X-l ITS ITS 

Thee aim of the analysis presented here is not a precise determination of the *y-ray spectrum in 
finefine energy bins in combination with multi-instrument fits. Instead, we wil l use the results obtained 
forr the Galactic diffuse emission in Section 4.3.3 and the apparent nearby point sources to assess 
thee uncertainty in the Cyg X- l fluxes in the standard energy intervals for the sum of the Cyg X- l 
observations.. We then address the possible deviations of these fluxes with respect to the fit  with 
thee T94 model to EXOSAT, SIGMA and OSSE data presented in T94 and discuss the uncertainties 
resultingg from the different epochs the data were collected. 

5.3.22 Observat ions and analysis 
Thee observations used for this analysis are the same as those used for the BHC search in the 

--11 i r H  I r- .  A n\ 1 . . . J . i _ J 1 . . . _ iTTTl : . . * 1 , _ 1_ _ * -~1 ~ f \ A'.*-  \ T?  A n , . 1 , 

l_'V'gg A - l reglOIL (iDeCUUll ^ * .z ; rtlLU I U Ï u t l i u i c u u\ a. l i A H I m c i m i v u i u i n iL ui .T.^ipïriiLii.1 . . - i . i ui v « ^n 

standardd energy range, and for the 1-2 MeV range, we analyse the sum of these observations, using the 
modifiedd SRCLIX version from Section 3.4.4 and applying the standard selections from Section 2.4.1. 
Thee 10-30 MeV range is again analysed twice, with and without the lowest 4° of ^-values included 
(seee also Section 4.2.2). The fluxes for Cyg X-l are determined by fitting data-space models for Cyg 
X- ll  to the observed event da ta space. Initially , a Wien-type input spectrum (Section 4.1.3.1) with a 
temperaturee of 200 keV is assumed, which is the temperature found from earlier COMPTEL studies of 
Cygg X- l (McConnell et al. 1994a). Above 3 MeV, a power-law input spectrum with a photon spectral 
indexx of - 2 .0 is used. The assumed Wien-type input spectrum is verified by repeating the analyses 
withh different input spectra. Each energy range is analysed four times: 1) without any additional 
models;; 2) including addit ional data-space models for the Galactic diffuse emission (HI and IC); 3) 
includingg additional data-space models for nearby point sources; and 4) including all forementioned 
additionall  models. The models for the Galactic diffuse emission are fixed at the scale factors obtained 
fromm the diffuse-model fitting to the Cyg X- l region (Table 4.4). For the 1-2 MeV range, for which 
thesee scale factors had not yet been determined, the results for the Cyg X- l region are 5.27 1 and 
4.200  0.20 respectively (cf. 1-3 MeV range for Cyg X- l region in Table 4.4). 

Ass possible nearby point sources, GS2023 + 338, the feature at (/,&) as (76.5° , -0 .5°) = F7Ó and 
PSRR 1951+32 are considered. The reason for including the first two of these models was discussed in 
Sectionn 4.4. The model for the pulsar PSR 1951+32 is included because the pulsar timing analysis has 
shownn evidence for its detection in the energy ranges below 10 MeV (Carrammana et al. 1995; Kuiper 
ett al., in preparat ion). Because the inclusion of additional nearby point-source models increases the 
uncertaintiess on the fluxes derived for Cyg X- l , even if the detection significances for these models are 
low,, a criterion has to be defined by which it is decided whether or not such a model is included. One 
optionn is to choose the increase of the ML R value resulting from the inclusion of the models, which is 
normallyy \ 2 distr ibuted with the number of degrees of freedom depending on the number of models 
used.. However, because the instrumental background model is corrected for the contribution from 
fittedfitted models, the II0 hypothesis (Section 2.4.8) is not the same for the different fits and the above 
formall  rule cannot be applied. Therefore, for each energy range separately, it is determined which of 
thee additional point-source models is assigned a > '2a flux. Since the derived source properties are 
relativelyy insensitive to the assumed spectral shape for most commonly observed spectra, we assumed 
power-laww input spectra with a photon spectral index of - 2 . 0. The fluxes and significances for Cyg 
X- ll  are then determined in a final fit, including only the models for which a > 'la detection significance 
wass found. 

Beforee we present the fluxes derived for Cyg X-L, we give 1 lie results for the additional point 
sources.. When the models for the diffuse emission are not included, we obtain a > 'la flux for the 
followingg models: 0.75 1 MeV: none of the additional point-source models. I -3 MeV: GS2023 + 33S 
andd V'TB, 1 2 MeV: P ^, 3-10 MeV: PSR. 1051+32, 10-30 MeV: /V« and 10 30 MeV subjrcl to a 
4°° - 3(i° & selection: P7f i . When the models for the diffuse emission are also included, t lie only change 
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EE [MeV] 

0.75-1 1 
1-3 3 
1-2 2 

3-10 0 
10-30 0 
10-30* * 

0.75-1 1 
1-3 3 
1-2 2 

noo models +PS S +HI+IC C 

FLUXESS [10-4 photons cm"2 s"1 

2.311  0.29 
2.144 6 
1.966 5 
0.500 0 

0.0955 9 
0.0800 6 

2.311 9 
1.688 9 
1.622 6 
0.266 4 

0.0622 1 
0.0655  0.037 

2.255 9 
1.655 6 
1.600 5 
0.400 0 

0.0277 9 
0.0444 5 

+HI+IC+PS S 

2.255 9 
1.444 9 
1.433 6 
0.211 4 

0.0088 1 
0.0366  0.036 

COUNTSS [103] 

6.322 1 
9.111  1.12 
7.966  1.02 

6.322 1 
7.155 2 
6.577 5 

6.144 1 
7.055 2 
6.488 1 

1 1 
6.166 1 
5.833 5 

TableTable 5.4. This table gives the fluxes and counts assigned to Cyg X-l (assuming a Wien-type input 
spectrumspectrum of temperature 200 keV below 3 MeV and an E'2 power-law input spectrum above 3 MeV) 
asas derived from the observations of the Cyg X-l region. Fluxes and counts include the standard 
correctionscorrections from Section 2.4.4, errors quoted are statistical la errors only. The asterisk denotes a & 
selectionselection of [4°, 36°]. The 2nd column shows the results when no additional models are included; the 
3rd,3rd, 4th and 5th columns show the results when the diffuse models (HI and IC) and/or the point-source 
modelsmodels (PS) are included. 

iss a decrease of the flux for F76 in the 1-3 MeV range to below the 2<7 level. We must now ask ourselves 
whetherr the detections (> 2a) and non-detections of these point-source models in the different energy 
intervalss present a consistent picture. For the GS2023+338 results in the standard energy ranges, this 
waswas already discussed in Section 4.4. The results for PSR 1951+32 are consistent in view of the low 
detectionn significances in each of the energy ranges, with a maximum of only 2.0 - 2.5er in the 3-10 
MeVV range. The non-detection of fV6 in the 0.75-1 MeV and 3-10 MeV ranges may be of statistical 
originn only, but may also be understood if the signal in the other energy ranges consists of a small 
contributionn from the Galactic diffuse emission, combined with additional emission depending on the 
energyy range. For the 1-2 MeV and 1-3 MeV ranges, the likely candidate for such additional emission 
wouldd be the 1.809 MeV line from 26A1 decay, while in general a contribution from the three EGRET 
sourcess cannot be excluded (see also the results for GS2023+338 in Section 4.4). We note that these 
resultss on the additional point sources in the Cyg X-l region are consistent with the results obtained 
fromm an analysis in narrower energy intervals (McConnell 1995). 

5.3.33 Results 
Thee fluxes and counts derived for Cyg X-l are given in Table 5.4. The second column gives the 

valuess obtained without any additional models included, which should therefore be interpreted as 
upperr limits. The last column, on the other hand, gives the values obtained when taking into account 
modelss for the nearby point sources (only those for which a > 2a flux was found) and for the Galactic 
diffusee emission. If the contribution of the Galactic diffuse emission has been overestimated, or if we 
havee included point-source models for excesses that are of statistical (as opposed to celestial) origin, 
thee fluxes and counts listed in this column are underestimated. Because the aim of this study is to 
determinee whether or not the MeV emission measured with COMPTEL is in excess of the extrapolated 
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Energyy [MeN 
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Figuree 5.7. This figure shows the COMPTEL Cyg X-l data points and upper limits from the last 
columncolumn in Table 5.4 (squares). The vertical error bars are drawn at the energies at which the as-
sumedsumed input spectrum above 750 keV (Wien-like with a temperature of 176 keV - dotted line) is 
equalequal to the observed flux. The solid line is an extrapolated T94 model fitted to the combined 
(non-contemporaneous)(non-contemporaneous) EXOSAT, SIGMA and OSSE data (from T94). Dashed lines represent four 
extrapolatedextrapolated ST80 fits to BATSE data obtained in four time intervals mostly during 1993 (from 
PaciesasPaciesas et al. 1995). 

inverse-Comptonn models fitted to data from (hard) X-ray observations, we will , from here on, assume 
thatt the low values from the last column are the ' t rue' fluxes. If we find evidence for a spectral 
hardeningg (relative to the extrapolations) even for these low fluxes, we may safely conclude that the 
inverse-Comptonn models underestimate the high-energy flux from BHCs. 

Significantt emission (> 2a) from Cyg X- l is found only below 3 MeV. The spectrum must be soft, 
ass is evident from the small differences in the fluxes and counts between the 1-2 MeV and 1 -3 MeV 
ranges,, i.e., there is not much signal above 2 MeV. The rather high 3-10 MeV and 10-30 MeV fluxes 
inn the second column of Table 5.4 are caused by contributions from PSR 1951+32 (3-10 MeV) and 
fromm the Galactic diffuse emission. We have plotted the fluxes given in the last column of Table 5.4 in 
Fig.. 5.7. Also shown in this figure is an extrapolated T94 model that was fitted to EXOSAT, SIGMA 
andd OSSE da ta (T94) and several fits with the ST80 model to BATSE data. Note that the ST80 
modell  is known to break down above a few 100 keV (see Section 4.1.3.1). In addition, the BATSE 
dataa only weakly constrain the fits above 300 keV and were only included to demonstrate the t ime 
variabilityy in the hard X-rays. 

Wee now turn to the question whether the input spectrum we have assumed (a Wien spectrum 
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withh a temperature of 200 keV) is consistent with the fluxes in Table 5.4 and whether there are other 
typess of input spectra that are supported by the data. Therefore we again determined the Cyg X-l 
fluxes,fluxes, assuming Wien input spectra with temperatures of 150 keV and 250 keV and power law input 
spectraa with photon spectral indexes of -2.0 and -3.0. Hereby the additional point-source models 
andd the models for the Galactic diffuse emission were included (cf. last column in Table 5.4). The 
resultss are shown in Table 5.5. Again, the fluxes are found to be rather insensitive to both the type of 
thee assumed input spectra and the specific parameters describing these spectra. Therefore, the ratios 
off  the fluxes observed in different energy ranges can straightforwardly be compared to the expected 
ratioss for the various input spectra. From Table 5.5 it follows that, if the spectrum above ~ 800 keV 
iss of power-law type, it must be very soft, with an estimated photon spectral index of ~ -4.0. Such 
aa soft spectrum is perhaps more accurately described by a Wien-type spectrum, in which case the 
observedd and expected ratios yield a Wien temperature of 176^28 keV (errors corresponding to . 
Thee flux values and the inferred Wien temperature are consistent with those found from an analysis 
off  1991 data only (McConnell et al. 1994a). Moreover, the Wien temperature is consistent with the 
temperaturee of the assumed input spectrum (200 keV). From here onwards, we will adopt this inferred 
temperaturee as the measure for the spectral shape of Cyg X-l around 1 MeV. 

Notee that the inferred temperature is based on the fluxes given in the last column of Table 5.4, 
whichh were derived including data-space models for both the Galactic diffuse emission and for a 
numberr of point sources (see above). When no models at all are included (not very realistic), or if 
onlyy a subset of the models are included, the inferred spectrum is even harder, as is evident from 
thee 2nd, 3rd and 4th columns of Table 5.4. Unless the contribution of the Galactic diffuse emission 
iss severely underestimated in the 1-3 MeV and 1-2 MeV ranges, the adopted Wien temperature of 
I76I288 keV may be considered to be a lower limit on the measure of the spectral hardness. We will see 
laterr that this hardness is a critical parameter since it is not easily reconciled with inverse-Compton 
modelss fitted to hard X-ray data. If the scale factors for the models of the Galactic diffuse emission 
(HI,, IC and CO) are fixed at the values found from whole-sky fits (Strong et al. 1996), the resulting 
Cygg X-l fluxes do not change much. 

Thee COMPTEL fluxes for Cyg X-l appear to he somewhat higher than the extrapolated T94 
fitt in Fig. 5.7. To quantify this, we have folded the extrapolated fit through the instrument re-
sponsee and compared the number of counts expected to that observed. Instead of using the original 
fitt with the T94 model, with parameters kT = 153 keV and r = 0.15 (T94), we used the Wien 
spectrumm that approximates the high-energy part of that model (Eq. (4.6)). For the T94 model pa-
rameterss given above, the Wien approximation has a temperature of 124.0 keV and a normalization 
off  1.432 x 10~5 photons cm- 2 s"1 keV-1 (see the solid line and corresponding dotted line in Fig. 4.2, 
whichh represent this T94-model fit  and its approximation). Since simulated Wien-type PSFs for a 
temperaturee of 124.0 keV do not exist (yet), we have used modelled PSFs which are much faster to 
produce.. In a manner analogous to that in Section 4.2.2, we applied flux correction factors to correct 
forr the normalization differences between the modelled and simulated PSFs. For the Wien spectrum 
describedd above, we thus expect to find 3.95 x 103, 1.78 x 103 and 1.77 x 103 counts in the 0.75-1 
MeV,, 1-3 MeV and 1-2 MeV energy ranges respectively. Comparing these numbers to the number 
off  counts actually observed (Table 5.4), we find that the latter are significantly higher. In particular, 
thee number of counts given in the last column are 2.7(7, 3.6<r and 3.9CT above the expected values, for 
thee 0.75-1 MeV, 1-3 MeV and 1-2 MeV ranges respectively. 
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EE [MeV] 

0.75-1 1 
1-3 3 
1-2 2 

0.75-1/1-3 3 
0.75-1/1-2 2 

0.75-1/1-3 3 
0.75-1/1-2 2 

Wien,, 200 keV Wien,, 150 keV Wien,, 250 keV £ - 22 PL E~E~33 PL 

FLUXESS [10-4 photons cm- 2 s_1] 

2.255  0.29 
1.444 9 
1.433  0.26 

2.277  0.30 
1.488 9 
1.344  0.25 

2.222  0.29 
1.466 8 
1.400  0.24 

2.188 9 
1.355 6 
1.422  0.23 

2.199 9 
1.411 7 
1.400  0.23 

OBSERVEDD FLUX RATIOS 

1.566 7 
1.577 5 

1.533 6 
1.699 9 

1.522 5 
1.599 4 

1.611 8 
1.544  0.32 

1.555 6 
1.566 3 

EXPECTEDD FLUX RATIOS 

1.22 2 
1.25 5 

2.28 8 
2.29 9 

0.78 8 
0.82 2 

0.50 0 
0.67 7 

0.88 8 
1.04 4 

TableTable 5.5. This table gives the Cyg X-l fluxes and the observed and expected flux ratios for several 
WienWien and power-law (PL) input spectra. In deriving these values we included the data-space models 
forfor the Galactic diffuse emission and for the additional point sources (see text). The second column 
isis a copy of the last column of Table 5.4. 

5.44 Discussion 
Inn Sections 5.2.4 and 5.3.3, it was shown that the high COMPTEL fluxes for both GRO J0422+32 

andd Cyg X-l imply that the T94 model is not a good description of the high-energy spectra of BHCs 
andd that an additional component is needed. For GRO J0422+32, this tentative conclusion was 
reachedd after a fit  of the T94 model to the COMPTEL 1-2 MeV flux measured during the outburst 
inn combination with the (partly) contemporaneous SIGMA data. Although the significance of the 
COMPTELL data point and therefore the significance of the deviation with respect to the T94 model 
iss rather low (~ 2.7er), the SIGMA data points above ~ 400 keV also suggest a harder spectrum at 
highh energies. We note that the spectral shape at lower energies (~ 100 keV) significantly deviates 
fromm the smooth T94 model as well, which makes it doubtful whether it is appropriate to use this 
modell  for the 1992 outburst of GRO J0422+32. 

Too understand the emission mechanisms in the non-transient Cyg X-l , for which models have 
beenn proposed for more than 20 years now, it is important to either confirm that the inverse-Compton 
spectrall  shape observed for hard X-rays extends up to MeV energies, or to establish the need for 
ann additional high-energy spectral component. Therefore, we must critically examine the possible 
COMPTELL high-energy deviations as presented in Section 5.3.3 with respect to the extrapolated 
T944 model fitted to the EXOSAT, SIGMA and OSSE data (T94). The problem is that all these 
dataa were gathered at different epochs, while the hard X-ray/low-energy 7-ray emission from Cyg 
X-ll  is known to be variable both in absolute intensity as in spectral shape (e.g., Ling et al. 1987; 
Paciesass et al. 1995). A measurement of the complete spectral shape from keV to MeV energies 
existss for none of the observations. It is possible, however, to compare the flux levels in the 45-140 
keVV energy range for many of the epochs. For the SIGMA observation in March 1990 and the three 
OSSEE observations, between June and December 1991, the 45-140 keV flux was found to be either 
comparablee to the -y2 level, or to lie between the 71 and 72 levels (Salotti et al. 1992; Grabelsky 
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ett al. 1993). These j x and j 2 levels, defined by Ling et al. (1987), refer to a 45-140 keV flux of 
~~ 8.0 x \0~4 photons cm- 2 s- 1 keV-1 and ~ 13.8 x 10"4 photons cm"2 s- 1 keV-1 respectively. The 
ninee EXOSAT observations were performed between July 1984 and September 1985 (Done et al. 1992). 
Althoughh there are no contemporaneous 45-140 keV data available for any of these EXOSAT pointings, 
observationss made with the DGT telescope in October, 1984, indicate that the 160-200 keV flux was 
consistentt with the 72 level (McConnell et al. 1989). 

Duringg the 15 COMPTEL observations, the 45-140 keV flux from Cyg X-l as observed with 
BATSEE and OSSE varied typically between 0.10 photons cm"2 s- 1 to 0.14 photons cm- 2 s- 1, with the 
noticeablee exception of Obs. 318.0, during which a flux as low as 0.017 photons cm- 2 s- 1 was measured 
(B.. Paciesas, private communication; Phlips et al. 1996). The average 45-140 keV flux during the 
COMPTELL observations was comparable to, or slightly below, that inferred for the EXOSAT, SIGMA 
andd OSSE observations (the latter level will be referred to as the fc level). The impact of this 
assumptionn can be tested by determining the significance of the COMPTEL high-energy deviations 
whilee varying the normalization of the T94 model fitted to the lower-energy data. We will hereby 
assumee that the ~45 keV - 2 MeV spectral shape did not change dramatically during the COMPTEL 
observations.. Admittedly, the second assumption is somewhat uncertain. However, the OSSE data 
showw that, for the 45-140 keV flux levels considered here, the spectral shape between 60 keV and 
~~ 800 keV is relatively constant (Phlips et al. 1996). In this respect, we note that the claimed time 
variabilityy of the 0.75-2 MeV COMPTEL flux (McConnell et al. 1994a), when the 45-140 keV flux 
ass measured by OSSE remained roughly constant, has been withdrawn (McConnell et al. 1994b; the 
explanationn is the correction of the algorithm that calculates the flux errors, see also Section 2.4.8). 

Wee may now ask ourselves: is the overall Cyg X-l spectrum (EXOSAT, SIGMA, OSSE, and 
COMPTEL)) well described by a single T94 model? As we have seen in Section 5.3.3, the 0.75-1 MeV 
andd 1-2 MeV COMPTEL fluxes lie 2.7a and 3.9(7 above the extrapolated T94-model fit  to the lower-
energyy data. If the average 45-140 keV flux during the COMPTEL observations had been half the 7c 
levell  (assuming constant spectral shape), these deviations would have been 5.1<r and 4.7c respectively. 
If,, on the other hand, it had been twice the 7^ level, the COMPTEL fluxes would have deviated -2.2(7 
andd 2.2(7 respectively. So, when the extrapolated T94-model fit  is shifted over a rather large range 
off  the uncertain 45-140 keV flux during the COMPTEL observations (0.5 x jc to 2.0 x 7c), the 1-2 
MeVV data point always lies more than 2tr above the spectrum. In addition, the spectral shape of the 
spectrumm around 1 MeV as inferred from the deviations of the fluxes in the 0.75-1 MeV and 1-2 MeV 
rangess is much harder than expected. This is in accordance with the high Wien temperature found in 
Sectionn 5.3.3. 

Itt may be that T94 models with different values for kT and r can both fit the lower-energy 
dataa and yet have a harder spectral shape around 1 MeV. Unfortunately, not all data from the other 
instrumentss that had been used for the original fit  (T94) could be obtained in time, and a fit  over 
thee complete spectral range could not be performed. In order to assess this issue in another way, 
wee varied the parameters of a T94 model such that below 200 keV, where statistics are high, it 
remainedd (nearly) equal to the model that had been fitted to the EXOSAT, SIGMA and OSSE data. 
Thee dashed and dotted lines in Fig. 5.8 denote such models with (kT, r) = (193.5 keV, 0.088) and 
(316.33 keV, 0.017) respectively. These models can again be approximated above 750 keV by Wien 
functions,, with temperatures of ~ 131 keV and ~ 141 keV respectively (cf. ~ 124 keV for the original 
fitfit  denoted by the solid line in Fig. 5.8). The increased plasma temperature leads to a harder spectrum 
aroundd 1 MeV and to a slightly better agreement with the COMPTEL fluxes. However, the 2<7 lower 
limi tt on the Wien temperature (148 keV; see p. 176) remains higher than the Wien temperatures 
foundd above when varying the plasma temperature up to ~ 300 keV. Since this analysis was based 
onn the flux estimates from the last column in Table 5.4, of which the 1-2 MeV flux in particular may 
havee been underestimated, the spectrum around 1 MeV may be even harder. 
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FigureFigure 5.8. This figure shows the COMPTEL data points (squares) and three T94 models which 

overlapoverlap below ~200 keV. The Y-axis values have been multiplied by E2. Also shown are the highest 

threethree OSSE data points from Grabelsky et al. 1993. 

5.55 Concluding remarks 
Thee picture that emerges from the COMPTEL observations of GRO J0422+32 and Cyg X- l is 

thatt the spectra of BHCs around 1 MeV are not consistent with the extrapolations of T94 models 
fittedd to hard X-ray data. Were such deviations at high energies with respect to analytical inverse-
Comptonn models once caused by extending the (ST80) model outside the valid energy range, the T94 
modell  has been shown to accurately describe the process of inverse-Comptonization up to high energies 
forr a wide range of plasma temperatures and optical depths (Hua & Titarchuk 1995). We therefore 
tentativelyy conclude that the spectra of BHCs from hard X-ray up to several MeV cannot originate 
inn a single-temperature cloud of energetic electrons. Apart from claims of flaring MeV emission (e.g., 
Lingg et al. 1987), these results consti tute the most significant evidence for an additional high-energy 
componentt in the spectra of BHCs to date. 

Inn Section 4.1.3, several models for MeV emission from BHCs were described. Since the amount 
off  data gathered with C O M P T EL on the possible high-energy deviations is limited, we wil l not go into 
muchh detail in comparing these da ta with the possible models. For such comparisons, the uncertainties 
duee to the long-term t ime averaging (15 COMPTEL observations in ~ 3 years) and due to the 
non-contemporaneityy of the observations at lower energies, are simply too large. Basically, all the 
modelss which predict inverse-Comptonization type of spectra up to several hundreds of keV, with an 
additionall  component superposed at higher energies, qualitatively have a spectral shape which may 
fitt the observations. The use of finer energy bins in the C O M P T EL analysis, as was done for the 
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observationss during the first year of the CGRO mission (McConnell et al. 1994a), may constrain some 
off  the model parameters (McConnell et al., to be published in ApJ), but such an analysis also suffers 
fromm the uncertainties mentioned above. Only when the sensitivity of a 7-ray telescope is high enough 
thatt significant MeV measurements can be obtained on time scales that are smaller than the typical 
timee scales for variability, will a detailed comparison of the data from X-rays to MeV energies with 
thee theoretical models be feasible. If the time scale for variability at MeV energies is similar to that 
typicallyy observed at 100 keV, ~ 10 days (Paciesas et al. 1995), then COMPTEL may not be sensitive 
enoughh to discriminate between the models described in Section 4.1.3, unless transient MeV outbursts 
att levels as seen with the HEAO-3 GRS (Ling et al. 1987) and the DGT (McConnell et al. 1989) occur 
again. . 

Despitee the above remarks, we would like to briefly compare the COMPTEL fluxes to the model 
fromm Melia fa Misra (1993), for which a prediction of the 72 spectrum was published. In this model, 
thee 7-ray emission originates in the inner region of the disk, which is in a two-temperature state 
(seee Section 4.1.3). Although this model was developed to explain the MeV bump observed with the 
HEAO-33 GRS (Ling et al. 1987), when Cyg X-l was in the 71 state, it has the interesting feature 
thatt this MeV component is also predicted, at a lower luminosity, in the 72 state. Because the 
structuree of the inner region of the accretion disk is calculated self-consistently, there are only three 
freee parameters: the black-hole mass M, which has a small influence on the resulting spectrum, the 
accretionn rate M, the increase of which results in a larger luminosity at all energies and the viscosity 
parameterr a. A change of the last parameter in this model results in an anti-correlated behaviour 
off  the hard X-ray and the MeV spectral components, such that for a value of a — 0.2 the MeV flux 
iss similar to that observed in the 71 state in 1979. According to this model, the MeV component 
iss also present in the 72 state, with predicted 0.75-1 MeV and 1-2 MeV fluxes of ~ 2.3 X 10~4 and 
~~ 3.2 x 10- 4 photons cm- 2 s- 1 respectively (Fig. 2 in Melia fa Misra 1993). These values are close 
too the measured fluxes given in Table 5.4, although the predicted 1-2 MeV flux is somewhat on 
thee high side. In a later paper, Misra fa Melia (1995) show that a better treatment of the inverse-
Comptonn process involving relativistic electrons, gives somewhat lower plasma temperatures for the 
innerr accretion disk region than obtained before (~ 500 keV instead of ~ 650 keV). This change in 
characteristicc temperature for the MeV component will have the largest effect on the predicted flux 
abovee 1 MeV and may thus result in an even better agreement with the observations, although this will 
havee to be confirmed. We can also not exclude that the 1-2 MeV COMPTEL flux for Cyg X-l , which 
waswas obtained including the data-space models for the Galactic diffuse emission and for the excess at 
(/,&)) — (76.5°, -0.5°) (right column in Table 5,4), has been slightly underestimated. 

Notee that the ~100 keV flux from Cyg X-l is only predicted to anti-correlate with the ~1 MeV 
flux,, if the flux changes are caused by a variation in the viscosity parameter a, but not if the accretion 
ratee itself decreases. Therefore, the fact that the very low 100 keV flux during Obs. 318.0 (Paciesas et 
al.. 1995) was not accompanied by aluminous MeV component (2a upper limit in the 1-3 MeV range 
iss 2.6 X 10- 4 photons cm' s- 1) , does not by itself invalidate this model. 
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6.11 Introduction * 
Withh a flux above 100 MeV of 1.0 x 10"6 photons cm- 2 s- 1, the 7-ray source 2CG 135+01 is 

onee of the brightest unidentified high-energy Galactic-plane sources in the second COS-B catalogue 
(Hermsenn et al. 1977; Swanenburg et al. 1981). 2CG 135+01 attracted attention when its position 
wass found to be consistent with that of the radio source GT 0236+610, which exhibits strong radio 
outburstss of a non-thermal character {Gregory h Taylor 1978). Long-term radio observations of GT 
0236+6100 subsequently revealed a 26.496-day periodicity in these outbursts (Taylor & Gregory 1982, 
1984),, of which the amplitude is possibly modulated by a 4-year period (Gregory et al. 1989; Paredes 
ett al. 1990). The decay of the radio flux during outbursts is reminiscent of synchrotron emission 
fromm an expanding cloud of relativistic electrons (Taylor & Gregory 1984). In a high-resolution map 
obtainedd two days post-outburst from VLB1 measurements at 6 cm, the object appears to consist of two 
componentss separated by 3.1 x 1013(£>/2.3 kpc) cm (Massi et al. 1993). Optically, GT 0236+610 has 
beenn identified with LS I +61°303, which has a spectrum typical of an early-type B star (Hutchings & 
Cramptonn 1981; Maraschi et al. 1981; Paredes & Figueras 1986) and exhibits the near-infrared excess 
commonlyy observed for Be-type stars (D'Amico et al. 1987; Hunt et al. 1994). Recent modelling of 
thee JHK-band light curves of LS I +61°303 has shown that the onsets of the radio outbursts roughly 
coincidee with the inferred periastron passage (Marti & Paredes 1995). The source has also been 
detectedd in X-rays (Bignami et al. 1981; Goldoni & Mereghetti 1995). The X-ray spectrum is rather 
hardd compared to those of normal B stars, but is similar to spectra observed for Be/X-ray binaries. 

Inn recent observations made with EGRET on board CGRO, a source designated 2EG J0241+6119 
wass detected on several occasions (Thompson et al. 1995). This source, whose position is consistent 
withh that of 2CG 135+01 and which is roughly as bright, is generally assumed to be the COS-B source. 
Thee improved position of the 7-ray source established by the EGRET detection of 2EG J0241+6119 
(aa 95% error radius of33') is consistent with that of GT 0236+610 (located at (/,&) = (135.68°, 1.09°)) 
andd has strengthened the proposed identification with the radio source. In addition, the nearby QSO 
4UU 0241+61 (located at (/,&) = (135.64°, 2.43°)), which was also contained in the relatively large 
COS-BB error region, is now firmly rejected (von Montigny et al. 1993). 

AA detection of the 26.496 day periodicity in 7-rays would remove any remaining doubt about 
thee identification with GT 0236+610, but neither COS-B nor EGRET has yet detected such flux 
variations.. Note thai, the 26.496-day periodicity inferred from radio observations of GT 0236+610 
hass possibly been detected at infrared and optical wavelengths as well (Mendelson & Mazeh 1989; 
Paredess et al. 1994), with smaller flux variations towards shorter wavelengths. At UV wavelengths 
andd in X-rays, where the positional accuracy is good enough to allow a confident identification with 
GTT 0236+610, orbital-phase related flux variations have not been detected up to recently (Bignami 
ett al. 1981; Howarth 1983; Goldoni & Mereghetti 1995). The factor **  10 increase of the X-ray flux in 
thee light curve measured with ROSAT during the monitoring of one orbital cycle (Taylor et al. 1996) 
mayy be the first evidence of orbital-modulated X-ray emission. 

Despitee the firm detections of GT 0236+610 up to X-rays and of 2CG 135+01 above 100 MeV, the 
situationn around 1 MeV is less clear. When we compare the spectral index measured for GT 0236+610 
withh ROSAT (Q « 1.1: Goldoni k Mereghetti 1995) with that measured for 2EG J0241+6119 with 
EGRETT [a a; 2.21: Fierro 1995), it is evident that a spectral break must occur in between. This 
naturallyy also holds if the two sources are not related. A simple extrapolation of the measured power 
lawss to the MeV energy range predicts fluxes in the range of 10- 5 — 10- 4 photons cm" s"1 MeV-1, 
whichh is close to the detection threshold of COMPTEL. However, from measurements with the Impe-
riall  College Scintillation Telescope (ST) on board Ariel 5 (Coe et al. 1978) and with the balloon-

**  This chapter has been accepted, in a slightly different form, by Astronomy and Astrophysics for 
publicationn in the Main Journal. 



6.2.6.2. OBSERVATIONS AND ANALYSIS 185 

Obs s 

15 5 
31 1 
34 4 
211 1 

319.0 0 
319.5 5 
325 5 

Time e 

1991,, Nov. 28-Dec. 12 
1992,, Jun. 11-Jun. 25 
1992,, Jul. 16-Aug. 06 
1993,, Feb. 25-Mar. 09 
1994,, Mar. 01-Mar. 08 
1994,, Mar. 15-Mar. 22 
1994,, Apr. 26-May 10 

Phase e 

0.096-0.631 1 
0.499-0.023 3 
0.820-0.610 0 
0.272-0.725 5 
0.197-0.464 4 
0.727-0.990 0 
0.311-0.840 0 

Z[°] Z[°] 

22.2 2 
29.3 3 
27.2 2 
11.4 4 
28.1 1 
27.0 0 
15.2 2 

TableTable 6.1. This table gives a list of the CGRO observation periods (see also Appendix A) during 
whichwhich 2CG 135+01 was within 30° of the pointing direction. The 4 columns give: 1) the observation 
numbernumber in CGRO notation; 2) the start and end date of the observation; 3) the corresponding radio 
phasephase interval; 4) the angular distance of 2CG 135+01 to the pointing direction. 

bornee instrument MISO (Perotti et al. 1980) a source with a 1 MeV flux as high as ~ 10~3 -
10- 22 photons cm- 2 s^1 MeV-1 was claimed. A preliminary analysis of COMPTEL observations of 
thee 2CG 135+01 field, based on three observations made between November 1991 and August 1992, 
didd not reveal evidence for such a strong source but showed the presence of a weak excess consistent 
withh the position of 2CG 135+01 (van Dijk et al. 1994).' 

Heree we present a detailed analysis of the COMPTEL data gathered between November 1991 and 
Mayy 1994. We detect a source at energies above 1 MeV, both the position and fluxes of which 
aree consistent with those of 2CG 135+01 (Sections 6.3.1 and 6.3.2). The results of a search in 
thee COMPTEL data for the 26.496 day binary period of GT 0236+610 are given in Section 6.3.3. 
Sectionn 6.3.4 addresses the possible influence of the Galactic diffuse emission on the fluxes assigned to 
thee COMPTEL source. Finally, the results are discussed in Section 6.4. 

6.22 Observations and analysis 
Tablee 6.1 gives a log of the observations which were used for the analysis presented here. Unfor-

tunately,, during most of these observations, the angular distance between the source and the pointing 
directionn was not favourable. 

Thee COMPTEL data were analysed in the standard energy ranges 0.75-1, 1-3, 3-10 and 10-30 
MeVV (Section 2.4.1), as well as in a combined 1-30 MeV energy range. Significance and flux maps 
weree produced using the maximum-likelihood ratio (MLR) method (Section 2.4.8). The instrumen-
tall  background model is that of Section 3.4.3 (the improved version described in Section 3.4.4 was 
developedd at a later stage). 

Thee effective exposure function for the observations listed in Table 6.1 covers a large part of the 
skyy and extends beyond I = 200°. We therefore must take into account the non-negligible influence of 
thee events originating from the Crab (~ 2.5xl04i n the 1-30 MeV range compared to ~ 7xl03for2CG 
135+01)) on the background model by including a data-space model for the Crab (see Section .2.4.5). 
Forr this set of observations, the situation is particularly confusing because the signals of the Crab and 
off  a source at the position of 2CG 135+01/2EG J0241+6119 are at a maximum in the same region of 
thee data space (the region where the geometry function peaks, see Fig. 6.1). When models for both 
thee Crab and for 2CG 135+01/2EG J0241+6119 are included simultaneously, this sometimes causes 
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FigureFigure 6.1. This figure shows the (x,ip)-distribution of events in a data space containing simulated 
pointpoint sources at the position of the Crab and at the refined location of2CG 135+01/2EG .10241+6119, 
subjectsubject to a selection on the derived scatter angle (p) of [26°, 28°]. In this representation, point sources 
showshow up as ring-shaped distributions centered on the source positions with a radius of tp°. 

thee Crab flux to be underestimated and the 2CG 135+01/2EG J0241+6119 flux to be overestimated 
inn the first iteration of the background modelling (Section 3.4.3). In general, ~ 4 iterations are needed 
too correct for this effect. 

6.33 Results 

6.3.11 Spatial analys is 

Whenn all the observations in Table 6.1 are summed, an excess consistent with the position of 2CG 
135+011 is found at energies above 1 McV. Below 1 MeV an upper limi t is obtained. Fig. 6.2 shows 
thee location contours for the 1-30 MeV energy range; the maximum of the excess has an ML R value 
off  50.9. This corresponds to a point-source detection significance of 6.6(7 for 3 d.o.f. (neglecting the 
possiblee presence of underlying Galactic diffuse emission), while at the position of 2CG 135+01 it is 
6.7(77 (1 d.o.f.). In the standard energy ranges 1-3 MeV, 3-10 MeV and 10-30 MeV, the peak values 
aree 24.4, 18.8 and 10.3 respectively. In the individual observation periods the signal is either weak or 
nott detected at all. 

Inn Fig. 6.3a, the significance maps for the standard energy ranges above 1 MeV are shown. In 
eachh of these maps, an excess consistent with the position of 2CG 135+01 can be observed. The 
significancee in the highest energy range is marginal (2.6(7), while below 3 MeV the excess is broader 
thann expected for a single point source. When a data-space model for a source at the position of 2CG 
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FigureFigure 6.2. This figure shows the location contours (la, 2a, 3a) for the 1-30 MeV excess for the sum 

ofof the observations listed in Table 6.1. The positions of GT 0236+610 and the QSO 4U 0241+61 are 

denoteddenoted with ' * ' and '+'  respectively. 

135+01/2EGG J0241+6119 is included, we obtain the residual maps as shown in Fig. 6.3b. None of the 
remainingg excesses by itself is formally significant at the > 3<r level for a free search, but the number of 
2(77 - 3<7 excesses yield it unlikely that all are just statistical fluctuations (see Section 6.3.1.1). One of 
thee possible celestial contributions, that of the Galactic diffuse emission, is discussed in Section 6.3.4. 
Firstt we wil l investigate the possibility that the residual emission seen in Fig. 6.3b can be interpreted 
ass a number of discrete point sources. 

6.3.1.11 T h e residual emiss ion: s ta t is t ical f luctuat ions? 

Too investigate the significance of the residual emission seen in Fig. 6.3b, we added point sources, 
onee by one, to the model fitting at the positions of localized excesses until the subsequent search did 
nott reveal any residual significant emission at more than the 2a level. 

Firstly,, we added a data-space model for a source at (l,b) = (134.6°,+7.0°) = P i. Although 
theree is not a clear excess at this position in the sum of the observations, this model accounts for a 
strongg excess (~ 3.9a) observed in the 1-3 MeV range in Obs. 325. Located only 6° away from 2CG 
135+01/2EGG J0241+6119, but not consistent with the position of the latter at the > Za level, this 
apparentt source has a non-negligible influence on the flux derived for 2CG 135+01 and thus has to 
bee accounted for. It is not seen in any other energy range nor in any other C O M P T EL observation. 
Afterr a correction for the minimum number of trials is made (4 energy intervals, 7 observations), its 
significancee in Obs. 325 is only slightly larger than 3a, which does not confidently exclude a statistical 
backgroundd fluctuation as origin. We note that excess Pi is close to (but not fully consistent with) the 
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1-33 MeV 3 - 1 0 MeV 10 -30 MeV 

FigureFigure 6.3. Tim figure shows the MLR maps for the region around 2CG 135+01, centered on (l,b) = 
(135.5°,, 1.5°) with a radius of 20° (longitude I increasing towards the left). The horizontal and vertical 
lineslines are drawn at b = 0° and I - 135° respectively and the position of2CG 135+01/2EG J0241+6119 
isis denoted by the ' x ' symbols. Contour levels are spaced as 4, 9, 16 and 25. a) including a model for 
thethe Crab; b) including models for both the Crab and for 2CG 135+01/2EG J0241+6119. 

positionn of the flaring low-energy 7-ray source located at (/,&) « (137.0°, 9.5°) which was discovered 
withh the balloon-borne DGT telescope during a search for transient events (Bhat tacharya & Owens 
1994).. This event was detected up to 2 MeV and exhibited an increase in flux in the 160-200 kcV 
bandd by a factor of 3 within just 1.5 hours. An analysis of the Pi excess in 4 time intervals of ~ 3 days 
duringg Obs. 325 did not yield evidence for significant t ime variations on time scales of several days. 
Adoptingg smaller t ime intervals is not useful due to the limited statistics of the COMPTEL data. 

Secondly,, we analysed the rest of the excesses visible in Fig. 6.3. In the 1-3 MeV range, there 
iss an extended feature around / « 127.5°. Model fitting, also including a model for P i, shows that 
thiss excess is consistent with a single point source at (l,b) — (126.0°,0.0°) = P2 of significance 
2.8(TT (3 d.o.f., not taking into account the number of tr ials). Both the 1-3 MeV and 3-10 MeV 
rangess also show an excess around / sa 147°. These features are consistent with a point source at 
(l,b)(l,b) = (147.0°, -1 .5°) = P3, with significances of 2.8a and 1.5CT (3 d.o.f.) in the 3-10 MeV and 1-3 
MeVV energy ranges respectively. Finally, when we include a model for this excess, the 1-3 MeV range 
stilll  shows a 2.6a excess at (/,&) = (143.5°, 7.5°) = P4. 

Al ll  these additional excesses are of marginal significance. Because we have neglected the possible 
presencee of Galactic diffuse emission (see Section 6.3.4), the significances may even be smaller. What-
everr their origin, the number of 2.5er ~ 3.0<r excesses remaining after subtraction of 2CG 135+01 
suggestss that these are not all statistical fluctuations, and that a certain celestial contribution is 
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Index x 

1.4 4 

2.0 0 

2.8 8 

RRAA (1-3/3-10) 

2.33  0.8 
1.44 4 

2.22 8 
2.86 6 

2.11 8 
7.03 3 

RRBB (3-10/10-30) 

4.11 6 
1.74 4 

4.11 6 
3.50 0 

4.22 6 
8.98 8 

ReRe (1-3/10-30) 

9.44 8 
2.51 1 

9.11 8 
10.00 0 

8.77 8 
63.10 0 

TableTable 6.2. This table gives the measured (first line of each entry) and expected (second line of each 
entry)entry) hardness ratios for power-law input spectra with different spectral indices. These hardness 
ratiosratios are defined as the ratio of the fluxes in the specified energy ranges (units [photons cm~2 s'1]). 

presentt and should be taken into account. 
Exceptt for Pu however, the excesses have a negligible impact on our analysis of a source at the 

positionn of 2CG G J0241+6119. Nevertheless, it is interesting to note that some of these 
excessess may be related to known X-ray sources with characteristics similar to GT . The 
excesss P2 is consistent with the positions of two high-mass X-ray binaries (HMXBs) 2S0114+65 ( = 
V6622 Cas) and 4U X0115+63 (= V635 Cas), both of which contain a Be star companion (van Paradijs 
1995).. The latter is a well-known hard X-ray transient with a pulsation period of 3.61 seconds, a binary 
periodd of 24.3 days and an eccentricity of 0.34. It has recently been detected with BATSE up to at 
leastt 70 keV (Scott et al. 1994) and is also a possible TeV source (Chadwick et al. 1985). The excess P3 

iss consistent with the position of , which is also a Be-star HMXB with very similar system 
parameters.. Firm identifications of these excesses are, however, only possible through orbital-phase 
orr pulse-phase correlation studies, which are beyond the scope of this paper. 

6.3.22 Spec t ral ana lys is 
Thee analysis in the previous section was performed with PSFs for an assumed E~a power-law 

photonn spectrum with a = 2. Since the fluxes and likelihoods depend only slightly on the assumed 
inputt spectrum, this was not a bad approximation. In order to find the power-law index that fits the 
dataa best, the MLR analysis has been repeated using PSFs with various values for a until the ratios 
off  the fluxes measured in different energy ranges are consistent with the assumed input spectrum. 

Suchh flux ratios were calculated using PSFs with indices ranging from 1.4 to 2.8. In the model 
fittingg we included a data-space model for the Crab in each energy range, while for the 1-3 MeV range 
wee also included a model for the nearby excess PI to correct for its influence on the flux derived for 
thee COMPTEL source. In Table 6.2 we show the results for the extreme values of index a as well as 
forr a = 2. Also listed are the expected ratios for power-law spectra with these indices. 

Althoughh the measured ratios are not very sensitive to the assumed input spectrum, the expected 
ratioss differ considerably. The indices that fit  the COMPTEL data best are a0 = 1-8-CM a nd °o " 
2.15^044 f o r t n e RA a nd RB hardness ratios respectively. They are consistent with a single power law 
FF - I(Ejl MeV)- 00 across the entire COMPTEL energy range with Q0 = l ^ö toJ and amplitude / -
1.755 x 10~4 photons cm- 2 s"1 MeV- 1. Adopting this spectral index, the time-averaged COMPTEL 
fluxesfluxes and upper limits are given in the second column of Table 6.3. The upper limit in the 0.75-1 
MeVV range is inconsistent with the power law at the 2.Aa level, which suggests that there is a spectral 
breakk in the COMPTEL energy domain. The COMPTEL fluxes are shown in Fig. 6.5, together with 
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EE [MeV] 

0.75-1 1 
1-3 3 

3-10 0 
10-30 0 

Fluxx [photons cm 2 s 1] 

noo diff. models 

<< 4.8 X 10"5 

xx 10"5 

(5.00  1.2) x 10~5 

(1.22  0.4) x 10"5 

incl.. diff. models 

<< 4.8 x 10- 5 

(6.00  3.0) x 10"5 

(2.22  1.2) X 10"5 

(0.33  0.4) x 10"5 

TableTable 6.3. This table gives the time-Averaged fluxes with la errors and the 2a upper limits for the 
COMPTELCOMPTEL source consistent with the position of 2CG 135+01, for the sum of observations given in 
TableTable 6.1. These results were derived including a model for the Crab in all energy ranges. In the 1-3 
MeVMeV range a point-source model at (/, b) = (134.6°, 7.0°) was included as well (see text). The second 
columncolumn shows the results obtained disregarding the possible presence of underlying diffuse emission, 
thethe third column shows the results when models for the Galactic diffuse emission are incorporated 
(see(see Section 6.3.4). 

thee non-contemporaneous measurements of 2CG 135+01 and GT 0236+610/LS I +61°303 with other 
instruments.. Note that at 1 MeV, the COMPTEL flux levels are a factor of 10 — 100 below those 
reportedd in the past for the emission from this celestial region (Coe et al. 1978; Perotti et al. 1980). 

6.3.33 Temporal analysis 

Wee performed a search for flux variations correlated with the orbital period of GT 0236+610. For 
thiss the data for each energy range were binned and analysed in 5 phase bins of width 0.2, assuming 
ann orbital period of 26.496  0.008 days with phase 0 at JD 2,443,366.775 (Taylor & Gregory 1984). In 
thee phase bins that contained a contribution from Obs. 325, we again included a point-source model 
forr the Pi excess observed in that observation in the 1-3 MeV range (see Section 6.3.1). The radio 
lightcurvess differ significantly from cycle to cycle and the phase of the peak outburst is seen to vary 
byy more than — 0.5. Therefore, this approach may fail to detect correlations of the weak 7-ray flux 
withh the orbital period if the 7-ray flux variations occur, like the radio-flux variations, at irregular 
phases.. Note that the error on the orbital period corresponds to a total relative phase shift during 
thee observations given in Table 6.1 of only 1%, but that the absolute phase may be wrong by ~ 6%, 
correspondingg to ~- 1.5 days. 

Thee results of this analysis are shown in Fig. 6.4. In each energy range, a x2~n t w ' t h a constant 
distr ibutionn has been used to determine if there is evidence for orbital-phase related flux variations. 
Thee x2 values thus obtained are 5.49, 6.10 and 3.38 for 4 d.o.f., indicating that the COMPTEL data do 
nott show evidence for flux variations correlated with the orbital phase. Due to the large statistical flux 
errors,, however, and the above-mentioned possibility of peak fluxes occurring at irregular phases, 7-ray 
variabilityy similar to that observed in X-rays with ROSAT (Taylor et al. 1996) cannot be excluded. 

6.3.44 The Galact ic diffuse emission 

Soo far in the analysis we have not taken into account the possible contribution of diffuse emission 
fromm the Galactic disk. If this component, which is dominant at energies above 100 MeV, is indeed not 
negligiblee at COMPTEL energies in this region of the sky, then the flux of the COMPTEL source could 
bee significantly lower than derived above (see also Section 4.3). Furthermore, Monte-Carlo simulations 
havee shown that weak diffuse emission from a Galactic-disk distribution may result in several weak 
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FigureFigure 6.4. This figure shows the flux [photons cm~2 s - i MeV'1]  as a function of orbital phase for 
threethree energy ranges. The dashed line shows the result from a x2'^ with a constant distribution. 

point-source-likee excesses at low latitudes, similar to those found in Section 6.3.1.1. An extensive 
studyy of the Galactic diffuse emission was presented in Section 4.3. For the analysis contained in this 
section,, which was performed at an earlier stage, the models for the Galactic diffuse emission are fixed 
att the values found from fits to the full sky. 

6.3.4.11 Imp l i ca t i on s for  der ived quant i t ie s 

Inn order to assess the possible influence of the Galactic diffuse emission underneath the C O M P T EL 
sourcee on the derived source flux, we repeated the ML R analysis presented above including data-space 
modelss for the interstellar gas, using the same HI and CO surveys that were used in the COS-B studies 
(Bloemenn 1989) and adapting the model for the IC distribution from Strong & Youssefi (1995). Firstly, 
wee fitted only the HI and IC models, fixing the HI emissivities and the scaling factors for the IC models 
att the values found by Strong et al. (1996). As a result, the fluxes in the 1-3 MeV and 3-10 MeV 
rangess are reduced by a factor of ~ 2 (third column in Table 6.3). Above 10 MeV, the flux drops 
beloww ICT significance. The photon spectral index derived from these reduced 1-3 MeV and 3-10 MeV 
fluxess is consistent with that derived in Section 6.3.2, although not very constraining. Since the errors 
onn the fluxes have remained roughly constant, the temporal analysis from Section 6.3.3 is expected to 

- Ï F F 
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yieldd even lower \2-values and was therefore not repeated. 
Secondly,, we investigated a worst-case scenario in which the CO model is added to the HI and IC 

modelss with a fixed value for the CO-to-ff.2 conversion factor Xy = 2.0. Although correlations of the 
7-rayy emission with the CO distribution have not been found in COMPTEL data, fixing Xy at the 
valuee found above 100 MeV gives an estimate of the error made in case the CO component is present, 
butt for some reason is not recognized. The inclusion of the CO model is found to result in a small 
decreasee of the 1-3 MeV and 3-10 MeV fluxes inferred for the COMPTEL source of less than ~ 15%. 

Thee effect of including the models for the Galactic diffuse emission on the parameters derived 
forr the COMPTEL source can only be considered to be crudely estimated. It is therefore likely that 
thee fluxes given in the second column of Table 6.3 are overestimated, but due to the uncertainties in 
modellingg the Galactic diffuse emission, the fluxes given in the third column of Table 6.3 should be 
interpretedd with caution as well. 

6.44 Discussion 

6.4.11 Comparison with previous measurements 
Att 1 MeV, the fluxes measured with the ST on board Ariel 5 (Coe et al. 1978) and with the 

balloon-bornee MISO (Perotti et al. 1980) in the (/,&)« (135°, 0°) region are 1-2 orders of magnitude 
abovee the phase-averaged COMPTEL flux (see Fig. 6.5). A source with a flux as high as reported by 
thesee groups would have easily been detected by COMPTEL with a significance higher than that of 
thee Crab. A possible explanation for the observed difference might be variability of 2CG 135+01 or 
off  another nearby source. However, neither between the individual observations nor between the time 
intervalss based on orbital phase do we find evidence for such strong time variability for 2CG 135+01 
orr for any other source within the COMPTEL field of view. An OSSE observation of the 2CG 135+01 
regionn carried out during the GRO viewing period 325 (Table 6.1) yielded flux values that are in 
agreementt with the COMPTEL fluxes for that observation (Tavani et al. 1996; Strickman et al. 1996). 
Long-time-scalee variability related to the proposed ~ 4-year modulation of the GT 0236+610 outburst 
peakk radio-flux density (Paredes et al. 1990) is not seen in our data, although it cannot be completely 
excludedd [see also Ray et al. (1996) for a discussion of the long-time-scale radio monitoring of GT 
0236+610],, The COMPTEL observations cover the 4-year cycle from 561 days post-maximum up to 
thee next maximum, while the Coe et al. (1978) and Perotti et al. (1980) measurements were made at 
~~ 485 and 190 days post-maximum respectively. Unless the 1 MeV 7-ray flux is much higher in the 
firstfirst few hundred post-maximum days only, the available COMPTEL data rule out a strong correlation 
withh the 4-year cycle. The fluxes around 1 MeV measured with MISO for NGC 4151 and MCG 8-11-11 
(Perottii  et al. 1981a, 1981b) are also very high compared to the generic upper limits for AGN derived 
fromm COMPTEL (Maisack et al. 1995) and OSSE observations (Johnson et al. 1994). It is therefore 
nott inconceivable that problems with background subtraction may have influenced the 10— 100 times 
higherr MISO fluxes for 2CG 135+01. In this respect, we also note the unusually high hard X-ray fluxes 
reportedd for Sco X-l from observations made with the ST on board Ariel 5 (Greenhill et al. 1979), 
comparedd to the more sensitive observations with e.g. HEAO 1 (Soong k Rothschild 1983). 

6.4.22 Identificatio n of the COMPTEL source 
Thee celestial distributions of neither the HI nor the IC models can mimic a point-source-like 

featuree at the position of 2CG 135+01. So, despite the uncertainties in the absolute flux levels of the 
COMPTELL source due to the unknown contribution of the Galactic diffuse emission, the mere presence 
off  a source consistent with the position of 2CG 135+01 is evident. If we extrapolate the time-averaged 
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FigureFigure 6.5. This figure shows the non-contemporaneous multi-wavelength spectrum for GT 0236+610/ 
LSLS I + 61°303/2CG 135+01/2EG J0241+6119. The measurements denoted by ST and MISO may 
havehave suffered from source confusion. References: COMPTEL: this paper (second column from Ta-
bleble 6.3); VLBI : the near-minimum and near-maximum radio fluxes given in Taylor et al. (1992); 
Optical:: Paredes et al. (1994); ST: Coe et ai. (1978); MISO: Perotti et al. (1980); ROSAT: Goldoni 
&&  Mereghetti (1995); EGRET: Fierro (1995). 

high-energyy 7-ray spectrum measured for 2CG 135+01/2EG J0241+6119 (Fierro 1995; lines labelled 
' E G R E T'' in Fig. 6.6), we find that the COMPTEL fluxes prior to the correction for the Galactic diffuse 
emissionn (points labelled ' C O M P T E L' in Fig. 6.6) are consistent with the extrapolat ions. When the 
modelss for the Galactic diffuse emission are included, the fluxes are still consistent, but appear to 
bee somewhat low (points labelled 'COMPTEL(D)' in Fig. 6.6). Although this may indicate that the 
contributionn of the diffuse emission is overestimated, a spectral break is expected to occur somewhere 
inn this energy range. 

Thee extrapolations of the X-ray spectra measured for GT 0236+610 (lines labelled 'ROSAT' in 
Fig.. 6.6) and for the quasar 4U 0241+61 ( the dashed lines) do not reject any of the two being the 
possiblee counterpart of the COMPTEL source. There are several arguments, however, which favour GT 
0236+6100 being the counterpart. Firstly, 4U 0241+61 has only been detected up to ~ 20 keV (Turner 
&&  Pounds, 1989) and is not seen with EGRET (> 30 MeV). On the other hand, both ROSAT and 
E G R ETT have reported detections coincident with GT 0236+610, with location uncertainties that leave 
littl ee room for other counterparts (Goldoni & Mereghetti 1995; von Montigny et al. 1993; Thompson et 
al.. 1995). Secondly, the only active galactic nuclei (AGNs) that have been detected with COMPTEL 
(andd EGRET) up to now are those which are radio loud and have flat radio spectra. This is consistent 
withh the findings from an analysis of EXOSAT ME data by Lawson et al. (1992), who found a steeper 
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FigureFigure 6.6. This figure shows the phase-averaged liuxcs (xE2) for the COMPTEL excess 'as is' (points 
labelledlabelled 'COMPTEL'; second column in Table 6.3), and those corrected for the estimated contribution 
fromfrom the Galactic diffuse emission (points labelled 'COMPTEL(D)'; third column in Table 6.3). They 
areare compared with unabsorhed X-ray and 7-ray data for GT 0236+610 (lines labelled 'ROSAT'; 
GoldoniGoldoni & Mereghetti 1995), 2CG 135+01/2EG J0241+6119 (lines labelled 'EGRET'; Fierro 1995) 
andand 4U 0241+61 (dashed lines). All data shown, except for the COMPTEL data, are extrapolated 
powerpower laws, from the energy range in which the measurements were made (thick lines), into the MeV 
rangerange (thin lines). In each case, two power laws are shown, reflecting the uncertainties in the photon 
spectralspectral indices. The X-ray data for 4U 0241+61 (dashed lines) were measured with Einstein (Turner 
etet al. 1991), OSO 8 (Worrall et al. 1980) and EXOSAT (Turner k Pounds 1989). 

averagee 2-10 keV spectrum for radio-quiet QSOs (photon index a = 1.9  0.11) than for radio-loud 
QSOss (Q — 1.66  0.07). Although 4U 0241+61 has been shown to contain a compact radio core with 
ann inverted radio spectrum, the radio flux of ~ 0.20 Jy at 5 GHz is rather low (Apparao et al. 1978) 
andd has only been detected at radio wavelengths because it is relatively nearby (2 = 0.0438). Unless 
4UU 0241+61 behaves very differently from other radio-quiet QSOs at MeV energies, it is not likely 
thatt its spectrum extends into the COMPTEL energy range. 

Apartt from GT 0236+610 and 4U 0241+61, there are no other sources in the SIMBAD da ta base 
thatt can be regarded potential counterparts, in the sense that there are no strong non-thermal X-ray 
orr high-energy 7-ray emitters nearby. A possible contribution from the large molecular complex W3 
att (l,b) a; (134°. 1°), as part of the Galactic diffuse emission, was estimated to have a small impact 
(Sectionn 6.3.4.1). 
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6.4.33 Comparison with theory 
Thee previous sections have shown that the identification of the COMPTEL source with 2CG 

135+011 is likely, but that the absolute flux levels are uncertain by a factor of two. Here we will 
addresss the possible implications for the main theoretical models for 2CG 135+01/GT 0236+610, 
assumingg for now that the radio source and the 7-ray source are indeed one and the same. 

Thee optical Be-star appearance and the binary nature place GT 0236+610 in the well-known 
groupp of Be/X-ray binaries. Many of these systems harbour an accreting neutron star as indicated by 
thee detection of X-ray pulsations from such systems (note that the absence of such pulsations and the 
loww X-ray luminosity for GT 0236+610 still place some doubt on this classification). 

Basedd on the presence of a ~ 1.4 M 0 compact object (Hutchings & Crampton 1981), two basic 
™.^.A*\]^™.^.A*\]^ rtvï^* ^ nv^inin fur*  yifi-ïKi n r3,d.io emission 2/Titl ths ^ossibls iiî h-snfir^^^ amission of OT 
0236+610.. In the supercritical accretion (SA) model (Taylor & Gregory 1982, 1984; Taylor et al. 1992), 
aa neutron star is in an eccentric orbit around the Be star, accreting from the slow high-density 
equatoriall  wind of the latter. For suitable chosen values of the wind parameters and the eccentricity, 
thee radio outbursts arise from the energetic particles produced during the supercritical accretion 
thatt occurs near periastron passage. The four-year modulation and the varying phases of the peak 
radioo fluxes may be explained by a varying speed of the equatorial wind of the Be star (Marti' & 
Paredess 1995). However, it is not clear why the X-ray luminosity during outbursts is several orders of 
magnitudess below that for other Be/X-ray binaries (Taylor et al. 1996). 

Maraschii  & Treves (1981), on the other hand, proposed the so called young-pulsar model, in which 
thee outbursts and high-energy emission originate in the shock front that results from the collision of 
thee stellar-disk wind and the relativistic pulsar wind. Such a model has also been used for the highly 
non-thermall  1-200 keV emission detected from the Be star/pulsar system PSR 1259-63 containing a 
477 ms radio pulsar (Tavani, Arons & Kaspi 1994; Tavani et al. 1996). In the case of the PSR 1259-63 
system,, accretion onto the surface of the neutron star is inhibited by the strong radiation pressure from 
thee pulsar's electromagnetic and relativistic particle wind. The high-energy emission is produced by 
synchrotronn and inverse-Compton emission of shock accelerated particles. Shock-powered high-energy 
emissionn is of general importance in pulsar binaries and the 2CG 135+01 system may belong to the 
categoryy of hidden pulsars (Tavani 1995). 

Bothh types of models involve a neutron star in an eccentric orbit around the Be star and predict, to 
somee degree, time variability of the 7-ray emission correlated with the orbital period. The COMPTEL 
dataa on the other hand are consistent with a constant flux, but the large statistical errors on the 
COMPTELL fluxes (Table 6.3) do not allow for tight constraints on the variability. At 7-ray energies 
abovee 100 MeV, the chance that the flux from 2CG 135+01/2EG J0241 + 6119 is constant between 
observationss is only 0.1% (Fierro 1995), while an increase by a factor of ~ 2 was observed within 
aa single observation (Kniffen et al., in preparation). In the young-pulsar model of emission, orbital 
modulationn of the high energy emission depends on the poorly understood pitch angle evolution of 
radiatingg shock-accelerated particles of the pulsar wind. Upstream of the shock, the particles flow 
radiallyy away from the pulsar and therefore initially have a non-isotropic velocity distribution. For 
largee values of the ratio of the electromagnetic and plasma flow energies upstream, the shocked particles 
acquiree preferential directions of motion (Gallant et al. 1992) and a dependence of the 7-ray emission 
onn orbital phase might be observed. If, on the other hand, this ratio is low, the onset of the Weibel 
instabilityy may isotropize the downstream flow and therefore the 7-ray emission (Weibel 1959; Hoshino 
ett al. 1992). Note that in both of these cases, the shock-powered emission may be more dependent 
onn the varying conditions of the pulsar cavity being compressed by the gaseous outflow from the 
companionn star (Tavani, Arons h Kaspi 1994). 
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Thee COMPTEL measurements presented here imply a luminosity in the 1-30 MeV energy range of 
5.00 x \035(D/2 kpc)2 ergs s_1 (2.0 x 1035 ergs s- 1 if the models for the diffuse emission are included). 
Togetherr with the ROSAT and EGRET measurements, this implies a total luminosity above 0.1 keV 
off  I » 1.5 x 1036 ergs s_ 1. For comparison, the inferred total energy in the relativistic electrons 
responsiblee for the radio outbursts, which typically last several days, is only ~ 2 x 1039 ergs (Taylor 
&&  Gregory 1984). The SA model of Taylor et al. (1992) predicts an average accretion rate which 
correspondss to an accretion luminosity that is ~ 0.7 of the Eddington luminosity for a 1.4 M 0 object. 
Thiss luminosity is a factor 100 times larger than that observed above > 0.1 keV and thus could easily 
accommodatee for the 7-ray emission. However, the observed low X-ray luminosity does not fit well 
intoo this accretion model (Taylor et al. 1996). 

Onn the other hand, a high-energy luminosity near 1036 ergs s- 1 may be powered by shock emission 
off  a relativistic pulsar wind, as observed in the case of the plerionic Crab Nebula and for the binary 
Bee star/pulsar system PSR B1259-63 (Tavani et al. 1996). Here, the deduced spindown luminosity 
off  the underlying pulsar would be of the order of 1037 ergs s- 1 for a conversion efficiency into the 
7-rayy band of about 10% (similar to the conversion efficiencies observed for the Crab Nebula and for 
PSRR B1259-63). The possible spectral break observed for 2CG 135+01 in the MeV energy range may, 
whenn more accurately determined, be used to constrain parameters such as the kinetic energy of the 
particless and the electromagnetic energy flux upstream. 

6.55 Conclusions 
Wee have detected a COMPTEL source consistent with the position of 2CG 135+01 in the energy 

rangee 1-30 MeV. The flux at 1 MeV is roughly two orders of magnitude below the values reported 
inn the past for a source in this celestial region. The COMPTEL spectral shape is consistent with the 
spectrall  break expected from extrapolations of the ROSAT and EGRET observations of GT 0236+610 
andd 2CG 135+01/2EG J0241+6119 respectively. 7-Ray observations with higher spatial resolution, 
orr showing correlated variability, are necessary to prove unambiguously the association between the 
radioo source GT 0236+610 and the 7-ray source 2CG 135+01. 
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Futur ee wor k an d beyon d 
Thee work presented in this thesis has made it clear that MeV astronomy, which only recently 

greww beyond its infancy, has a long and fruitful life ahead. COMPTEL will certainly contribute 
moree scientific results through the coming years, in particular since the models for the instrumental 
backgroundd and/or the analysis methods are likely to be improved. 

Suchh improvements could be achieved in a number of ways. The current data representation is 
onlyy three-dimensional, but four quantities are actually measured. This is a result of using <p, which 
combiness the measured energy deposits into a single variable. Recently, members of the COMPTEL 
collaborationn have started experiments with four-dimensional data spaces that use the full information 
contentt of the COMPTEL data. The corresponding potential increase of the detection significances 
off  sources, however, depends strongly on whether or not it will be possible to develop a model for the 
instrumentall  background in these four dimensions. Another way to increase detection significances, 
att least for pulsars, is a simultaneous analysis of both the temporal information of a source and its 
distributionn in data space. Such an approach, based on Bayesian statistics, has already successfully 
beenn applied to COMPTEL data on the Crab. Finally, we may improve on the COMPTEL results 
obtainedd from the sum of several observations. This can partly be achieved, as shown in this thesis, 
byy treating the instrumental background for each observation separately. In addition, it might also 
bee possible to find a more accurate response description for the summed data spaces, instead of that 
describedd in Section 2.4.7. 

Thee instrumental-background model itself has been a major point of concern from the beginning 
off  the mission. At this stage, the model which is most often used (Section 3.4.3) is still produced 
fromm the data themselves. Although the contributions from sources to the background model can be 
takenn into account, this is not a desirable method. For extended diffuse sources, it cannot be excluded 
beyondd doubt that the broad distributions in data space might suffer from confusion with that of 
otherr sources, or with that of the instrumental background itself. Therefore, the development of an 
instrumentall  background model that does not include a contribution from celestial photons, such as 
thee model described in Section 3.3.4, should be pursued. 

Soon,, the amount of COMPTEL data available will have doubled compared to the Phase I, II 
andd II I data that have been used in this thesis. With hopefully several more years of COMPTEL 
observationss ahead, it is quite possible that it may even triple. More data on the sources discussed in 
Chapterss 4, 5 and 6 will increase the signal-to-noise ratio and may yield more significant detections. 
Inn Cycles 4 and 5, which followed Phase III , the amount of additional data on Cyg X-l is limited, 
butt for 2CG 135+01 the data have nearly doubled. From the rate of transient black-hole candidates 
undergoingg outbursts during the last years, more detections similar to that of GRO J0422+32 are 
anticipated. . 

Thee steady increase in data naturally affects all other science obtained with COMPTEL as well. 
Severall  important COMPTEL detections, e.g., that of the cosmic-diffuse 7-ray background and the 
3-77 MeV emission from Orion, are just a few <rs above the sensitivity limit . A factor of three additional 
exposuree in such cases would definitely increase the confidence in these detections. It is also expected 
thatt time-dependent sources, such as AGNs and, in particular, the Sun which is approaching a solar 
maximum,, will provide new exciting scientific results. In this respect, another nearby supernova is 
probablyy too much to hope for. 

Lookingg ahead, it is fortunate to see that MeV astronomy is being pursued beyond COMPTEL. In 
ann advanced stage is the coded-mask based INTEGRAL mission, expected to be launched in 2001. This 
observatoryy will significantly extend the long-term space-based MeV data base and is, in particular, 
expectedd to open up the field of 7-ray line spectroscopy. Even more is to be expected from the current 
developmentt of new imaging techniques. At soft 7-ray energies up to ~ 1 MeV, the Argonne lens 
basedd on Laue diffraction crystals has been shown to allow direct focusing of the high-energy photons. 
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Angularr resolutions down to 15" are claimed to be feasible with this technique. In the COMPTEL 
energyy domain (~ 1 - 30 MeV), the dominance of the Compton scattering process forces one to look 
forr techniques that utilize this interaction mechanism. One possible way to improve on COMPTEL's 
resultss is to use detectors with improved spectral and spatial resolutions, such as the Ge planar strip 
detectorss planned for the ATHENA telescope. With an angular resolution of a few tenths of a degree, 
suchh telescopes are better equipped for resolving sources that are only separated by a few degrees, 
suchh as Cyg X-l and PSR 1951+32. Another type of improvement may come from telescopes that 
trackk the recoil electron*, such as in the Silicon Compton Recoil Telescope (SCRT) which is based 
onn silicon-strip detectors. Although its estimated angular resolution is only of the order of 1°, the 
fundamentall  uncertainties in the arrival directions of the photons (the event circles) are eliminated. 
Thiss will lead to a considerable suppression of the background. 

**  The recoil electron is the electron on which the 7-ray photon initially scatters. In the Dl detector 
off  COMPTEL, only the energy of this electron is measured, not its direction. 
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APPENDIXX A 
Logg of observations 

Thee tables on this and the following three pages list all the CGR.0 observations from Phases I, II 
andd IN (see also Section 2.1.4), as contained in the COMPASS database. The eight columns denote: 
1)) the CGRO identification number of the observation; 2) the primary target; 3)4-4) the start t ime 
off  the observation in T JD and ticks (see p. 30); 5)+6) the end time of the observation in T JD and 
ticks;; 7) the start date of the observation; 8)+9) the Galactic longitude and lat i tude of the pointing 
direction;; 10) the region as defined in Section 4.2.1. 

Obs s 

0.7 7 
0.6 6 
0.5 5 
0.4 4 
0.3 3 
0.2 2 
0.1 1 
1.0 0 
2.0 0 
2.5 5 
3.0 0 
4. 0 0 
5.0 0 
6.0 0 
7.0 0 
7.5 5 
8.0 0 
9.0 0 
9.5 5 
10. 0 0 
11. 0 0 
12. 0 0 
13. 0 0 
13. 5 5 
14. 0 0 
15. 0 0 
16. 0 0 
17. 0 0 
18. 0 0 
19. 0 0 
20. 0 0 
21. 0 0 
22. 0 0 
23. 0 0 
24. 0 0 

Name e 

CRAB B 
CRABB 3 ° 
CRABB 9 ° 

CRABB 9 °  ROT 
CRABB 0 ° 

N-GALL HOLE 
VELA A 
CRAB B 

CYGG X- l 
SUN N 

SNN 1991 T 
NGCC 415 1 

GAL.CENT. . 
SNN 1987 A 
CYGG X- 3 

GALL 025-1 3 
VELAA PS R 
GALL 339-8 4 

HERR X- l 
FAIRALLL 9 

3C273 3 
CENN A 

GALL 025-1 4 
GALL 339-8 4 
ETAA CA R 
NGCC 127 5 
SCOO X- l 
SNN 1987 A 

MM 8 2 
GALL 058-4 3 

SSS 43 3 
NGCC 106 8 
MRKK 27 9 
CIRR X- l 

GALL 010+5 7 

Star tt  (TJD ) 

8361 1 
8368 8 
8374 4 
8377 7 
8380 0 
8383 3 
8386 6 
8392 2 
8406 6 
8415 5 
8422 2 
8435 5 
8449 9 
8463 3 
8476 6 
8483 3 
8490 0 
8504 4 
8511 1 
8518 8 
8532 2 
8546 6 
8560 0 
8567 7 
8574 4 
8588 8 
8602 2 
8617 7 
8631 1 
8644 4 
8658 8 
8672 2 
8686 6 
8700 0 
8714 4 

50000000 0 0 
58944000 0 0 
61824000 0 0 
61248000 0 0 
60144000 0 0 
63648000 0 0 
50112000 0 0 
57648000 0 0 
4056000 0 0 
56544000 0 0 
58176000 0 0 
54169600 0 0 
58320000 0 0 
48480000 0 0 
52476000 0 0 
43251200 0 0 
43344000 0 0 
41472000 0 0 
42048000 0 0 
40800000 0 0 
42864000 0 0 
45244000 0 0 
44160000 0 0 
47770400 0 0 
36528000 0 0 
51304000 0 0 
49104000 0 0 
50262400 0 0 
42336400 0 0 
47328000 0 0 
46272000 0 0 
48528000 0 0 
41354400 0 0 
38880000 0 0 

Endd (TJD ) 

8368 8 
8374 4 
8377 7 
8380 0 
8383 3 
8386 6 
8392 2 
8406 6 
8415 5 
8422 2 
8435 5 
8449 9 
8463 3 
8476 6 
8483 3 
8490 0 
8504 4 
8511 1 
8518 8 
8532 2 
8546 6 
8560 0 
8567 7 
8574 4 
8588 8 
8602 2 
8617 7 
8631 1 
8644 4 
8658 8 
8672 2 
8686 6 
8700 0 
8714 4 
8721 1 

30000000 0 0 
44544000 0 0 
47424000 0 0 
46848000 0 0 
45744000 0 0 
49248000 0 0 
47952000 0 0 
54288000 0 0 
408000 0 0 

53952000 0 0 
56208000 0 0 
53209600 0 0 
55920000 0 0 
44928000 0 0 
50356800 0 0 
40560000 0 0 
40368000 0 0 
38600000 0 0 
38832000 0 0 
37968000 0 0 
40176000 0 0 
42964800 0 0 
41992000 0 0 
45360000 0 0 
33120000 0 0 
48108000 0 0 
46176000 0 0 
46844000 0 0 
39456000 0 0 
43920000 0 0 
43344000 0 0 
45552000 0 0 
38383200 0 0 
36912000 0 0 
37392000 0 0 

Star tt  (Date ) 

15-APR-9 1 1 
22-APR-9 1 1 
28-APR-9 1 1 
01-MAY-9 1 1 
04-MAY-9 1 1 
07-MAY-9 1 1 
10-MAY-9 1 1 
16-MAY-9 1 1 
31-MAY-9 1 1 
08-JUN-9 1 1 
15-JUN-9 1 1 
28-JUN-9 1 1 
12-JUL-9 1 1 
26-JUL-9 1 1 
08-AUG-9 1 1 
15-AUG-9 1 1 
22-AUG-9 1 1 
05-SEP-9 1 1 
12-SEP-9 1 1 
19-SEP-9 1 1 
03-OCT-9 1 1 
17-OCT-9 1 1 
31-OCT-9 1 1 
07-NOV-9 1 1 
14-NOV-9 1 1 
28-NOV-9 1 1 
12-DEC-9 1 1 
27-DEC-9 1 1 
10-JAN-9 2 2 
23-JAN-9 2 2 
06-FEB-9 2 2 
20-FEB-9 2 2 
05-MAR-9 2 2 
19-MAR-9 2 2 
02-APR-9 2 2 

iz iz 
186. 0 0 
186. 0 0 
193. 4 4 
193. 4 4 
184. 5 5 
150. 0 0 
266. 7 7 
191. 0 0 
73. 3 3 

195. 0 0 
300. 0 0 
156. 1 1 

0.1 1 
278. 0 0 

70. 5 5 
24. 6 6 

263. 0 0 
338. 6 6 

59. 7 7 
287. 8 8 
294. 5 5 
310. 8 8 

25. 0 0 
338. 8 8 
285. 1 1 
152. 7 7 

0.1 1 
282. 2 2 
137. 5 5 
58. 1 1 
39. 7 7 

171. 5 5 
112. 5 5 
322. 2 2 

9.5 5 

bz bz 
-3. 3 3 
-3. 3 3 
-4. 3 3 
-4. 3 3 
-5. 9 9 
53. 0 0 
0.7 7 

-4. 6 6 
2.5 5 

-7. 2 2 
65. 4 4 
72. 2 2 

-4. 1 1 
-29. 3 3 

-8. 4 4 
-13. 3 3 

-5. 7 7 
-83. 6 6 

40. 2 2 
-54. 3 3 

63. 6 6 
22. 0 0 

-14. 1 1 
-83. 6 6 

-0. 8 8 
-13. 4 4 

20. 2 2 
-31. 6 6 

40. 5 5 
-43. 0 0 

0.8 8 
-53. 9 9 

44. 5 5 
3.0 0 

57. 2 2 

Regio n n 

I V V 
11,11 1 1 

I I 
V V 
11,11 1 1 
1,1 1 1 
V V 

V V 
1,1 1 1 

V V 

I I 

I,II,II I I 

i, v v 
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Obs s 

24. 5 5 

25. 0 0 

26. 0 0 

27. 0 0 

28. 0 0 

29. 0 0 

30. 0 0 

31. 0 0 

32. 0 0 

33. 0 0 

34. 0 0 

35. 0 0 

30. 0 0 

36. 5 5 

37. 0 0 

38. 0 0 

39. 0 0 

40. 0 0 

41. 0 0 

42. 0 0 

43. 0 0 

14. 0 0 

201. 0 0 

202. 0 0 

203. 0 0 

203. 3 3 

203. 6 6 

204. 0 0 

205. 0 0 

206. 0 0 

207. 0 0 

208. 0 0 

209. 0 0 

210. 0 0 

211. 0 0 

212. 0 0 

213. 0 0 

214. 0 0 

215. 0 0 

210. 0 0 

217. 0 0 

218. 0 0 

Name e 

G ALL 010+5 7 

G ALL 007+4 8 

M RKK 33 5 

4UU 1543-4 7 

M RKK 33 5 

G ALL 224-4 0 

N GCC 299 2 

M GCC 8111 1 
NGCC 378 3 
NGCC 299 2 

CASS A 
ES0141-5 5 5 
J0422+3 2 2 
.10422+3 2 2 
M RKK 33 5 
ESOO 14 1 

.10422+3 2 2 
M CGG 5231 6 

GALL 228+0 3 
PKSS 215 5 
M RKK 50 9 

G ALL 22 8 +  0 3 

H ERR X- 1 

H ERR X- 1 

C YGG X- 3 

C YGG X- 3 

C YGG X- 3 

3C273 3 

3C273 3 

3C273 3 

I CC 4329 A 

N GCC 450 7 

2CGG 010-3 1 

GAL.CENT. . 

G ALL 123-0 5 

WRR 14 0 

C R AB B 

GAL.CENT. . 

C ENN A 

SNN 1993 J 

CEN-A A 

N GCC 415 1 

Star tt  (TJD ) 

8721 1 

8728 8 

8735 5 

8740 0 

8749 9 

8756 6 

8777 7 

8784 4 

8798 8 

8805 5 

8819 9 

8840 0 

8845 5 

8846 6 

8854 4 

8861 1 

8866 6 

8882 2 

8903 3 

8910 0 

8924 4 

8929 9 

8943 3 

8950 0 

8957 7 

8964 4 

8971 1 

8978 8 

8985 5 

8992 2 

8999 9 

9020 0 

9027 7 

9040 0 

9043 3 

9055 5 

9069 9 

9075 5 

9078 8 

9083 3 

9089 9 

9097 7 

38688000 0 0 

37296000 0 0 

38544000 0 0 

39552000 0 0 

43584000 0 0 

43616000 0 0 

41856000 0 0 

46628000 0 0 

41184000 0 0 

41832000 0 0 

47987200 0 0 

45504000 0 0 

5712000 0 0 

54722000 0 0 

46536000 0 0 

51518400 0 0 

16332800 0 0 

45984000 0 0 

41712000 0 0 

49824000 0 0 

40416000 0 0 

40992000 0 0 

46176000 0 0 

48528000 0 0 

46416000 0 0 

49776000 0 0 

47472000 0 0 

41944000 0 0 

46140800 0 0 

42788800 0 0 

44704000 0 0 

43318400 0 0 

48856000 0 0 

48682400 0 0 

43944000 0 0 

45420000 0 0 

50633600 0 0 

41028800 0 0 

47872000 0 0 

59659200 0 0 

39848000 0 0 

44304800 0 0 

Endd (TJD ) 

8728 8 

8735 5 

8740 0 

8749 9 

8756 6 

8777 7 

8784 4 

8798 8 

8805 5 

8819 9 

8840 0 

8845 5 

8846 6 

8854 4 

8861 1 

8866 6 

8882 2 

8903 3 

8910 0 

8924 4 

8929 9 

8943 3 

8950 0 

8957 7 

8964 4 

8971 1 

8978 8 

8985 5 

8992 2 

8999 9 

9020 0 

9027 7 

9040 0 

9043 3 

9055 5 

9069 9 

9075 5 

9078 8 

9083 3 

9089 9 

9097 7 

9110 0 

35952000 0 0 

35856000 0 0 

36672000 0 0 

40704000 0 0 

40532000 0 0 

39574400 0 0 

43994400 0 0 

38269600 0 0 

40182400 0 0 

44877600 0 0 

42144000 0 0 

2592000 0 0 

52896000 0 0 

44544000 0 0 

48556000 0 0 

13296000 0 0 

44016000 0 0 

39744000 0 0 

46944000 0 0 

37884000 0 0 

37776000 0 0 

43056000 0 0 

47184000 0 0 

44592000 0 0 

48384000 0 0 

46080000 0 0 

39216000 0 0 

44780800 0 0 

41412000 0 0 

42936000 0 0 

41932800 0 0 

46688000 0 0 

46408000 0 0 

41062400 0 0 

43616000 0 0 

48028000 0 0 

37568800 0 0 

45621600 0 0 

56016000 0 0 

36645600 0 0 

41212800 0 0 

65336000 0 0 

Star tt  (Date ) 

09-APR-9 2 2 

16-APR-9 2 2 

23-APR-9 2 2 

28-APR-9 2 2 

07-MAY-9 2 2 

14-MAY-9 2 2 

04-JUN-9 2 2 

ll-JUN-9 2 2 

25-JUN-9 2 2 

02-JUL-9 2 2 

16-JUL-9 2 2 

06-AUG-9 2 2 

ll-AUG-9 2 2 

12-AUG-9 2 2 

20-AUG-9 2 2 

27-AUG-9 2 2 

OUSEP-92 2 

17-SEP-9 2 2 

08-OCT-9 2 2 

15-OCT-9 2 2 

29-OCT-9 2 2 

03-NOV-9 2 2 

17-NOV-9 2 2 

24-NOV-9 2 2 

01-DEC-9 3 3 

08-DEC-9 2 2 

15-DEC-9 2 2 

22-DEC-9 2 2 

29-DEC-9 2 2 

05-JAN-9 3 3 

12-JAN-9 3 3 

02-FEB-9 3 3 

09-FEB-9 3 3 

22-FEB-9 3 3 

25-FEB-9 3 3 

09-MAR-9 3 3 

23-MAR-9 3 3 

29-MAR-9 3 3 

01-APR-9 3 3 

06-APR-9 3 3 

12-APR-9 3 3 

20-APR-9 3 3 

h h 
9. 5 5 

6. 8 8 

108. 8 8 

332. 2 2 

108. 8 8 

224. 0 0 

252. 4 4 

163. 1 1 

284. 2 2 

252. 4 4 

108. 7 7 

335. 1 1 

109. 8 8 

168. 2 2 

104. 8 8 

335. 1 1 

167. 2 2 

195. 9 9 

228. 0 0 

360. 0 0 

31. 1 1 

228. 0 0 

66. 8 8 

70. 9 9 

77. 8 8 

77. 8 8 

77. 8 8 

294. 6 6 

293. 7 7 

294. 6 6 

314. 1 1 

307. 4 4 

0. 2 2 

355. 6 6 

125. 9 9 

83. 7 7 

182. 6 6 

355. 6 6 

311. 7 7 

140. 8 8 

311. 7 7 

151. 4 4 

bz bz 
57. 2 2 

48. 1 1 

-41. 4 4 

2. 5 5 

-41. 4 4 

-40. 0 0 

30. 6 6 

11. 9 9 

22. 9 9 

30. 6 6 

-2. 4 4 

-25. 6 6 

-11. 4 4 

-9. 5 5 

-42. 1 1 

-25. 6 6 

-9. 2 2 

44. 7 7 

2. 8 8 

-44. 6 6 

-28. 3 3 

2. 8 8 

39. 3 3 

40. 5 5 

0. 7 7 

0. 7 7 

0. 7 7 

61. 9 9 

61. 5 5 

61. 9 9 

31. 5 5 

20. 7 7 

-34. 0 0 

6. 3 3 

-4. 7 7 

11. 7 7 

-8. 2 2 

6. 3 3 

22. 9 9 

38. 1 1 

22. 9 9 

71. 3 3 

Regio n n 

I I 

V V 

I I 

1 1 

I V V 

1,1 1 1 

I V V 

11,11 1 1 

I II  ,11 1 

11,111 1 

V V 

I I 

II I I 
I V V 

I I 

V V 

V V 
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Obs s 

219.4 4 
220.0 0 
221.0 0 
222.0 0 
223.0 0 
224.0 0 
225.0 0 
226.0 0 
227.0 0 
228.0 0 
229.0 0 
229.3 3 
229.5 5 
230.0 0 
230.5 5 
231.0 0 
232.0 0 
232.5 5 

301.0 0 
302.0 0 
302.3 3 
303.0 0 
303.2 2 
303.5 5 
303.7 7 
304.0 0 
305.0 0 
306.0 0 
307.0 0 
308.0 0 
308.3 3 
308.6 6 
310.0 0 
311.0 0 
311.3 3 
311.6 6 
312.0 0 
313.0 0 
314.0 0 
315.0 0 
316.0 0 
317.0 0 

Name e 

GAL.CENT. . 
SMC C 

CRAB B 
NGCC 4151 

IEE 1740-2942 
SMCC X-l 

REBOOST T 
GALL 355+5 

SNN 1993J 
SNN 1993J 
GALL 5+5 

PERSEIDS S 
GALL 5+5 

VELA A 
VELA A 

NGCC 6814 
GALL 348+00 
GALL 348+00 

VELA A 
NOVAA CYG 92 

GXX 1+4 
GRSS 1009-45 

NOVAA CYG 92 
REBOOST T 

NOVAA CYG 92 
VIRGO O 
VIRGO O 
VIRGO O 
VIRGO O 
VIRGO O 

REBOOST T 
VIRGO O 

GEMINGA A 
VIRGO O 

REBOOST T 
VIRGO O 
VIRGO O 
VIRGO O 

GALL 304-01 
GALL 304-01 

CEN-A A 
NGCC 1068 

Startt (TJD) 

9112 2 
9115 5 
9120 0 
9131 1 
9138 8 
9141 1 
9152 2 
9157 7 
9167 7 
9181 1 
9209 9 
9210 0 
9211 1 
9195 5 
9198 8 
9202 2 
9223 3 
9225 5 

9216 6 
9237 7 
9239 9 
9251 1 
9252 2 
9261 1 
9277 7 
9279 9 
9285 5 
9293 3 
9300 0 
9307 7 
9310 0 
9314 4 
9322 2 
9334 4 
9336 6 
9339 9 
9341 1 
9348 8 
9355 5 
9368 8 
9375 5 
9400 0 

431064000 0 
415072000 0 
469736000 0 
465600000 0 
417304000 0 
452328000 0 
683992000 0 
396000000 0 
432000000 0 
401688000 0 
423248000 0 
500568000 0 
423120000 0 
399928000 0 
409256000 0 
589848000 0 
423120000 0 
151176000 0 

659760000 0 
569760000 0 
407520000 0 
437760000 0 
459224000 0 
439920000 0 
645384000 0 
465352000 0 
431272000 0 
442896000 0 
392080000 0 
431360000 0 
314400000 0 
633600000 0 
447320000 0 
460416000 0 
318912000 0 
000000000 0 
405720000 0 
458920000 0 
471600000 0 
453488000 0 
463920000 0 
459360000 0 

Endd (TJD) 

9113 3 
9120 0 
9131 1 
9138 8 
9141 1 
9152 2 
9157 7 
9167 7 
9181 1 
9195 5 
9210 0 
9211 1 
9216 6 
9198 8 
9202 2 
9209 9 
9225 5 
9237 7 

9223 3 
9239 9 
9251 1 
9252 2 
9261 1 
9277 7 
9279 9 
9285 5 
9293 3 
9300 0 
9307 7 
9310 0 
9314 4 
9322 2 
9334 4 
9336 6 
9338 8 
9341 1 
9348 8 
9355 5 
9368 8 
9375 5 
9384 4 
9412 2 

639976000 0 
445248000 0 
440200000 0 
390504000 0 
422944000 0 
683992000 0 
375904000 0 
405568000 0 
387760000 0 
366352000 0 
480672000 0 
403960000 0 
631416000 0 
396560000 0 
396064000 0 
401296000 0 
136352000 0 
407520000 0 

399920000 0 
385344000 0 
414240000 0 
424376000 0 
424632000 0 
627344000 0 
437744000 0 
418080000 0 
430280000 0 
378656000 0 
415272000 0 
288656000 0 
608600000 0 
423536000 0 
439056000 0 
318912000 0 
626880000 0 
390184000 0 
444496000 0 
448488000 0 
440480000 0 
446824000 0 
418560000 0 
390152000 0 

Startt (Date) 

05-MAY-93 3 
08-MAY-93 3 
13-MAY-93 3 
24-MAY-93 3 
31-MAY-93 3 
03-JUN-93 3 
14-JUN-93 3 
19-JUN-93 3 
99-JJ UN-93 
13-JUL-93 3 
10-AUG-93 3 
ll-AUG-93 3 
12-AUG-93 3 
27-JUL-93 3 
30-JUL-93 3 
03-AUG-93 3 
24-AUG-93 3 
266 -AUG-93 

17-AUG-93 3 
07-SEP-93 3 
09-SEP-93 3 
21-SEP-93 3 
22-SEP-93 3 
01-OCT-93 3 
17-OCT-93 3 
19-OCT-93 3 
25-OCT-93 3 
02-NOV-93 3 
09-NOV-93 3 
16-NOV-93 3 
19-NOV-93 3 
233 NOV-93 
01-DEC-93 3 
13-DEC-93 3 
15-DEC-93 3 
18-DEC-93 3 
20-DEC-93 3 
27-DEC-93 3 
03-JAN-94 4 
16-JAN-94 4 
233 JAN-94 
17-FEB-94 4 

h h 
350.1 1 
298.1 1 
187.5 5 
157.8 8 
359.1 1 
298.1 1 

355.0 0 
148-1 1 
149.9 9 

5.0 0 
319.9 9 

5.0 0 
276.7 7 
278.8 8 
22.2 2 

347.5 5 
347.5 5 

263.6 6 
89.1 1 

1.4 4 
277.2 2 
89.1 1 

89.1 1 
278.2 2 
277.7 7 
277.6 6 
268.6 6 
283.3 3 

283.2 2 
195.1 1 
283.7 7 

283.7 7 
280.7 7 
289.2 2 
304.2 2 
304.2 2 
309.5 5 
158.5 5 

bz bz 
15.8 8 

-44.6 6 
-5.9 9 
70.6 6 
-0.1 1 

-44.6 6 

5.0 0 
4-1.9 9 

42.7 7 
5.0 0 
0.5 5 
5.0 0 

-2 .3 3 
1.4 4 

-13.1 1 
0.0 0 
0.0 0 

-2.8 8 
7.8 8 
9.3 3 

12.8 8 
7.8 8 

7.8 8 
66.7 7 
62.7 7 
58.7 7 
69.3 3 
74.6 6 

74.6 6 
4.3 3 

74.5 5 

74.5 5 
70.7 7 
78.7 7 
-1.0 0 
-1.0 0 
19.4 4 

-45.4 4 

Region n 

I I 

IV V 

I I 

I I 

I I 

I I 
V V 
V V 
1,11 1 
I I 
I I 

V V 
II I I 

I I 

II I I 

II I I 

IV V 

V V 
V V 
V V 
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Obs s 

318.0 0 
319.0 0 
319.5 5 
320.0 0 
321.1 1 
321.5 5 
322.0 0 
323.0 0 
324.0 0 
325.0 0 
326.0 0 
327.0 0 
328.0 0 
329.0 0 
330.0 0 
331.0 0 
331.5 5 
332.0 0 
333.0 0 
334.0 0 
335.0 0 
335.5 5 
336.0 0 
336.5 5 
337.0 0 
338.0 0 
338.5 5 
339.0 0 

Name e 

CYGG X-l 
QSOO 0716+714 
QSOO 0716+714 

NGCC 7469 
AA 0535+26 
AA 0535+26 
MRKK 421 

GALL 357-11 
GALL 016+05 
GALL 147-09 
NGCC 3227 

GALL 083-50 
PSRR 1951+32 
GALL 253-42 
GALL 018+00 
PSRR 1951+32 
PSRR 1951+32 
GALL 018+00 
PSRR 1951+32 
GALL 009-08 
GALL 253-42 
GALL 253-42 
GALL 088-47 

GROO J1655-40 
PKSS 0528+134 
GROO J1655-40 

VELA A 
3CC 317 

Startt (TJD) 

9384 4 
9412 2 
9426 6 
9419 9 
9391 1 
9398 8 
9447 7 
9433 3 
9461 1 
9468 8 
9482 2 
9489 9 
9496 6 
9503 3 
9513 3 
9510 0 
9517 7 
9521 1 
9538 8 
9551 1 
9545 5 
9558 8 
9565 5 
9568 8 
9573 3 
9593 3 
9595 5 
9615 5 

444000000 0 
411840000 0 
433008000 0 
474512000 0 
445920000 0 
437976000 0 
448224000 0 
436696000 0 
458488000 0 
409344000 0 
454872000 0 
424880000 0 
414472000 0 
429600000 0 
408000000 0 
433808000 0 
421512000 0 
435688000 0 
434256000 0 
430280000 0 
444480000 0 
432000000 0 
426240000 0 
415320000 0 
639248000 0 
440040000 0 
443640000 0 
426720000 0 

Endd (TJD) 

9391 1 
9419 9 
9433 3 
9426 6 
9398 8 
9400 0 
9461 1 
9447 7 
9468 8 
9482 2 
9489 9 
9496 6 
9503 3 
9510 0 
9517 7 
9513 3 
9521 1 
9538 8 
9545 5 
9558 8 
9551 1 
9565 5 
9568 8 
9573 3 
9593 3 
9595 5 
9615 5 
9629 9 

425448000 0 
445624000 0 
405440000 0 
404352000 0 
425840000 0 
439864000 0 
426920000 0 
414888000 0 
382224000 0 
431776000 0 
393200000 0 
395832000 0 
400888000 0 
404080000 0 
404360000 0 
390528000 0 
418192000 0 
416832000 0 
418080000 0 
396960000 0 
395272000 0 
381608000 0 
385120000 0 
610776000 0 
410768000 0 
416288000 0 
397432000 0 
356296000 0 

Startt (Date) 

01-FEB-94 4 
01-MAR-94 4 
15-MAR-94 4 
08-MAR-94 4 
08-FEB-94 4 
15-FEB-94 4 
05-APR-94 4 
22-MAR-94 4 
19-APR-94 4 
26-APR-94 4 
10-MAY-94 4 
17-MAY-94 4 
24-MAY-94 4 
31-MAY-94 4 
10-JUN-94 4 
07-JUN-93 3 
14-JUN-94 4 
18-JUN-94 4 
05-JUL-94 4 
18-JUL-94 4 
12-JUL-94 4 
25-JUL-94 4 
01-AUG-94 4 
04-AUG-94 4 
09-AUG-94 4 
29-AUG-94 4 
31-AUG-94 4 
20-SEP-94 4 

h h 
68.5 5 

144.0 0 
146.4 4 
83.1 1 

181.4 4 
181.5 5 
197.0 0 
356.8 8 

15.0 0 
147.0 0 
195.9 9 
82.8 8 
64.9 9 

253.4 4 
18.0 0 
64.9 9 
64.9 9 
18.0 0 
64.9 9 
9.0 0 

253.4 4 
253.4 4 
88.4 4 

340.4 4 
205.0 0 
345.0 0 
263.6 6 

4.1 1 

bz bz 
-0.4 4 
28.0 0 
26.0 0 

-45.5 5 
-2.6 6 
-2.6 6 
58.6 6 

-11.3 3 
5.6 6 

-9.0 0 
58.3 3 

-49.6 6 
0.0 0 

-42.0 0 
0.0 0 
0.0 0 
0.0 0 
0.0 0 
0.0 0 

-8.4 4 
-42.0 0 
-42.0 0 
-46.8 8 

2.9 9 
-13.0 0 

2.5 5 
-2.8 8 
40.4 4 

Region n 

II,II I I 

IV V 
IV V 

I I 
1,11 1 
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APPENDIXX B 
Dataa flow 

Thiss appendix shows the various processing and analysis steps in the basic flow of COMPTEL 
data,, subdivided in four major parts: A: conversion of flight tape to raw datasets; B: basic processing; 
C:: generation of the response matrixes; D: the analysis. Square boxes refer to data-set types, elliptical 
boxess denote COMPASS programs or subsystems. 
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APPENDIXX C 
Abbreviations,, acronyms, symbols, etc. 

1.. Abbreviation s 

AE E 
ARC C 
ARM M 
BATSS E 
BHC C 
CAL L 
CDG G 
CGRO O 
COMPASS S 
COMPTEL L 
DE E 
DRI I 
EC C 
EGRET T 
EHA A 
FCC C 
FEE E 
FOV V 
FWHM M 
GCEL L 
IC C 
LED D 
MLR R 
OSSE E 
PMT T 
PSD D 
PSF F 
REA A 
SAA A 
SSC C 
SXT T 
TJD D 
TOF F 
TOO O 

andd acronyms 

Analoguee Electronics 
Amplitudee and Rise time Compensated 
Angularr Resolution Measure (ip - tpg) 
Burstt And Transient Source Experiment 
Black-Holee Candidate 
CALibration(-units) ) 
Cosmicc Diffuse Gamma-ray background 
Comptonn Gamma-Ray Observatory 
COMptell  Processing and Analysis Software System 
COMPtonn TELescope 
Digitall  Electronics 
Dataa Required for Imaging (e.g., DRE, DRG and DRX) 
Electronn Capture 
Energeticc Gamma-Ray Experiment Telescope 
Earthh Horizon Angle 
Fastt Coincidence Circuits 
Frontt End Electronics 
Fieldd Of View 
Fulll  Width Half Maximum 
Geo-Centricc Elevation 
Inversee Compton 
Light-Emittingg Diode 
Maximumm Likelihood Ratio 
Orientedd Scintillation Spectrometer Experiment 
PhotoMultiplierr Tube 
Pulsee Shape Discriminator 
Pointt Spread Function 
Remotee Electronic Assembly 
Southh Atlantic Anomaly 
Sciencee Support Center 
Softt X-ray Transient 
Truncatedd Julian Date (= JD - 2440000.5 = MJD - 40000 
Timee Of Flight 
Targett Of Opportunity 

page e 
27 7 
51 1 
25 5 
20 0 
112 2 
27 7 
2 2 

20 0 
29 9 
20 0 
27 7 
41 1 
76 6 
20 0 
38 8 
27 7 
27 7 
2 2 

22 2 
68 8 
130 0 
27 7 
46 6 
20 0 
26 6 
27 7 
32 2 
27 7 
68 8 
20 0 
112 2 
30 0 
27 7 
30 0 

2.. Symbols page 

BGBG DRG with layers scaled to nr. of events in DRE 102 
BBLL BG corrected for contributions from sources 103 
£ ° cc Bl corrected for (^-independent (x, 0)-deviations 103 
EiEi Energy deposit in Dl detector 23 
EE22 Energy deposit in D2 detector 23 
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Ex Ex 
EEc c 

<r_9 <r_9 

<P <P 

c c 
R R 

T O FQ Q 

T O F Ï Ï 

T O F„ „ 
T O F m m 

' ru t - jv v 
TOFv v 

Totall  energy deposit (= E\ + E2) 23 
Compton-edgee energy 48 
Geometrical,, t rue, scatter angle (pronounced 'plngeo') 22 
Calculatedd scatter angle (pronounced 'phibar1) 23 

Minimumm required angle between event circle and Earth 's horizon 38 
Symbolss to denote directions of scatter direction 23 
Verticall  cutoff rigidity 68 
Thee raw T OF as measured on board 52 
Thee corrected T OF after standard processing (before ~ 1994) 52 
Thee corrected T OF after standard processing (since ^ 1994) 52 

AA version with improved T OF resolution (forward peak only) 56 
AA version with improved TÖF resolution (backward peak only) bb 
AA version with improved T OF resolution (both peaks) 56 

3.. D a ta se ts 

DRBB Data-space model for the instrumental background 
DUEE Binned events 
DRGG Geometry function 
DRMM Data-space model for a convolved celestial source 
DRXX Exposure function 
EHSS Earth Horizon Selections 
EVPP EVents, Processed 
FAQQ PSF (3D) 
FPMM Failed Photomultiplier Modules 
HKDD HouseKeeping Data 
IA QQ PSF (2D) 
ISDD Instrument Status Data 
MEAA Results from Maximum Entropy Analysis 
ML MM Results from Maximum Likelihood rat io Method 
OADD Orbit and Aspect Data 
REMM Raw Event Messages 

TI MM TIM e intervals 

page e 
102 2 
30 0 
41 1 
45 5 
41 1 
30 0 
30 0 
30 0 
30 0 
30 0 
30 0 
30 0 
30 0 
30 0 
30 0 
52 2 
30 0 

4.. M isce l l aneous 

anti-coincidencee domes 
backwardd T OF peak 
coincidencee t ime window 
Comptonn edge 
dead-timee meters 
forwardd T OF peak 
gamma-00 events 
gamma-11 events 
gamma-22 events 
gamm ma-3 events 
Klein-Nishinaa function 
minitelescope e 
packet t 

page e 
26 6 
27 7 
51 1 
48 8 
61 1 
27 7 
29 9 
29 9 
29 9 
29 9 
47 7 
26 6 
29 9 
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rigidityy (vertical cutoff-) §8 
roll-overr scaler jgl 
snpeipackett 29 
tick**  30 
TOFF eontintram 84 
vetoo domes 26 
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Nederlandsee Samenvatting 
Dee prachtige, gedetailleerde foto's die in de loop der jaren zijn gemaakt van onder meer de fa-

scinerendee gas- en stofwolken, en van imponerende groepen van sterrenstelsels, dragen mede bij aan 
dee grote publieke belangstelling voor de sterrenkunde. Ofschoon dit soort waarnemingen voortdurend 
plaatss vindt (denk aan de regelmatig in de media verschijnende foto's van de Hubble Space Telescope), 
speeltt een aanzienlijk deel van het sterrenkundig onderzoek zich tegenwoordig af buiten het gebied 
vann het zichtbare licht, met andere woorden, bij andere golflengten. Het proefschrift dat voor u ligt 
iss gebaseerd op waarnemingen in het gammagebied. De "lichtdeeltjes" (fotonen) van gammastraling 
hebbenn een golflengte die ongeveer 450.000 keer kleiner is dan die van zichtbaar licht, en hebben daar-
doorr een even zo grote factor meer energie. Deze energieën worden vaak uitgedrukt in "MeV" , de 
afkortingg vnor Mega electron-Volt. 

Omdatt buitenaardse gammastraling geabsorbeerd wordt door de dampkring, maar gammastra-
lingg daarin ook in grote mate wordt geproduceerd als gevolg van het bombardement van kosmische 
straling*,, zijn deze waarnemingen buiten de dampkring gedaan. Hierbij is gebruik gemaakt van 
COMPTEL.. Dit is één van de vier instrumenten aan boord van het Compton Gamma-Ray Obser-
vatoryy (CGRO), een satelliet die in april 1991 door de space shuttle Atlantis op een hoogte van 450 
kilometerr in een baan rond de Aarde werd gebracht. COMPTEL is gevoelig voor fotonen tussen ~ 1 
MeVV en 30 MeV. Van fotonen in dit energiegebied is het bijzonder lastig om én de energie én de 
richtingg van herkomst te bepalen. Dit gebeurt daarom ook niet: voor elk foton wordt slechts een cirkel 
aann de hemel bepaald, waarop de mogelijke herkomstrichtingen liggen. Toch is het mogelijk om met 
COMPTELL afbeeldingen van de hemel te maken. Op deze "gammafoto's" hebben de kleinste details 
ongeveerr de oppervlakte van één vierkante graad. Om dit soort afmetingen te kunnen vergelijken 
mett gedetailleerde foto's van de hemel in het zichtbare licht, dient men te beseffen dat de Maan een 
oppervlaktee heeft van slechts één vijfde van een vierkante graad. 

Dee objecten die met COMPTEL gezien worden variëren van de dichtbij staande Zon, waarvan de 
grotee zonnevlammen gammastraling produceren, tot aan zeer ver verwijderde actieve melkwegstelsels. 
DitDit  proefschrift beschrijft COMPTEL waarnemingen van zogenaamde zwart-gat kandidaten (hoofd-
stukkenn 4 en 5), en van 2CG 135+01 (hoofdstuk 6). De laatste is een bron die eind jaren '70 ontdekt 
werdd door waarnemingen bij nog kleinere golflengten. De hoofdstukken 2 en 3 zijn gewijd aan onder-
zoekk aan de gammatelescoop zelf. Hieronder wordt dieper ingegaan op bovenstaande onderwerpen en 
dee behaalde resultaten. 

Zwar t -gatt kand ida ten 

Dee hoofdstukken 4 en 5 van dit proefschrift beschrijven COMPTEL waarnemingen van de zoge-
naamdee zwart-gat kandidaten (ZGKs). ZGKs zijn dubbelstersystemen die behoren tot de groep van 
röntgendubbelsterren.. Dit zijn systemen die bestaan uit twee om elkaar draaiende componenten: een 
"normale""  ster, en één die aan het eind van zijn leven ineengestort is en een compact object heeft 
achtergelaten.. Een deel van de materie die van de normale ster losraakt, komt terecht in een draaiende 
schijff  rond het compacte object, ook wel accretieschijf genoemd. Deze materie beweegt langzaam door 
dee schijf naar binnen en produceert, vooral in de laatste fasen, de waargenomen grote hoeveelheden 
röntgenstraling***  en in mindere mate gammastraling. 

**  De kosmische straling, grotendeels afkomstig uit ons eigen Melkwegstelsel, bestaat voornamelijk 
uitt hoogenergetische protonen, met een kleinere bijdrage van zwaardere elementen en electronen. 
***  Röntgenstraling is minder energetisch dan gammastraling en varieert van ~ 0.0005 MeV ("zachte" 

röntgenstraling)) tot aan ^ 0.1 MeV ("harde" röntgenstraling). Straling met energieën tussen 0.1 MeV 
enn 1 MeV wordt meestal met "zachte" gammastraling aangeduid. 
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Inn de meeste röntgendubbelsterren is het compacte object een zogenaamde neutronenster, be-
staandee uit materie met eenzelfde dichtheid die verkregen zou worden door de Aarde samen te persen 
inn een bol met een straal van ongeveer 200 meter. Welnu, in de ZGKs is het compacte object hoogst 
waarschijnlijkk een zwart gat. Deze conclusie is gebaseerd op theoretische voorspellingen van de max-
imaall  mogelijke massa van neutronensterren: ongeveer 3 keer de massa van de Zon. Volgens de 
huidigee theorieën kan zo een neutronenster de zwaartekracht niet weerstaan en moet het ineenstorten 
tott een zwart gat. Voor enkele van de ZGKs is aangetoond dat de massa van het compacte object 
ruimschootss groter is dan de maximaal mogelijke neutronenstermassa. Deze systemen bevatten dus 
zeerr waarschijnlijk zo'n zwart gat. Niet voor alle ZGKs echter heeft men de massa van het compacte 
objectt kunnen meten. De reden dat die echter toch tot deze subgroep gerekend worden is dat hun 
eigenschappenn erg lijken op die van de "bewezen" ZGKs. Hierbij kunnen we twee verschillende types 
onderscheiden:: (I) continu stralende ZGKs, waarvan de bron Cyg X- l het bekendste voorbeeld is en 
(II )) ZGKs die tientallen jaren niet of nauwelijks waarneembaar zijn, om dan plotseling gedurende 
enkelee maanden de helderste rontgenbron aan de hemel te worden. 

Eénn van de eigenschappen, die uniek lijk t te zijn voor de dubbelstersystemen die een zwart gat 
bevatten,, is een spectrum* dat doorloopt tot aan zeer hoge energieën. Bij de dubbelstersystemen 
waarvann zeker is dat het compacte object een neutronenster is, worden slechts fotonen tot energieën 
vann ~ 0.2 MeV gemeten. Bij ZGKs daarentegen, is deze hoogste energie enkele malen groter. Zeer 
waarschijnlijkk heeft dit te maken met de koelende werking die uitgaat van het oppervlak van neutro-
nensterren,, daar zo'n oppervlak ontbreekt bij zwarte gaten. 

Hoofdstukk 4 geeft de resultaten van de COMPTEL waarnemingen van 25 van de 27 ZGKs die op 
ditt moment bekend zijn. Veruit de meeste zijn type II ZGKs, waarvan het grootste gedeelte tijdens 
dezee waarnemingen in een "ui t " toestand verkeerde. Enkele hebben gedurende deze tijd echter grote 
röntgenuitbarstingenn vertoond, die afweken van het normale gedrag van type II ZGKs. Hierbij werd 
eenn opzienbarende ontdekking gedaan: uit waarnemingen bij radiogolflengten bleek dat die bronnen 
regelmatigg brokken materie met zeer grote snelheid ui tstootten. Helaas wordt geen van de onderzochte 
ZGKss duidelijk gezien met COMPTEL. Wel vinden we enige aanwijzingen voor zwakke gammastral ing 
vann een aantal van de ZGKs, waaronder één die bovengenoemd afwijkend gedrag vertoonde. Omdat 
nogg niet precies duidelijk is welke fysische processen zich afspelen in de uit-toestand van type II ZGKs, 
zijnn er nog geen theoretische voorspellingen beschikbaar voor de verwachte gammastral ing die zouden 
kunnenn worden getoetst. Wel is het zo, dat de bovengrens voor de hoeveelheid gammastral ing van 
ZGKss die met C O M P T EL gesteld is, een factor tien lager is dan die met vroegere instrumenten is 
verkregen. . 

Inn hoofdstuk 5 wordt een uitgebreide analyse gepresenteerd van X-ray Nova Per 1992 (ook bekend 
alss GRO J0422+32), een type II ZGK, en Cyg X- l , de meest bekend type I ZGK. Nova Per 1992 
werdd op 10 augustus 1992 ontdekt met BATSE, een van de drie andere instrumenten aan boord van 
hett CGRO. Binnen enkele dagen nam de röntgenstraling vele malen toe (zie figuur 5.1 voor het ver-
loopp van de sterkte van de röntgenstraling), en werden vele telescopen, waaronder COMPTEL, op dit 
objectt gericht. Hoewel de geproduceerde gammastral ing vrij zwak is, hebben we Nova Per 1992 toch 
gedetecteerdd met COMPTEL, bij energieën tussen 1 en 2 MeV (zie de contouren aangeduid met het 
sterretjee in figuur 5.3). Dit resultaat is opmerkelijk omdat op grond van de meest gangbare theoreti-
schee voorspellingen, die gebaseerd zijn op interacties van een "wolk" van hoogenergetische electronen 
mett laagenergetische fotonen (het zogenaamde inverse-Comptonisatie proces), de hoeveelheid straling 
tussenn 1 en 2 MeV te zwak zou moeten zijn om met COMPTEL gedetecteerd te kunnen worden. Iets 
soortgelijkss wordt gevonden in de COMPTEL waarnemingen van Cyg X- l , een ZGK waarvan al in 
19711 sterke aanwijzingen beschikbaar waren dat de compacte component een zwart gat is. Wanneer 
allee C O M P T EL waarnemingen van dit object gecombineerd worden, vinden we dat het spectrum 

**  Een spectrum geeft voor elke energie het aantal fotonen dat die energie heeft. 
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tussenn 0.75 MeV en 2 MeV niet goed te rijmen valt met wat verwacht wordt op grond van het spec-
trumm bij lagere energieën. Een complicerende factor die het bepalen van het gammaspectrum van Cyg 
X-ll  (en daarmee de conclusies die eraan verbonden kunnen worden) bemoeilijkt, is de aanwezigheid 
vann de zogenaamde diffuse straling van de Melkweg. De door COMPTEL waargenomen afwijkende 
spectraa van ZGKs zijn in overeenstemming met wat gevonden wordt met andere instrumenten. Er 
zijnn verschillende verklaringen mogelijk voor dit gedrag bij hoge energieën. Van één daarvan is het 
spectrumm vrij precies voorspeld, en dit kan direct met de waarnemingen vergeleken worden. In dat 
modelmodel is er, behalve de electronenwolk die de harde röntgenemissie veroorzaakt, nóg zo'n component, 
diee veel heter is en zich dichter bij het zwarte gat bevindt. De hoeveelheid gammastraling die hierin 
theoretischh opgewekt zou worden, komt goed overeen met de waarnemingen. 

2CGG 135+01: een merkwaardig object 

Hoofdstukk 6 gaat over de COMPTEL waarnemingen van de bron 2CG 135+01. Dit object werd al eind 
jarenn 70 ontdekt in waarnemingen met de COS-B satelliet, en bleek één van de helderste bronnen te 
zijnn bij energieën boven 100 MeV. Rond die tijd werd in hetzelfde gebiedje aan de hemel een radiobron 
gevonden,, genaamd GT 0236+610, die elke 26,5 dagen een uitbarsting bij radiogolflengten vertoonde. 
Inmiddelss is, na waarnemingen met EGRET (één van de andere drie instrumenten aan boord van het 
CGROO die gammastraling met energieën boven de 100 MeV meet), de nauwkeurigheid in de positie 
vann 2CG 135+01 behoorlijk groter geworden. Het lijk t nu vrijwel zeker dat de radiobron GT 0236+610 
enn de gammabron 2CG 135+01 één en hetzelfde object zijn, ook al is de 26,5 dagen periode nog niet 
aangetoondd bij de hoge energieën. Op grond van de vele gegevens zijn twee modellen voorgesteld om 
zowell  de radio- als de gammastraling te verklaren. Beide zijn gebaseerd op een dubbelstersysteem, 
bestaandee uit een normale (zware) ster, en een neutronenster. De modellen verschillen echter in de 
manierr waarop de gammastraling geproduceerd wordt. In het ene model gebeurd dit door middel 
vann accretie (zie blz. 209) op de neutronenster en in het andere model veronderstelt men dat de 
neutronensterr sterk gemagnetiseerd is (dit is dan een pulsar). In het laatste geval wordt gammastraling 
opgewektt doordat de relativistische deeltjeswind van de pulsar botst met de sterrewind van de normale 
ster. . 

Ookk met COMPTEL vinden we op deze plek aan de hemel een vrij heldere bron in het energiege-
biedd van 1 tot 30 MeV. Het is echter duidelijk dat dit signaal niet van slechts één enkele bron zoals 2CG 
135+011 afkomstig kan zijn. Waarschijnlijk is er een significante bijdrage van de al eerder genoemde 
diffusee straling van de Melkweg. Als we een ruwe schatting van die bijdrage maken, vinden we dat 
hett spectrum van 2CG 135+01, gezien vanaf de hoge energie zijde, bij COMPTEL energieën inzakt. 
DitDit  is in overeenstemming met de verwachtingen gebaseerd op het röntgenspectrum (d.w.z. bij lagere 
energieën)) van dit object. Een preciezere bepaling van het breekpunt in het spectrum zal gebruikt 
kunnenn worden om iets te zeggen over de fysische omstandigheden waaronder de gammastraling wordt 
opgewekt,, zoals de sterkte van het magneetveld van de neutronenster en de energie van de deeltjes in 
dee wind van de pulsar. We hebben ook gezocht naar de mogelijke 26,5 dagen periode in de COMPTEL 
data,, maar hebben die niet kunnen aantonen. Zolang deze bij hoge energieën niet gevonden is, blijf t 
hett mogelijk dat de radio- en de gammabron twee verschillende objecten zijn. 

COMPTEL ,, de gammatelescoop 

Dee hoofdstukken 2 en 3 zijn technisch van aard en bevatten analyses betreffende het COMPTEL 
instrument.. Het "hart" van COMPTEL bestaat uit 2 detektoren, die anderhalve meter van elkaar 
verwijderdd zijn (zie figuur 2.5). Een inkomend gammafoton botst eerst met een electron in de bovenste 
detector,, waarbij het van richting veranderd wordt, om vervolgens door te gaan naar de onderste 
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detector,, alwaar het geabsorbeerd wordt. In beide detectoren worden de positie van de interactie 
alsmedee de afgegeven hoeveelheid energie bepaald. Echter, niet alleen een inkomend gammafoton kan 
inn beide detectoren zulke interacties geven, ook bijvoorbeeld neutronen of twee verschillende fotonen 
kunnenn dit doen. Wanneer binnen zeer korte tijd (veertig miljardste van een seconde) beide detectoren 
eenn signaal geven, spreekt men van een "gebeurtenis" of "event". Voor bovengenoemde inkomende 
fotonen,, die met de snelheid van het licht de afstand van anderhalve meter afleggen, is het tijdsverschil 
tussenn de botsing in de ene detector en de absorptie in de andere ongeveer 5 miljardste seconde. 

Waaromm worden twee detectoren gebruikt? Allereerst is het mogelijk om met behulp van de 
tweee interactieposities en de twee energieafgiften iets af te leiden over de richting van herkomst van 
hett foton. Dit is natuurlijk van belang als men een "plaatje" van de hemel in gammastraling wil 
maken.. Een ander belangrijk voordeel van het gebruik van twee detectoren is dat het tijdsverschil 
tussenn de interacties in de twee detectoren een belangrijk hulpmiddel is bij het onderdrukken van de 
zogenaamdee instrumentele achtergrond "events". Niet alleen de "gewenste" fotonen afkomstig uit het 
heelall  geven namelijk interacties in de detectoren, ook neutronen en de vele fotonen die gecreëerd 
wordenn in interacties van de kosmische straling en neutronen met het materiaal in de satelliet kunnen 
ditt doen. Door slechts een klein bereik van mogelijke tijdsverschillen toe te laten, is het mogelijk meer 
dann 90% van de "events" die het gevolg zijn van instrumentele achtergrondstraling af te wijzen. 

Inn hoofdstuk 2 wordt dieper ingegaan op diverse instrumentele aspecten. Eén daarvan is de 
afhankelijkheidd van het gemeten tijdsverschil tussen de interacties als functie van diverse grootheden, 
zoalss de energie afgiftes in, en de temperaturen van, de twee detectoren. Door het modelleren van 
ditt soort afhankelijkheden, is het nu mogelijk geworden om de gemeten tijdsverschillen te corrigeren 
voorr veranderingen in de van invloed zijnde factoren en kunnen de hemelobjecten met een grotere 
significantiee gedetecteerd worden. 

Hoofdstukk 3 is gewijd aan de fundamentele vragen over de instrumentele achtergrond "events": 
welkee fracties hiervan worden door de verschillende typen deeltjes (protonen, neutronen, electro-
nen)) bijgedragen, op welke manier doen ze dat en wat zijn de bijbehorende typische tijdsverschillen 
tussenn de interacties in de twee detectoren. Dit zijn belangrijke vragen omdat, nadat alle achtergond-
onderdrukkendee mogelijkheden zijn benut (onder andere, door een klein bereik van toegelaten tijdsver-
schillenn te kiezen), de COMPTEL data nog steeds voor meer dan 90 procent bestaan uit achtergrond 
"events".. Eén van de dingen die in dit hoofdstuk beschreven worden, is dat de vele 1,46 MeV fotonen 
diee COMPTEL waarneemt en die onderdeel zijn van de achtergrond, het resultaat zijn van radioactief 
vervall  van het kalium dat zich dicht bij de bovenste detector bevindt. Ook kon worden aangetoond, 
datt een groot gedeelte van de achtergrond niet veroorzaakt wordt door individuele fotonen die in 
beidee detectoren een interactie ondergaan, maar door meerdere fotonen tegelijk. Dit is een gevolg van 
hett feit dat de inslag van een hoogenergetisch deeltje ergens in de satelliet meestal een lawine van 
fotonenn tot gevolg heeft. Met behulp van deze nieuwe kennis is het nu mogelijk om voor dit gedeelte 
vann de achtergrond een model te construeren. Een (nog) beter begrip van de instrumentele achter-
grondd "events" zal ongetwijfeld ten goede komen aan de sterrenkundige resultaten die met COMPTEL 
behaaldd worden. 
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discussionss and advice from my co-promotor Wim Hermsen, and from Hans Bloemen. Ignoring my 
frequentt moods of stubbornness, they patiently would explain the errors in my reasonings, and always 
succeededd in encouraging me by sketching out the bigger picture. I am also much indebted to my 
promotorr Jan van Paradijs. Although we did not meet weekly, he often supplied me with invaluable 
advicess and discussions on the scientific relevance of the work, and was extremely swift and accurate in 
commentingg on the papers I wrote. The support and friendship of my roommates: Lucien Kuiper, Hans 
dee Boer, Harry Blom, Roel van der Meulen and Christophe Dupraz (who never actually shared a room 
withh me, but who visited so frequently that his moving in would hardly have been noticed), and the 
wayy we enjoyed ourselves with what we called 'troep' were indispensable during the last years. Finally, 
II  would like to thank Boudewijn Swanenburg for his never-ending willingness to discuss with me his 
ideass on the instrumental background and to explain various instrumental issues to this layman; Henry 
Aartss for frequently digging up the details of the analogue electronics for me; Jan Willem den Herder 
forr his time and help with introducing me to the various aspects of the COMPTEL response and the 
dataa analysis; and Berto Boer for his valuable help in the analysis of the time-of-flight dependencies. 

Gelukkigg waren er buiten de sterrenkunde veel vrienden die, uit angst naar mijn sterrenkunde-
verhalenn te moeten luisteren, mij op allerlei manieren bezig hielden. Met het "ongelukje hier-rampje 
daar""  zeilteam was de hemelVAART altijd een jaarlijks terugkerend "rustpunt". Niet alleen tijdens 
dee zeilavonturen stonden zij paraat, er gingen weinig weken voorbij zonder hun gezelligheid. Verder 
hebb ik altijd veel lol beleefd met Cuno "4D" van Geet, Rene "potje schaken?" van Klaveren, Jelke 
"alleenn op Koninginnendag" van de Molen, en Rene "we nemen d'r nog één" van der Heiden. In het 
bijzonderr wil ik ook Erik Visscher hartelijk bedanken voor het maken van de illustratie op de omslag. 

Doorr de drukte, had ik helaas iets minder contact met mijn familie gedurende de laatste tijd. 
Dezee tekortkoming in mijn leven zal ik de komende tijd zeer zeker gaan inhalen. 

Tenslotte,, op de gebruikelijke laatste en belangrijkste plaats (al zal ze dat stellig ontkennen), wil 
ikk mijn vriendin Claudia bedanken. Bedroeg mijn schuld vroeger slechts een kwartje, jouw onmisbare 
steunn en liefde gedurende de laatste jaren zijn nooit in geld uit te drukken geweest. Ik kan slechts 
hopenn een gedeelte hiervan goed te kunnen maken tijdens jouw aanstaande promotietijd, zeker is dat 
wee niet meer zo lekker zullen eten. 
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Curriculu mm Vita e 
Vanaff  mijn geboorte op 25 september 1965, tot de aanvang van mijn sterrenkundestudie, heb ik 

gewoondd in Lisse. Langzaam startend heb ik eerst de Mavo doorlopen (1977-1981), gevolgd door Havo 
44 (1981-1982) en vervolgens Atheneum 5 en 6 (1982-1984). In september 1984 ben ik, na enthousiast 
gemaaktt te zijn door mijn vriend Harry Ottenheim, begonnen met de studie sterrenkunde aan de 
Rijksuniversiteitt te Leiden. 

Dee propedeuse behaalde ik cum laude in augustus 1985. Over de daaropvolgende fase, het doctor-
aall  examen, heb ik de volle 5| jaar benut die ik tot mijn beschikking had. Hiervan ben ik ongeveer een 
halfjaarr kwijt geraakt ten gevolge van de ziekte van Pfeiffer (vandaar het halfjaar verlenging). Daar-
naastt heb ik nog drie maanden in Nepal doorgebracht. De keuzevakken die ik in mijn doctoraalfase 
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Modernn Nepalees" bij dr. G.L. van Driem van de Faculteit der Letteren. Aan dit laatste keuzevak 
hebb ik nog jaren plezier beleefd door het geven van cursussen en het verrichten van diverse vertaalw-
erkzaamheden.. Het doctoraal onderzoek, met als onderwerp de algemeen relativistische beschrijving 
tee vinden van het Riemann probleem uit de klassieke hydrodynamica, heb ik gedaan bij dr. Vincent 
Ickee met als directe begeleider Frits Eulderink. In de laatste maanden van de studie heb ik in Chili 
mijnn optisch waarneempracticum verricht, en vervolgens een maand door Chili en Bolivia gereisd. 

Tijdenss mijn verblijf op de sterrenwacht in Chili ontving ik van Wim Hermsen het bericht dat 
ikk mijn vervangende dienst bij SRON-Leiden kon komen vervullen. De 16 maanden van vaderlandse 
plichtplicht waren in dit uitzonderlijk geval bijzonder nuttig, want ze vormden een ideale instap naar het 
daaropvolgendee promotieonderzoek waarvan het resultaat nu voor u ligt. Dit onderzoek werd ver-
richtt onder leiding van prof. dr. Jan van Paradijs van de Universiteit van Amsterdam en dr. Wim 
Hermsenn van SRON-Leiden/Ut recht, en vond in verband met de COMPTEL data analyse plaats bij 
SRON.. Tijdens mijn promotie heb ik het geluk gehad aan verscheidene zomerscholen, conferenties en 
workshopss deel te mogen nemen, waaronder het 4th Predoctoral Astrophysics School of the Euro-
peann Astrophysics Doctoral Network (EADN) in Graz, Oostenrijk (1991), de workshop "X-ray and 
Gamma-Rayy Signatures of Black Holes vs. Neutron Stars" in Aspen, Colorado (1992), het NATO 
advancedd Study Institute "Lives of the Neutron Stars" in Kemer, Turkije (1993) en het eerste en 
tweedee Compton symposium in respectievelijk St. Louis, Missouri (1992) en Washington D.C. (1993). 
Ookk heb ik geparticipeerd in de vergaderingen van het COMPTEL instrument team, die gemiddeld 
driee keer per jaar afwisselend in Nederland, Duitsland en New Hampshire gehouden werden. 

Hett promotieonderzoek heeft geresulteerd in het schrijven van twee artikelen in het tijdschrift 
Astronomyy & Astrophysics, terwijl ik op diverse andere artikelen mede-auteur ben geworden. De rest 
vann het gedane werk staat beschreven in diverse COMPTEL rapporten. Het is de bedoeling dat ook 
hoofdstukk 4 van dit proefschrift nog als artikel verschijnt. 

Sindss 1 april 1996 ben ik in dienst bij ESTEC in Noordwijk. Naast hardlopen op het strand, zal 
ikk mij bezig houden met de verdere analyse van COMPTEL waarnemingen van X-ray binaries, in het 
bijzonderr zwart-gat kandidaten. Een belangrijk onderdeel zal zijn het werken aan een onafhankelijk 
modell  voor de achtergrondstraling in COMPTEL. Daarnaast wil ik de COMPTEL analyse combineren 
mett die van andere instrumenten zoals EGRET, en de recent gelanceerde Italiaan se-Nederlandse SAX 
satelliett waarvoor ik co-auteur op enkele onderzoeksvoorstellen ben. 
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