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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). 



6 6 CHACHA PTER 1. MEV ASTRONOMY 

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 



12 12 CHAPTERCHAPTER 1. MEV ASTRONOMY 

(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. 
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