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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-



72 72 CHAPTERCHAPTER 3. THE INSTRUMENTAL BACKGROUND 

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. 
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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. 

http://ga.mma.-2
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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' ) ) 
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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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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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