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Mass Modelling in X-Z'y-ray astronomy 

by Colin Ferguson 

The current status of hard X-ray/'y-ray astronomy is brieHy reviewed. The next large ESA ^-ray 

observatory, INTEGRAL, is reviewed both in terms of its instrumentation and its scientific goals. All 

'y-ray observations are made against a background noise that is large compared with the signal to be 

measured, which makes understanding of the background crucial. Mags Modelling is currently being 

developed to enable observatories to better understand their background, improving the quality of 

data obtained from observations and the sensitivity of the telescope. Much of the current local 

development of Mass Modelhng is driven by the INTEGRAL mission. Mass Modelling within the 

context of INTEGRAL is reviewed concentrating on The INTEGRAL Mass Model (TIMM). 

The background within INTEGRAL is composed of three main components: the prompt cosmic 

rays, the di&ise 'y-rays and the induced radioactivity within the satelhte and detectors. To model 

the third component has required the development of a new code (DECAY). The development and 

testing of the DECAY code is presented. Testing is carried out using three practical examples: 

bombardment of a crystal by protons in a high-energy beam; modelling of the background within a 

low Earth orbit satellite; and, modelhng of the background within a high altitude balloon. Having 

introduced TIMM, and the GGOD software suite used to carry out modelling, the results of recent 

TIMM simulations are presented and discussed. 

The sensitivity of a telescope is a function of its background and its observing time. The IBIS 

instrument suEers firom a large dead time 20%). By reducing the dead time, with a minimal 

increase in the background count rate, the sensitivity of IBIS could be further improved. Two 

suggested ways for doing this, segmenting (or zoning) the veto and raising the low-energy thresholds 

of the veto crystals, are investigated using TIMM. 

Finally, X-ray observations are presented of the globular cluster 47 Tucanae. 
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Chapter 1 

Recent advances in 7-ray 

astronomy 

1.1 In t roduc t ion 

The Geld of 'y-ray aatronomy is a relatively new one. This is mainly because the Earth's atmosphere 

stops hard X-rays and 7-rays from reaching the surface. Only in the last 30 years, with the advent of 

high-altitude balloons and satelhtes, has it become possible to detect astronomical 'y-rays. At high 

altitudes, and especially outside the atmosphere, -y-ray telescopes are subject to particle and photon 

bombardment that creates background noise against which observations have to be made. In many 

cases the background noise is very large compared with the astronomical signal to be measured. 

This has meant that detectors have been required to have large areas to attain good sensitivity, 

and even though many missions have been launched in the past, only in the last decade has a 

clearer picture of the 7-ray sky begun to emerge. One mission which has contributed greatly to the 

recent dramatic increase in information and data available is the Compton Garmna Ray Observatory 

(CGRO). At launch in 1991 this was the heaviest object NASA hzid put into orbit. CGRO carried 

four instruments covering a total energy range of 20 keV - 30 GeV: the Burst And Transient Source 

Experiment (BATSE); the Oriented Scintillation Spectrometer Experiment (OSSE); the Compton 

Telescope (COMPTEL); and, the Energetic Gamma Ray Experiment Telescope (EGRET). These 



instruments provided imaging and spectrometry over six decades of photon energy. 

In this chapter CGRO will be discussed, starting with the instruments and moving on to the 

scientiGc results, and used to introduce many of the concepts and theories relevant to this thesis and 

'y-ray astronomy in general. This thesis considers mainly the 10 keV - 10 MeV energy band and so 

less emphasis will be placed on EGRET than on the other CGRO instruments. 

1.2 Bur s t And Transient Source E x p e r i m e n t (BATSE) 

BATSE is an all-sky monitoring instrument covering the energy range 20 keV - 1 MeV (Paciesas et 

al. 1993; Gehrels et al. 1993; COSSC web site). BATSE is composed of eight separate detectors that 

are mounted on the corners of the CGRO satellite. This allows BATSE to view all of the sky that 

isn't obscured by the Earth. The individual detector modules of BATSE use a Large Area Detector 

(LAD) made of sodium iodide to record the "y-ray energies (Gg. 1.1). Each of the LAD's has a thin 

plastic scintillator in front of the Nal crystal to veto charged particles. Each module also contains a 

smaller detector which is optimised for spectral resolution. Though single modules have no position 

resolution, the combination of several elements can, via triangulation, determine the position of any 

source. BATSE monitors many sources using the Earth's atmosphere to occult them. By looking at 

the steps in the count rate, one can determine the direction and strength of a source. 

BATSE's primary objective is the detection, location and study of Gamma Ray Bursts. BATSE 

has also provided much useful data on variable or transient sources, produced a map of the 'y-ray 

sky, and has been used to study the effects of solar Gares. 

An all-sky map from the BATSE data that has been accumulated is currently being worked on at 

Southampton University and hopefully will be published in the near future (Shaw et al. 2000). This 

will be the most sensitive all-sky map in the energy range 20 - 120 keV ever obtained. BATSE also 

contributed to the study of solar Aares by using the same triggering techniques as used for bursts 

for flares. When a flare was detected, other instruments on CGRO such as OSSE and COMPTEL 

could be used to study the Eares. 



Burst and Transient Source 
Experiment (BATSE) 

A 

Figure 1.1: The Large Area Detectors (LADs) of BATSE, taken from the Compton Observatory 

Science Support Center (COSSC) web pages.. 

Oriented Scintillation Spectrometer 
Experiment (OSSE) 

Figure 1.2: The OSSE detectors, taken from the Compton Observatory Science Support Center 

(COSSC) web pages. 



1.3 Oriented Scintillation Spec t romete r E x p e r i m e n t (OSSE) 

OSSE consists of four collimated Nal scintillation detectors, sensitive to energies from 50 keV to 

10 MeV (6g. 1.2). Ezich of these detectors can be individually pointed. This allows observations 

of a ^f-ray source to be alternated with observations of nearby background regions. An accurate 

subtraction of background contamination can then be made. A detailed description of OSSE is 

given by Johnson et al. (1993). 

The high spectral resolution of OSSE has allowed it to map matter-antimatter (electron-positron) 

annihilation in the galaxy, radioactive decay of nuclei in supernova remnants and study magnetic 

Gelds using cyclotron lines. 

1.4 Compton Telescope (COMPTEL) 

The imaging Compton Telescope (COMPTEL) utilizes the Compton Effect and two layers of 'y-ray 

detectors to reconstruct an image of a 7-ray source in the energy range 1 - 3 0 MeV. COMPTEL's 

upper layer of detectors are filled with a liquid scintillator which scatters an incoming 7-ray photon 

according to the Compton EEect. This photon is then absorbed by N a l crystals in the lower detectors. 

The instrument records the time, location, and energy of the events in each layer of detectors. 

From this information a circle on which the direction of the photon lies can be constructed. The 

intersection of many of these circles gives the photon's origin. Gamma-rays from active galaxies, 

radioactive supernova remnants, and diffuse 7-rays from giant molecular clouds can be studied with 

this instrument. The energy range of COMPTEL complements that of OSSE, and the same type of 

astronomical phenomena can be studied with both. A detailed description of COMPTEL is given 

by Schonfelder et al. (1993). 

1.5 Energet ic G a m m a Ray Exper iment Telescope (EGRET) 

EGRET is the highest energy experiment on board CGRO, giving coverage over the range 20 MeV -

30 GeV (Thompson et al. 1993). Like COMPTEL, EGRET is an imaging instrument. The EGRET 

instrument produces images using high-voltage gas-filled spark chambers. High-energy 7-rays enter 

the chambers and produce an electron-positron pair. As this pair travels through the gaa GUed 



maging Compton Telescope 
(COMPTEL) 

Figure 1.3: COMPTEL, taken from the Compton Observatory Science Support Center (COSSC) 

web pages. 

chamber, sparks are detected in electrified wires which criss-cross t he chamber. The spark chamber 

essentially takes a picture of the trail of the pair as they pass through the instrument. These tracks 

lead back to the incident direction of the cosmic 7-ray, allowing E G R E T to image the sky. Once 

the pair exit the chamber, they are absorbed by a scintillator which gives a good estimate of the 

total pair energy, and hence the energy of the incident photon. E G R E T is 10 to 20 times larger 

and more sensitive than previous detectors operating at these high energies and has made detailed 

observations of high-energy processes associated with diffuse 7-ray emission, 7-ray bursts, cosmic 

rays, pulsars, and active galaxies known as blazars. 

1.6 T h e Galact ic P lane and Cent re 

The Galactic X/7-ray background, particularly from the galactic ridge (i.e. the narrow region cen-

tered on the plane of the galaxy covering approximately ±60° in longitude), has been studied with 

every major X-ray and 7-ray observatory. The spectrum of emission is reasonably well measured and 

understood above ~ 1 MeV. At energies above 100 MeV, the dominant emission processs is the decay 

of 7r° meson produced in the interaction of cosmic-ray nucleons with the interstellar matter (Bertsch 



Energetic Gamma Ray Experiment 

Figure 1.4; EGRET, taken from the Compton Observatory Science Support Center (COSSC) web 

pages. 

et al. 1993). Between ~ 1 and 70 MeV, electron bremsstrahlung and inverse Compton scattering 

appear to dominate over discrete soures (Strong et al. 1996). At soft 7-ray energies (below 1 MeV), 

multiple components are believed to contribute to the total emission (Purcell et al. 1997; Kinzer 

et al. 1999). These include transient discrete sources, positron annihilation line and three-photon 

positronium continuum radiation, and a soft 7-ray component dominant up to about 300 keV of 

unknown origin. 

Recent simultaneous measurements using OSSE and the Rossi X-ray Timing Explorer (RXTE) 

by Valinia et al. (2000) have indicated that a substantial component of the 40 - 100 keV flux from 

the Galactic ridge is due to discrete sources. Valinia et al. (2000) have measured the spectrum 

from 3 keV to 1 MeV and have found this can be modelled by four components: a high-energy 

continuum dominating above 500 keV; a positron annihilation line and positronium continuum; a 

hard X-ray/soft 7-ray component between 10 keV and 200 keV; and , a thermal plasma model of 

solar abundance and temperature 2.6 keV. It is suggested that temporal variability seen within the 

40 - 100 keV band is due to the presence of discrete sources. The remaining emission could then be 

due either to more discrete sources or could be truly diffuse in nature (Valinia et al. 2000). 

The inner Galactic disk (within ±60° longitude) emits 7-rays with spectra made up of a number 



of distinct components. Understanding the spectral characteristics and spatial distribution of these 

components in the 50 keV -10 MeV range provides information about nucleosynthesis in the Galaxy, 

about the cosmic-ray electron spectrum, and about the interstellgir medium in which the cosmic rays 

propagate. Much of the observed T -̂ray emission below 10 MeV appears to be distributed over a 

ridge along the Galactic plane. 

The principal components of the central Galactic ridge spectrum in the 0.05 - 10 MeV range 

are (1) a variable soft low-energy component, important below 300 keV, known to contain con-

tributions from discrete sources; (2) a positronium annihilation continuum; (3) a 511 keV positron 

annihilation line; (4) a 1.809 MeV ^^Al line; and (5) a component resulting from cosmic rays in-

teracting with the interstellar gas and photon Gelds (Kinzer et al. 1999). OSSE haa been used to 

measure the spectrum of the Galactic plane at several different longitudes by Kinzer et al. (1999), 

and the spectra obtained are shown in hgure 1.5. 

The soft low-energy component has a variable discrete source contribution concentrated toward 

the centre, but also hag an underlying stable component broadly distributed in longitude about the 

centre with a latitude width of about 5° FWHM toward the centre (Purcell et al. 1996). The Galactic 

centre region positron annihilation line and continuum components appear to come principally from 

a central bulge that is shcirply peaked toward the centre in both lat i tude and longitude, and a ridge 

component extending to at least ±35° in longitude. There also appears to be broadly distributed 

positron annihilation emission underlying these narrow components. The narrow 1.809 MeV ®̂A1 

line follows a broad longitude distribution which is consistent with the carbon-oxygen distribution 

(Diehl et al. 1995). 

The hard continuum, measured well only above ~30 MeV, is by extrapolation expected to be 

principally &om a ridge along the plane with an ^ 80° wide, roughly Gat, maximum in longitude 

about the centre. The low-energy part of this cosmic ray induced component is thought to result 

principally &om cosmic ray electron bremsstrahlung and inverse Compton electron scattering on 

interstellar photons and will likely have a spatial distribution differing from that of the nucleon-

interaction component dominant above ~ 70 MeV. The latitude distribution of these soft 7-ray 

components is not currently well known and it may be a combination of broad and narrow spatial 

components. Since it is not possible to measure the cosmic-ray electron spectrum directly below 

~ 1 GeV, the 7-ray measurements provide one of the best ways to determine the Galactic electron 

spectrum and distribution at lower energies. 
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1.6.1 Galactic electron-positron annihilation 

Recently OSSE haa provided new insight into the Galactic 511 keV line emission (Purcell et ai. 1997). 

From the late 1970's the existence of a Galactic 511 keV line (and Positronium Continuum) has been 

known, however the location ajid distribution has not been well studied. It was thought the 511 keV 

line intensity may be variable and it was suggested that the source was a combination of a steady state 

diffuse Galactic component and a time variable point source near t he Galactic centre (Lingenfelter 

&: Ramaty 1989). Possible sources of the diSuse galactic component include cosmic ray interactions 

in the interstellar medium, T-ray bursts, pulsars, and decay products from radioactive nuclei 

produced by supernovae, novae or Wolf-Rayet stars. Photon-photon pair production in the vicinity 

of an accreting black hole has been suggested as a possible source of time variable annihilation 

emission (Ramaty et al. 1992). 

Purcell et ad. (1997) combined OSSE observations (taken up to Jan 5 1997) with "Transient Gamma 

Ray Spectrometer (TGRS) and Solar Maximum Mission (SMM) d a t a to produce detailed galactic 

511 keV emission maps. They used 2 different mapping methods, Singular Value Decomposition 

(SVD) and Maximum Entropy (MEM), which gave the same features: (1) a centred bulge, (2) 

emission in the Galactic plane, and (3) a probable enhancement or extension of emission at positive 

latitudes above the galactic centre (figure 1.6). No evidence of time variability was found (Purcell 

et al.l997). 

Purcell et al. (1997) also placed a point source at the location of 1E1740.7-2942 in their models 

to search for emission. They obtained a 3(t upper limit to the 511 keV line emission from this source 

of 1.6 X 10^'^photons cm"^s"^. 

Supernovae are found to be capable of producing positrons at the required rate to account for 

the intensity and morphology of the observed 511 keV line emission (Purcell et al. 1997; Chan & 

Lingenfelter 1993). The positive latitude feature is suggestive of an asymmetric positron outHow 

from the galactic nucleus, which may be associated with a fountain of radioactive debris ejected from 

the galactic centre region by enhanced supernovae activity in the region (Dermer & Skibo 1997) or 

with jet activity &om one or more black holes residing near the galactic centre (Purcell et al. 1997). 

Alternatively, nearly all of the observed positrons might also have been produced in a single explosive 

"y-ray burst-like event occuring near the galactic centre 10^ years ago (Purcell et al. 1997). 

With high resolution spectroscopy, the phases of the interstellar gas in which positrons annihilate 
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can be determined &om spectral decompositions of the positron annihilation radiation. Guessomn et 

al. (1991) have studied several scenarios important to astrophysics. The 511 keV line emitted from 

a cold (10^ K) HI gas consists of two components, a very narrow feature with a FWHM of ~1.5 keV 

resulting from direct annihilation with atomic electrons and a broader feature with FWHM of ~6.5 

keV resulting from annihilation of singlet positronium. The broad width of the positronium hne 

results from the motion of the positronium atoms formed in flight by charge exchange with neutral 

hydrogen. In warm 10^ K) plasmas, the annihilation line is thermally broadened to a FWHM 

of '-^10 keV. In cold and warm media, the annihilation line should be accompanied by characteristic 

emission resulting from triplet positronium aimihilation, while in t he hot plaama this continuum is 

signiGcantly suppressed. Consequently observations of both the shape of the 511 keV line and the 

triplet-continuum to line ratio can determine in what phase material the positrons annihilate and 

thus permit the various phases to be mapped. Balloon-borne high-resolution spectrometers have 

resolved the annihilation line obtaining widths of 1 keV to 3 keV (Leventhal et al. 1993). These 

results indicate that the width of the line may be variable, which would require a variable point 

source component. 

1.6.2 Lines f rom cosmic ray - interstellar ma t t e r interact ions 

A variety of lines with narrow and broad proGles are expected to be produced by cosmic ray - instellar 

matter interactions (Ramaty et al. 1979), the most prominent ones being those of at 4.44 MeV 

and at 6.13 MeV. The narrow lines, or line components, result from dust grains, where recoiling 

excited nuclei come to rest before they de-excite, while the broad lines, or line components, originate 

from the interstellar gas. Detection of these narrow lines can provide a direct determination of the 

composition, size and galactic distribution of interstellar dust grains, aa well as the intensity and 

distribution of low-energy cosmic rays. 

1.7 Nucleosynthesis - Explosive and H y d r o s t a t i c 

Observations of 'y-ray lines from nuclear transitions of decaying radionuclei and the annihilation 

of positrons produced in various nucleosynthetic sites provides the most direct method of studying 

current models and rates of nucleosynthesis. The most important decay chains from nucleosythetic 
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Decay Chain Half-hfe Emission (MeV) 

1,2 53.29 d 0.478 

_^22 JYg 2.6 yr 0.511, 1.275 

14.96 hr 1.369, 2.754, 3.866 

Mg 7.4 X 10^ yr 0.511, 1.809 

.̂ 4 Ca 49 yr; 3.93 hr 0.511, 0.068, 0.078; 1.157 

-^56 _ 5.9 d; 77.3 d 0.511, 0.847, 1.238, 2.599 

57(^0 _^57 jTg 271.8 d 0.014, 0.122, 0.136 

60 jTig _).G0 _ 1.5 X 10^ yr; 5.3 yr 0.059; 1.173, 1.332 

Table 1.1: Key isotopic decay chains from nucleosynthetic processes. 

processes yielding 'y-ray lines are summarised in Table 1.1. 

1.7.1 Supernova 1987A 

Despite occuring before the launch of CGRO, there was a surprising amount of data accumulated 

for this event by other 7-ray missions. The detection of 7-ray lines (0.847, 1.238 and 2.599 MeV) 

from ^^Co provided, for the first time, direct diagnostics of nucleosynthesis in a Type 11SN explosion 

(Tueller et al. 1990). In all three cases the lines were redder than expected and had higher line-widths 

than expected. The large widths (^^1% @ 847 keV) suggest the ^^Co emission region is in a high 

velocity part of the expanding supernova shell. Prom the line Buxes a signiGcant optical depth is 

required to explain the bolometric light curve, which is primarily powered by the radioactive decays. 

However, the fact that the lines are red-shifted implies one can see to the receding part of the 

supernova shell, and hence would suggest an optically thin shell. These apparent paradoxes, which 

show the need for further more detailed investigation, could possibly be solved if the expanding shells 

contain knots or filaments which are optically thick within a more transparent medium (Tueller et 

al. 1990). 

1.7.2 Other Supernovae 

Because of obstruction by the massive ejecta, and the small amount of ^®Ni synthesized, the 7-ray 

line Guxes expected from Type II supernovae (massive star explosions) are much lower than for Type 
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la supernovae (explosions of white dwarfs). 

It is widely accepted that Type la Supernovae (SNe la) are thermonuclear explosions of carbon-

oxygen white dwarfs; however, Hoflich et al. (1998) distinguish three groups of progenitor models. 

The hrst group consists of carbon-oxygen white dwarfs, close to the Chandrasekhar mass, that accrete 

mass through Roche lobe over-Gow &om an unevolved or evolved companion star. In these accretion 

models, the explosion is triggered by compressional heating. From the theoretical standpoint, the 

two key issues are the conditions under which the thermonuclear explosion starts and how the 

burning front propagates through the white dwarf, these determine whether there is detonation, 

deflagration or delayed detonation. The ignition and propagation may be affected by the rotation 

and maas accretion rate of the white dwarf, which will in turn be affected by the metalhcity, age, 

and population of the progenitor system (HoSich et al. 1998). T h e second group of progenitor 

models features two low-mass white dwarfs in a close orbit that decays as a result of the emission 

of gravitational radiation. This eventually leads to the merging of the two white dwarfs. In this 

scenario, the total mass of the merged object may exceed the Chandrasekhar mass and rotation may 

play an especially signiGcant role (HoHich et al. 1998). A third class of models are those involving 

helium detonations, i.e. double detonation of a C-0 white dwarf triggered by the detonation of an 

outer helium layer in low-mass white dwarfs (Hoflich et al. 1998). 

Gamma-rays allow direct observation of the radioactive isotopes tha t power the observable hght 

curves and spectra of SNe la and thus are a powerful diagnostic tool. One of the most important 

decay chains expected to be visible is that of ^®Ni-^^®Co-)^^^Fe. Observations of SNe la are very 

limited, and one of the few to have been observed is SN 1991T. This waa observed by CGRO, both 

with OSSE and COMPTEL, though none of the expected lines were observed (Leising et al. 1995). 

While the lack of any evidence of ®®Co emission poses problems for SNe la models, SN 1991T was 

rather unusual (Leising et al. 1995). SN 1991T was one of the brightest Type la supernovae at 

maximum Ught and its light curve evolves slower than most other SNe la. It is unclear whether its 

faintness in the 7-rays is because it was unusually bright in the optical or because the models over 

predicted its 'y-ray luminosity (Leising et Eil. 1995). 
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1.7.3 Novae 

A classical nova outburst is caused by rapid, non equilibrium, thermo-nuclear burning of hydrogen on 

the white dwarf's surface. During this process many light elements (i.e. A < 30) may be synthesised. 

Aside from short-lived unstable nuclei, which might be detectable via their positron annihilation 

g'-rays, the lines most likely to be detectable appear to be the 1275 keV line &om ^^Na (ti/2 = 2.6 

years) and the 478 keV line from ^Be (ti/g = 53.3 days) (G6mez-Gomar et al. 1998). 

Very few searches have taken place for these lines thus far, and those that have taken place have 

been unsuccessful. lyudin et al. (1995) used COMPTEL to search for ^^Na emission. They set 2(7 

upper limits to the 1275 keV line emission for 11 novae of 2-6x 10"^ photons cm"^ s"^. These upper 

limits reduce the maas of ^^Na created in the outburst and pose some questions for theories. 

The Transient Gamma Ray Spectrometer (TGRS) has also been used to search for novae. In this 

case Harris et al. (1999) were looking for blue-shifted electron-positron annihilation features, which 

would be expected to occur during the early evolution of the novae, possibly before the maximum 

in the visible lightcurve. However, like COMPTEL no positive results were obtained, though TGRS 

proved to be sensitive enough to detect ONeMg novae within about 1 kpc. Clearly, if models of 

novae evolution and isotope production are to be tested then more sensitive searches of the whole 

sky will be necessary. 

1 . 7 . 4 a n d GOpe 

The formation of ^^Al occurs in nucleosynthesis sites such aa novae, supernovae, and the interior of 

massive stars (for a recent review of ^^Al in the Galaxy see Prantzos & Diehl 1996). The 1.809 MeV 

"-y-ray line originating from the decay of radioactive ^^Al was discovered by HEAO-3 (Mahoney et 

al. 1984), with a total galactic flux of 3 - 4 x 10"^ ph cm"^ s ^ \ and confirmed by SMM (Share et 

al. 1985). The line width appeared to be very little broadened which indicates that the ^^Al decay 

takes place in the interstellar medium (Mahoney et al. 1984). 

Mapping of the 1.809 MeV emission would help identify ®̂A1 sources and was one of the aims 

of CGRO. The COMPTEL imaging telescope produced the Grst Galactic map using the 1.809 MeV 

line from ®̂A1 (Diehl et al. 1995). In general the maps produced using this line show emission along 

the Galactic plane, at the Galactic centre and at the Galactic anti-centre (fig. 1.7). 

Knodlseder (1999) noted a correlation between microwave radiation and the 1.809 MeV j-ray 
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CGRO/ COMPTEL 1.8 MeV, 5 Years Observing Time 
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Figure 1.7: COMPTEL all-sky map using the 1.809 MeV line produced in the decay of^^Al, taken 

from the COSSC web pages. 

line distribution that may be due to massive stars creating the Galactic ^®A1. Knodlseder (1999) 

derived a total Galactic ^®A1 mass of 3.1 ± 0.9M@. It is suggested that ~ | of the ®̂A1 originates 

in Wolf-Rayet stars and that ~ 1 originates in Type II supernovae. It is further predicted that the 

Galactic metallicity gradient should produce a difference in the relative 1.809 MeV to microwave 

ratios in the inner and outer galaxy, but this is at the limit of COMPTEL's sensitivity and so is 

undetectable. 

Another possible diagnostic tool that could be used to understand nucleosynthesis within the 

Galaxy is the distribution of ®°Fe. The lifetime of ®°Fe (ti/g = 1.5x10® yr) is slightly larger than 

that of ®̂A1 (ti/2 = 7.2x10® yr) and ®°Fe is expected to be produced in Type II supernovae. 

Potentially therefore, the instellar medium should contain both of these isotopes, and their ratio 

is indicative of their formation mechanism. If both are produced mainly in supernovae then their 

ratio will be equivalent to their production ratios, if on the other hand A1 is produced mainly in 

Wolf-Rayet stars, where ®°Fe is not produced, then their ratios will be much less than that expected 

for supernovae. Naya et al. (1998) used GRIS to observe the Galaxy and look for 1.809 MeV (̂ ®A1), 

1.173 MeV (®°Fe) and 1.332 MeV (®°Fe) 7-rays. They detected the 1.809 MeV line, but could only 

set upper limits on the other two. The 2a upper limit set to the ®°Fe/^®Al flux ratio is 0.14, which is 
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slightly lower than predictions, but still compatible. Clearly if the 1.173 and 1.332 MeV lines could 

be detected and the 6ux ratio derived then this would provide an important discriminant between 

the possible sources of ^^Al and ^°Fe. The GRIS results also suggest that the width of the ^^Al line 

is 3 times higher than expected, which may indicate that the ^^Al is moving with a velocity above 

400 km/s, and tends to support origin within supernovae and Wolf-Rayet stars (Naya et al. 1996). 

1.8 Galactic variable and t rans ient sources 

There are many transient or variable X-/7-ray sources within our Galaxy. The transient sources, 

that are usually located in the Galactic plane, Bare on timescales less than a day with the outburst 

persisting for several weeks. There are at least two diSerent types of Galactic transient sources: those 

that are believed to be X-ray pulsars in which the neutron star accretes from a stellar Be companion, 

and, black hole binary systems in which enormous outbursts are due to either instabilities in the 

maas transfer from the binary companion or in the structure of the accretion disc. 

1.8.1 Black Hole Candidates (BHCs) 

An X-ray source is classiGed as a black hole X-ray binary (BHXB) if the inferred maas of the compact 

object is greater than 3 Five distinct X-ray spectral states have been noted in BHXB systems 

(Esin et al. 1998): the low/hard state, high/soft state, intermediate state, very high state, and the 

quiescent/off state. 

Systems in the low/hard state have power-law spectra (index ~1.4 - 1.9), an exponential cut-off 

around 100 keV and very little evidence of a soft thermal component. The high/soft state spectra 

are dominated by a black-body component with temperature '---'1 keV. At higher energies, high-state 

spectra show a power-law tail (index ^̂ 2̂.2 - 2.7) that often extends to over 500 keV without an 

obvious turnover. For some systems an intermediate state has been observed, this is intermediate in 

both spectral shape and luminosity between the high and low states. A few systems have also been 

observed in a very high state, with luminosities close to the Eddington limit. This state has similar 

spectral properties to the high state, but is characterised by higher bolometric luminosity, more 

prominent hard tail, stronger variability, and the presence of 3 - 10 Hz Quasi-Periodic Oscillations 

(QPOs). All transient black hole systems spend some time in the quiesent/oSstate, which naturally 
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is characterised by very low X-ray luminosity. 

Esin et al. (1998) suggest that BHXB systems can be explained as consisting of an inner advection 

dominated accretion 8ow (ADAF) surrounded by an outer thin disk. In the low and quiesent states 

the mass accretion rate is low. Thus the accretion disc consists of an inner ADAF and an outer 

thin disk. When the accretion rate increases, the radius at which the ADAF can be maintained 

decreases, and the thin discs inner edge is closer to the black hole. This is the intermediate state. 

At higher accretion rates, the thin disc extends all the way down to the last stable orbit. This is the 

high state. 

Grove et al. (1998) used OSSE to study the spectral states of 7 transient black hole candidates: 

GRO J0422+32, GX 339-4, GRS 1716-249, GRS 1009-45, 4U 1543-47, GRO J1655-40 and GRS 

19154-105. It is found that the X-ray low/hard state seems to be correlated with a "y-ray exponentially 

cut-oS power-law, which is consistent with thermal comptonisation of soft photons from the accretion 

disc. The X-ray high/soft state is correlated with a "y-ray power-law state, which is due to bulk 

motion comptonisation. 

The first state appears to be the "y-ray extension of the X-ray low, hard state where the majority 

of luminosity is carried by photons of energy '^lOO keV. The power-law -y-ray state is associated 

with the presence of a strong ultrasoft X-ray excess (kT '^1 keV), the signature of the X-ray high, 

soft (or perhaps very high) state (Grove et al. 1998; Ag. 1.8). 

Grove et al. (1998) also searched for emission lines (narrow and broad) at 170 keV (backscatter 

from 511 keV), ~480 keV (line seen by SIGMA from Novae Muscae) and at 511 keV. They set 5a 

daily flux upper limits of between 5 and 15 x 10"^ photons cm~^ s~^. 

It should be noted however, that the number of truly simultaneous X-ray and 'y-ray observations 

of BHCs is small, and so further simultaneous broad band observations are necessary to confirm the 

possible correlation between the X-ray and 'y-ray states (Grove et al. 1998). 

1.8.2 Neut ron star systems 

Low Mass X-ray Binaries (LMXB) 

In these systems the companion star is of low mass (< IMQ). If the neutron star has a weak 

magnetic field (< 10^^ G) then accretion from the companion onto the neutron star surface can 

occur, and this may lead to a build up of helium. Eventually, when the mass of helium accreted is 
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Figure 1.8: Photon spectra measured for 7 black hole candidates by Grove et al. (1998). The spectra 

have been arbitrarily scaled for clarity. The black dots are the OSSE data, the other symbols are 

or near con^emporaneoua dafo /rom and ^croaaes/ 7%e 

upper (Aree spectra gAow ezponentiafZy cwt-OjQ̂  power-Zawa and are _/ro77i fAe A^-ray Zow/Aard atate. 

The lower set of spectra have gamma-ray power-laws and are from the X-ray high/soft state. 
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too much, there will be runaway thermonuclear burning of the helium. These sources are known as 

X-ray bursters. When the magnetic Seld is higher 10^^ G) accretion onto the surface is channelled 

down the magnetic poles. The X-ray emission tends to be pulsed a t the rotation frequency of the 

neutron star. See Bildsten et at. (1997) for a review of 5 years worth of BATSE observations of these 

type of systems. 

High Mass X-ray Binar ies ( H M X B ) 

In these systems accretion &om a high mass companion star occurs, in some special cases this star 

is a Be type star. In normal supergiant - neutron star systems, accretion occurs from the stellar 

wind, and the X-ray luminosity is proportional to the mass loss r a t e from the companion. In Be 

X-ray binaries the neutron star is often in a highly eccentric orbit, and mass loss from the companion 

occurs in the form of a circumstellar disc, when the neutron star impacts this a strong X-ray outburst 

occurs. See Bildsten et al. (1997) for a review of 5 years worth of BATSE observations of both types 

of HMXB systems. 

Soft G a m m a R e p e a t e r s (SGR) 

At least three of the four currently known soft gamma repeaters (SGRs) are associated with slowly 

rotating, extremely magnetized neutron stars (> 10^^ G) located within young supernova remnants 

(Kouveliotou et al. 1998, 1999). They are characterized by the recurrent emission of 7-ray bursts 

with relatively soft spectra and short durations (-^ 0.1 s). It has been suggested that these bursts 

are due to neutron star crust fractures driven by the stress of an evolving, ultrastrong magnetic field. 

1.8.3 Whi t e Dwarf systems 

AM Her type systems (aka Polars) with their strong magnetic fields (10^ — lO^G) are able to prevent 

formation of an accretion disc and channel the accretion How directly down to the white dwarf 

surface, resulting in shock temperatures approaching 100 keV. The strong shocks present in the 

accretion funnel in these systems are undoubtedly capable of accelerating particles to relativistic 

energies and perhaps also producing electron-positron pairs. 
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1.9 Extragalact ic variable sources 

Gamma-rays and hard X-rays provide an exciting spectral band for the study of Active Galactic 

Nuclei (AGN). Gamma-ray observations could prove critical to the overall understanding of these 

objects for several reasons: 

« Gamma-ray photons are extremely penetrating, thus providing a direct view of the innermost 

regions of the sources, where the basic energy sources and radiation mechanisms reside. 

# The X-ray and i^-ray data currently available on AGN indicate that a substantial faction of 

the total luminosity in these sources is emitted in the X-/7-ray band. The 7-ray spectral 

emission characteristics, however, appear to depend on AGN type: objects which exhibit 

beaming characteristics such as QSOs and BL Lacs emit a hard spectrum up to GeV energies, 

which is also probably beamed, whereaa Seyferts and radio galaxies show a clear cut-oE in the 

spectral emission, the value of which can vary &om a few tens of keV to possibly MeV energies 

in a similar manner to that observed in galactic black hole candidates such as Cyg X-1 and 

1E1740.7-2942. 

# The extremely high luminosity and short variability timescale observed in the X-ray band in-

dicates the emission regions have a very high photon density. Under these conditions, electron-

positron pairs are created by colhsions between photons. Emission and absorption processes 

by these pairs strongly affect the overall emergent "y-ray spectra, both in terms of continuum 

and any 511 keV line emission. 

" The intensity and the measured spectral shape of the high-energy cosmic diSuse background 

imply that AGN spectra cannot extend into the -y-ray range with the hard "canonical" pho-

ton power-law slope (1.7) observed in the 2 - 100 keV band. The exact determination of the 

energy where the spectra steepen has important consequences, not only to constrain the phys-

ical models of these sources, but also to assess their contribution to the extragalactic diSuse 

background. 
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Figure 1.9: Light curve of GRB 000524 taken from the BATSE online archive. 

1.10 G a m m a Ray Burs t s (GRBs) 

B ATSE's prime aim was to improve understanding of the Gamma Ray Burst phenomena. In the 8 or 

so years of CGRO's operation BATSE has observed over 2000 GRBs. The profiles of GRBs are very 

variable, BATSE has observed GRBs which rise and fall on timescales of order 20 seconds with very 

simple structures, however most bursts have many spikes, on timescales of ~0.1 s, and/or numerous 

well defined sub-pulses (Fishman 1999, fig. 1.9 shows the light curve of a GRB picked randomly from 

the BATSE archive). The duration of GRBs spans over five decades, from a few milliseconds to over 

a thousand seconds. When the distribution of the GRB durations is plotted there appear to be two 

peaks, at ~0.5 s and at ~34 s. Mukherjee et al. (1998) have recently suggested a third peak at 2 -

5 s. A correlation between the hardness and duration of GRBs has also been found and confirmed 

over the years. 

The general spectral form of GRBs is well described by the Band function (Band et al. 1993), 

where the GRB spectrum can be fit with one power-law at low energies and a steeper (i.e. more 

negative index) power-law at higher energies with a smooth break joining the two. Many GRBs 
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do not appear to emit photons above '^300 keV. Those that show emission up to and above 10 

MeV can be fit with power-laws of index ~-2. Over the BATSE energy range plots have been 

used to determine the peak energy (Ep) for the GRB spectra. Mallozzi et al. (1995) compared the 

GRB intensity and Ep and found that the resultant correlation is consistent with a redshift of the 

continuum spectrum with distance. Spectral softening is usually seen throughout a GRB, and also 

within the sub-pulses of burst. In many cases the peaks are usually offset, with the softer peak 

delayed by a few seconds 6rom the harder peak, and lasting much longer than the harder peak. The 

distribution of GRBs ag seen by BATSE is consistent with an isotropic source population, though 

there ia evidence that GRBs are not homogeneous, and possibly current observations are sampling 

to the very edge of the source distribution in space. 

In the last two years, since the discovery of GRB 980425, and its coincidence with the position 

of SN 1998bw (Galama et al. 1998), there has been discussion regarding their possible association. 

GRB 980425 had a peak photon flux 30 times less than that of the largest peak seen by BATSE 

in the energy range 50 - 300 keV. It is however not an unusual event, and the possible linking of 

an under-luminous GRB like this one, with an explosive supernova would enhance understanding of 

both phenomena. 

On February 28, 1997, the BeppoSAX spacecraft detected and rapidly localized a burst with 

the Wide Field Camera (WFC), and, pointing the Narrow Field Instruments (NFI) at the location, 

discovered the first fading X-ray counterpart (Costa et al. 1997, fig. 1.10). After this Van Paradijs et 

al. (1997) observed the area with optical telescopes and discovered the first fading optical counterpart 

associated with a GRB. Since then it has been discovered that most GRBs have fading X-ray 

counterparts, and that approximately 50% of them also have fading optical counterparts (Hurley 

1998). Fading can often be described by a power-law with index ~-1.5. The redshift of a GRB was 

first constrained by Metzger et al. (1997), who determined the redshift to GRB 970508 was > 0.8 

and < 2.2. 

Two different theories that have been proposed for GRBs are neutron star mergers (Paczynski 

1991) and hypernovae (Paczynski 1998). Neutron star merger requires the neutron star to be in a 

binary with either another neutron star or a black hole. Such a merger could liberate 10®̂  erg of 

energy. If this scenario were true then the burst rate should follow that of star formation, which 

is thought to peak at around z ^ 1.25. The evolution of the system would be: (1) Grst star goes 

supernova 10^ yrs after formation, leaving behind a high mass X-ray binary system; (2) this would 
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Figure 1.10: The first X-ray afterglow observed for a Gamma Ray Burst, GRB 970228, taken from 

the BeppoSAX web site. 
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have a short lifetime (10^ yr) before the second star explodes as a supernova, leaving behind a binary 

neutron star system; (3) this system will radiate its orbital energy away aa gravitational radiation in 

several times 10^ yr, resulting in a merger. If the resulting "y-rays a re not beamed then only about 

one event is required every 10^ years in every galaxy. It is possible tha t , due to kicks on the binary 

from supernovae explosions, these sources may be a long way from their birthplcices. 

There is however a limited amount of energy that caji be Hberated &om the merger of neutron 

stars, which will of course not all go into observable radiation. There has been suggested therefore 

a model which starts with a larger available energy budget, and tha t is hypemovae. Hypernovae are 

extremely energetic supernovae which result from the collapse of a 10-15 star to a black hole 

with an accretion disk which produces the energy for the burst. The progenitors of hypernovae only 

live for about 10^ yrs, and consequently will not travel far from their birthplaces. This provides a 

test between the two models, hypernovae will be inside their host galaxies, whereas a lot of neutron 

star merger sources would be expected to have escaped &om their host galaxies. 

1.11 Cosmic Diffuse Background (CDB) 

Recent measurements of the cosmic diffuse gamma-ray background have eliminated the presence 

of the MeV bump (Kinzer et al. 1997; 6g 1.11). Below a few hundred keV the observed cosmic 

diSuse background (CDB) is believed to be due to the superposition of unresolved Seyfert Galaxies, 

whereas for photon energies above 3 MeV Blazars are the dominant source population (Zdziarski 

1996). There is no known galaxy type that can fill the gap between the Seyfert galaxies and blazars. 

However, the CDB around photon energies "^1 MeV could be partly, or even completely, due to 

cumulative 7-ray production in supernovae (Watanabe et al. 1999). In particular, 7-ray lines from 

the reaction chain ®®Ni—>-®®Co—>̂®Fe are abundant enough to generate a detectable signal. Although 

iron synthesis occurs in all types of supemovae, the contribution to t he background is dominated by 

type la events due to their higher photon escape probabilities. Supernovae cannot contribute to the 

CDB above 3.5 MeV, simply because they do not produce radioactive isotopes that emit 7-ray lines 

above that energy. The presence of strong lines would lead to steps in the spectrum that might be 

observable with future 7-ray instruments. The currently favoured scenarios of SN I progenitors and 

their cosmic rate of evolution underpredict the CDB (Watanabe et al. 1999). 
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1.12 S u m m a r y 

As can be seen from fig. 1.12 the number of known 'y-ray sources has increased dramatically since the 

launch of CGRO. Before the launch of CGRO the "y-ray sky was relatively unknown, but now there 

are many known sources, some of which are as yet unidentified with objects at other wavelengths. 

In the future, missions are required to build on the progress made by CGRO, to observe sources 

with higher spectral and positional resolution, and to provide more and higher quality data. CGRO 

has also demonstrated the usefulness of multi-instrument satellites, with payloads optimised to 

complement each other and to provide wide spectral coverage. 

One of the near-future missions which aims to build on the recent progress is the INTErnational 

Gamma Ray Astrophysics Laboratory (INTEGRAL). This ESA lead mission will contain several 

complementary instruments to provide coverage over the energy range &om a few keV - 10 MeV 

with simultaneous optical monitoring. With this payload INTEGRAL will extend much of the work 

done by BATSE, OSSE and COMPTEL. 
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Figure 1.12: The number of known j-ray sources against year (Macomb & Gehrels 1999). 
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Chapter 2 

The INTEGRAL Mission 

2.1 Overview 

INTEGRAL was selected by the ESA science programme committee as an ESA medium-size mission 

of the Horizon 2000 programme to be launched in 2001. The mission is led by ESA but will have 

contributions from Russia (PROTON launcher) and NASA (Deep Space Network ground station). 

INTEGRAL (The INTErnational Gamma-Ray Astrophysics Laboratory) is dedicated to the Ane 

spectroscopy (E/AE — 500) and 6ne imaging (angular resolution = 12' FWHM) of celestial -y-ray 

sources in the energy range 15 keV - 10 MeV with concurrent source monitoring in the X-ray (3 -

35 keV) and optical (V-band, 550 nm) energy ranges. 

INTEGRAL uses the same service module as the X-ray Multi-mirror Mission (XMM). It will 

be launched using a Russian PROTON rocket, into a highly eccentric 72-hour orbit, though it is 

designed to also be compatible with an ARIANE 5 launcher. The nominal life time of the observatory 

is 2 years, though there is a possible extension to 5 years. Most of the observing time will be 

made available to the worldwide scientific community. The INTEGRAL core programme (the time 

guaranteed for the INTEGRAL Science Working Team) consists of 3 parts: (i) Frequent scans of 

the Galactic Plane (Galactic Plane Survey, GPS) (ii) Deep Exposure of the Galactic central radian 

(Galactic Central Radian Deep Exposure, GCDE) (iii) Pointed observations of selected sources. A 

schematic of the INTEGRAL satellite is shown in figure 2.1. A brief outline of the key scientific 

objectives and instrumentation is provided in this chapter. 
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Figure 2.1: Schematic of INTEGRAL (Picture taken from ESA web pages). 

2.2 Scientific Payload 

The INTEGRAL payload consists of two main 'y-ray instruments: 

« SPI (spectrometer on INTEGRAL) - A cryogenically cooled germanium spectrometer provid-

ing high spectral resolution (2 keV © 1 MeV), high line sensitivity, degree resolution mapping 

of diffuse source emission and degree imaging capability. 

a IBIS (Imager on-Board the INTEGRAL Satellite) - A high angular resolution telescope (12' 

FWHM) providing accurate source positioning, high continuum and broadline sensitivity and 

medium spectral capability. 
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These are supported by two monitor instruments, which will provide observations in the X-ray 

and optical energy bands: 

» JEM-X (Joint European X-ray Monitor) - An X-ray monitor which will extend the spectral 

coverage down to a few keV, enabling INTEGRAL to associate "y-ray and X-ray sources, and 

provide coverage of the Fe line at 6 keV. 

« OMC (Optical Monitoring Camera) - An optical camera which will search for, locate and study 

the optical counterparts of T-ray bursts. 

As an example of the complementary nature of the instruments, SPI and IBIS will simultaneously 

be able to study a particular line emission, the former investigating the detailed line shifts and shape, 

the latter locating the source of the emission to better than 1'. Simultaneously the X-ray Monitor 

will provide information on the emission at lower energies, down to and including the '^6 keV line 

of highly ionised iron, and the Optical Monitor will observe in the 500 - 850 nm waveband. All 4 

instruments are co-aligned. 

SPI, IBIS and JEM-X share a common principle of operation - they are all coded mask telescopes. 

The coded maak technique is the key which allows imaging, which is all important in separating and 

locating sources. It also provides near perfect background subtraction because for any particular 

source direction the detector pixels can be considered to be split into two intermingled subsets, those 

capable of viewing the source and those for which the Hux is blocked by opaque mask elements. 

ESectively the latter subset provide an exactly contemporaneous background measurement for the 

former, made under identical conditions. 

2.2.1 spectrometer on I N T E G R A L (SPI) 

SPI will perform spectral analysis of 'y-ray point sources and extended regions in the 20 keV - 8 

MeV energy range with an energy resolution of 2 keV (FWHM) @ 1 MeV. The instrument uses an 

array of 19 hexagonal high purity Germanium detectors (thickness 7 cm, side length 3.2 cm) cooled 

by a Stirling cooler system to an operating temperature of 85K. A hexagonal coded mask, with 

127 elements, is located 1.71 m above the detection plane in order to image large regions of the sky 

(FCFOV = 16°) with an angular resolution of ^^2°. The mask has 63 opaque elements, made of 3 cm 

thick tungsten, and 64 transparent elements. In order to reduce background radiation, the detector 
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assembly is shielded by a veto (anticoincidence) system, which extends around the bottom and side 

of the detector almost completely up to the coded mask. The ve to shields are made of Bismuth 

Germanate (BGO) scintillation crystals and provide an elective shielding thickness of 5 cm. The 

aperture (and hence contribution by cosmic diffuse reidiation) is limited to <-̂ 30°. A plastic veto is 

provided below the mask to further reduce the 511 keV background. Figure 2.2 shows a cut away 

view of SPI. Table 2.1 summarise SPI's characteristics. 

MASK 

SHIELD C 
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VETO SHIELD 

SHIELD B 

SHELDA 
LOWER 
STRUCTURE 

GE CRYSTALS 

TUNGSTEN BLOCK 

AFEE2 

PASSIVE COOLING 

DFEE 

vcu 

ACTIVE COOLING 

Figure 2.2: Cut away view of the Spectrometer on hoard INTEGRAL (SPI). Picture taken from ESA 

wet pagea. 

For long observations SPI is background limited, and it is critical to maintain the overall instru-

ment background at the lowest possible level. The suppression of t he internal germanitmi detector 

background is aided by the use of on-board pulse shape discrimination (PSD). In the energy range 

0.2 - 1.5 MeV the dominant component of the background results f rom /3-decays in the germanium 

detectors induced primarily by secondary neutrons. These /^-decays go primarily into the ground 

state (i.e. no accompanying photon). Since the range of the in germanium is short (< few mm) 

the energy deposition of these events is localised to a small region. This is in contrast to the primary 

photons that constitute the signal. Most of these photons undergo multiple Compton scattering 
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before either losing aH of their energy or departing the detector. The current pulse generated by an 

interaction in the germanium detector depends on the location and multiphcity of the interactions 

in that detector. By analyzing this pulse (with the PSD) one can distinguish between single and 

multiple site events. It is estimated that the background in the range 0.2 - 1.5 MeV can be reduced 

by as much as a factor of 10 (Teegarden et al. 1997). 

2.2.2 Imager on-Board the I N T E G R A L Satel l i te (IBIS) 

IBIS provides fine imaging (12' FWHM), source identiScation and spectral sensitivity to both con-

tinuum and broad lines over a broad (15 keV - 10 MeV) energy range. The imager will exploit, 

simultaneously with the other instruments on INTEGRAL, celestial objects of all classes ranging 

from the most compact Galactic systems to extragalactic objects. A tungsten coded-aperture mask 

(located at 3.2 m above the top detector plane) is optimised for high angular resolution. As diSrac-

tion is neghgible at I'-ray wavelengths, the angular resolution obtainable with a coded mask telescope 

is limited by the spatial resolution of the detector array. The imager design takes advantage of this 

by utihsing a detector with a large number of spatially resolved pixels, implemented as physically 

distinct elements. The detector uses two planes, one a 2600 cm^ layer of CdTe (16384 pixels, each 

4x4x2 mm (width x depth x height)), and the other a 3100 cm^ layer of Csl (4096 pixels, each 

9x9x30 mm). The detector provides the wide energy range and high sensitivity continuum spec-

troscopy required for INTEGRAL. The CdTe array is used in order to achieve a good spectral 

resolution in the lower end of the detector energy range. The Csl array, placed 10 cm below the 

CdTe array, gives good stopping power up to several MeV while maintaining high spatial resolution 

and good spectral resolution. The large sensitive zirea (> 3000 cm^) is designed for optimal perfor-

mance at 511 keV (Ubertini 1997). The division into two layers allows the paths of photons to be 

tracked in 3D, as they scatter and interact with more than one element. Events can be categorised 

and the signal-to-noise ratio improved by rejecting those which are unlikely to correspond to real 

(celestial) photons, e.g. towards the high end of the energy range. The detector aperture is restricted 

by a thin tungsten passive shield, covering the distance between the mask and the position sensitive 

detector, and is shielded in all other directions by an active EGO scintillator veto system (Ubertini 

1997). Figure 2.3 shows a cut away view of the IBIS detector planes. Simulations have shown that 

assuming no error in pointing axis reconstruction and/or other systematic eSects, IBIS will locate 
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in the sky strong pointlike sources (30cr) with an accuracy of better than 30" (Ubertini 1997). The 

characteristics of IBIS are summarised in table 2.1. 

Passive 
. Shielding 

ISGRI 

iCdTe) 

f " PICsIT 
(Csl) 

BGO active shield 

Figure 2.3: Cut away view of the Imager on board INTEGRAL (IBIS). Picture taken from ESA web 

pages. 

2.2.3 Joint European X-Ray Monitor (JEM-X) 

JEM-X supplements the main INTEGRAL instruments and plays a crucial role in the detection and 

identification of the 7-ray sources, and in the analysis and scientific interpretation of INTEGRAL 7-

ray data. JEM-X will make observations simultaneously with the main 7-ray instruments providing 

images with arcminute angular resolution in the 3 - 3 5 keV energy band (providing coverage below 

the ~6 keV Fe line complex). The baseline photon detection system consists of two identical high 

pressure imaging microstrip gas chambers. Each detector unit views the sky through its coded 

aperture mask located at a distance of approximately 3.2 m above the detection plane. A schematic 

view of JEM-X is shown in figure 2.4. The coded mask is a 22501 element Hexagonal Uniformly 

Redundant Array (HURA) written in a 0.5 mm thick tungsten plate. This thickness gives opacities 

of 99.9% at 35 keV and 95% at 60 keV. The number of open cells is 5844 (25%) and the mask-

32 



detector distance and mask element size gives the instrument an angular resolution of 3.35' (Lund 

et al. 1998). Each gaa chamber has a sensitive area of 500 cm^ and contains a mixture of xenon 

(90%) and methane (10%) at 1.5 bar pressure. The chamber window is made of 250 /^m thick Be 

foil, which gives good transmission of low energy X-rays and is impermeable to the gas. The JEM-X 

characteristics are summarised in table 2.1. 

Mask 

Detector C 

Be Window 

Figure 2.4: Schematic view of the X-ray Monitor on hoard INTEGRAL (JEM-X). Picture taken 

from ESA weh pages. 

2.2.4 Optical Monitor ing Camera (OMC) 

The Optical Monitoring Camera consists of a passively cooled CCD (2048x1024 pixels, imaging 

area: 1024x1024 pixels) working in a frame transfer mode. The CCD is located in the focal plane 

of a 50 mm (diameter) lens including a Johnson V-Filter to cover the 500 - 850 nm wavelength 

range. The OMC will be mounted close to the top of the payload module structure. A schematic 
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view of the OMC is shown in Agure 2.5. The serendipitous nature of GRBs means that the OMC 

will be able to look for optical afterglows from GRBs. The OMC can achieve a sensitivity down to 

19.2 magnitudes in 1000 seconds (Gimenez et al. 1999). Table 2.1 presents the characteristics of the 

OMC. 

o w e CAMERA UN IT 
COVER SYSTEM 

L/r SUPPOR 

MAIN OAFFLC 

CCD PASSIVE COOLING 

FOC*L PLANE ASSEMBLr 

Figure 2.5: Schematic view of the Optical Monitoring Camera on board INTEGRAL. Picture taken 

2.3 Scientific Object ives 

Fine spectroscopy over the entire operational energy range will permit spectral features to be 

uniquely identified, and hne proGles to be determined for physical studies of the source region. 
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Instrument IBIS SPI J E M X OMC 

Bandpags 15 keV-10 MeV 20 keV-8 MeV 3-35 keV 500-850 nm 

Detector Area (cm^) 2600 (CdTe) 500 1000 CCD 

3100 (Csl) (2048x1024 pixels) 

Spec Res 6%@lMeV 0.2%@lMeV 15%@10keV 

FCFOV 9° 16° 4.8° 5° 

Ang Res 12' 2° 3' 17.6"/pixel 

PSLA (10(7) 60" < 30' < 30" - 8 " 

Cont. Sens. 2 X 1 0 - ^ 7 X 10-^ 1 X 10-^ 19.2 (lO^s) 

Line Sens. 1 X 1 0 - ^ 5 X 10-G 2 X I Q - s 

Timing Accuracy (3cr) 67 /is - 1000 s 100 /is 128 ^8 > 1 s 

Mass (kg) 628 1309 65 17 

Power (W) 275 373 55 18 

Data Rate (kbps) 57 (ave) 20 (ave) 7 2 

Table 2.1: 5'umman/ 0/ tAe instruments cAarocfenafics. WTiere f C f O y afands /or 

Fully Coded Field Of View (degrees), Ang Res stands for Angular Resolution (FWHM), Spec Res 

stoMffs /or 5|pecfro( TZesofufion ond standa /or Point 6'ource location y^ccuroci/. T/ie 

Continuum Sensitivities (Cont. Sens.) of IBIS and SPI are quoted at 1 MeV in units of photons 

cm""^ keV~^, and that for JEM-X is in the same units but at 6 keV. The Line Sensitivity (Line 

Sens.) of SPI is at 1 MeV and in units of photons cm~'^, that for JEM-X is in the same units 

but at 6 keV, and that for IBIS is also in the same units but at 100 keV. The Continuum and Line 

sensitivities are gi(;en /or detections in 10^ seconds. ViiZues to&en /rom M/in&fer 
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The Sne imaging capability of INTEGRAL within a large Geld of view will permit the accurate 

location, and hence identification, of ^y-ray emitting objects with counterparts at other wavelengths, 

enable extended regions to be distinguished from point sources and provide considerable serendipi-

tous science. 

In the 15 keV - 10 MeV region, line-forming processes such as nuclear excitation, radioactivity, 

positron annihilation, cyclotron emission and absorption become important. Unique aatrophysical 

information is contained in the spectral shift, line width, and line profiles. Detailed studies of these 

processes require the resolving power (E/AE = 500) of a germanium spectrometer such as that 

employed on INTEGRAL. Lower resolution spectrometers (e.g. SIGMA, OSSE, COMPTEL) do not 

have sufficient energy resolution to permit a meaningful study of the diagnostic parameters of these 

lines. The laat high-resolution space instrument, that on HEAO-3 in 1979-80, waa 100 times less 

sensitive than INTEGRAL. Solid observational and theoretical grounds already exist for predicting 

detectable emission from such varied celestial objects as the Galactic Centre region, the interstellar 

medium, compact objects, novae and supemovae and a variety of AGN. The main areaa INTEGRAL 

will cover are: 

» Galactic Plane and Centre 

8 Nucleosynthesis (Hydrostatic, Supernovae, Novae) 

» Galactic variables and transients 

o Extragalactic sources 

" Cosmic Di&ise Background (CDB) 

e Gamma Ray Bursts (GRBs) 

® Serendipitous Sources 

2.3.1 Galactic P lane and Centre 

A major part of the INTEGRAL core programme will be the Galactic Plane Survey (GPS). The 

two main objectives of the GPS are: to provide frequent monitoring of the plane in order to detect 

transient sources; and, to build up time resolved maps of the Galactic Plane in continuum and 
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diffuse line emission (such as ®̂A1 and 511 keV) with modest exposure (Winkler et al. 1999a). In 

the first year the GPS will be allocated 2.3 x 10®s, and it is planned to keep this constant for the 

second year (Winkler et al. 1999a). During the weekly scans INTEGRAL will oscillate around the 

Galactic equator, following a sawtooth pattern as shown in figure 2.6. An extension of this survey 

will be deep observations of the central Galactic region (Galactic Central Radian Deep Exposure, 

GCDE). The GCDE will be allocated 4.8 x 10®s during the first year , which will remain constant 

up to year 5. The GCDE has three objectives: mapping line emission from radioisotopes (e.g. Al, 

'̂ '̂ Ti, 511 keV); mapping continuum emission from the Galactic ridge; and, performing deep imaging 

and spectroscopic studies of the central region of the Galaxy (Winkler et al. 1999a) 

IBIS F C F O V ( 9 x 9 dcg) 

J E M - X FCFOV (4.8 dcg dia.) 

OMC FOV (5 X 5 dcg; 

bniax = 6.45 dcg 

10 20 

Two consecutive scans, shifted by 27.5 deg 

Two exposures (965 sec each) separated by 6 deg 

Galactic longitude (deg) 

Figure 2.6: A weekly scan consists of a "slew, stop, stare" profile along a saw-tooth track inclined at 

21 degrees to the Galactic equator. Picture taken from ESA web pages. 

INTEGRAL will provide the tools for using 7-rays as a sensitive probe of the astrophysical 

processes going on within a few hundred parsec of the nucleus of our galaxy. The fine angular 
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resolution of INTEGRAL will allow the identiGcation of sources in crowded regions of the Galaxy. 

INTEGRAL'S spectroscopic resolution will allow it to look for line emission, for example 511 keV 

emission, from the accretion regions of black hole candidates. 

The suspected radio counterpart of the black hole at the center of our galaxy Sgr A*, has been 

studied by Goldwurm et al. (1998) with SIGMA between 1990-1997. ASCA, ART-P and ROSAT 

results have shown that at low energies lots of point sources, and also diEuse emission, are present 

in the area and can make identiGcations difBcult. Even at energies greater than 50 keV, however, 

imaging will be crucial since SIGMA showed the presence of several high-energy sources located 

within 2° of the Galactic Nucleus. 

Lines f r o m Annih i l a t ion 

SPI will be able to measure the spatial distribution of the 511 keV line inside, 6md outside, the 

Galactic central radian, search for the possible anti-matter fountain, and measure the line width in 

the diEerent disc components giving information about the physical state of the interstellar gas in 

which the positrons annihilate. Balloon-borne instruments have not had the sensitivity to measure 

the line profile and determine clearly the physical conditions of t h e annihilation sites. The broad 

fields of view of these instruments (~ 18°) allow them to observe only the average properties. 

INTEGRAL will be 30 times more sensitive and have much better angular resolution. Also, the 

contribution from other positron emitting point sources to the 511 keV emission of the interstellar 

medium will be addressed by SPI (Schonfelder 1998). INTEGRAL will be able to map the diffuse 

emission, resolve the point sources and measure the spectrum of each component. 

Lines f r o m cosmic ray - in ters te l la r m a t t e r in te rac t ion 

After the revision of the COMPTEL results on nuclear interaction line emission from Orion, the 

intensity level at which nuclear interaction lines can be expected f rom the interstellar medium is 

entirely open again (Schonfelder 1998). The narrow line components from excited and ^^0* 

nuclei at 4.44 MeV and 6.13 MeV are typically 100 keV broad. The SPI sensitivities for such lines 

from a point-like source region will be about 1.5 x 10"^ photons cm"^ sec^^ and the sensitivity 

limit for the detection of these lines from the interstellar medium within the central radian of the 

Galaxy will be typically 1 x 10"^ photons cm"^ sec"^ rad~^, which is comparable to the COMPTEL 
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sensitivity limit (Schonfelder 1998). 

It may be possible to observe the and i®0* lines associated with Wolf-Rayet and OB star 

associations. The profile may depend on the composition of energetic particles in the stellar 

wind. SPI has the resolution to determine the profile and thus set constraints on the energetic 

particle composition. It is also expected that INTEGRAL will be able to measure the 

line ratio from Orion and the Galaxy. This ratio is also sensitive t o the wind particle composition. 

With the increased sensitivity it is expected that INTEGRAL m a y be able to detect -y-rays from 

other nuclear species: ^Li, ^Be, ^^B, ^^N, ^°Ne and ^^Ne. If the lines are broad then the 

sensitivity of SPI drops, and in this case IBIS may be better. 

C o n t i n u u m f r o m cosmic ray - in te rs te l la r m e d i u m i n t e r a c t i o n s 

The improved angular resolution of INTEGRAL should make i t possible to get a much better 

estimate of the total contribution to the Galactic 7-ray emission from unresolved sources. This 

remains one of the major uncertainties in previous work and has normally been neglected. The 

question of whether cosmic rays are enhanced in clouds (as might be expected if cosmic ray sources 

are embedded in them) can be addressed. 

In the MeV range, the 7-ray continuum may be used to study the low-energy cosmic-ray electrons. 

These emit via a combination of bremsstrahlung emission when they interact with the ISM 6ind 

inverse Compton radiation when they up-scatter 2.7K background photons. As discussed in chapter 

1, GGRO has observed -y-ray continuum spectra from the Galaxy. The OSSE results (Kinzer et 

al. 1999) are consistent with a 6° wide (in latitude) ridge in t he soft "y-ray region. It has been 

suggested (Kinzer et al. 1999) that this may indicate a diSerent cosmic ray electron distribution to 

the cosmic ray nucleon one. INTEGRAL'S complementary combination of high spectral and angular 

resolution will be able to explore this more fully. 

Trans ien t sources in t h e Galac t ic P l a n e 

Of particular interest to INTEGRAL is that SIGMA discovered highly variable 511 keV line emission 

from Nova Muscae, suggesting that these objects are signiHcant contributors to positron production 

in the Galaxy. Based on the mass function obtained from optical spectroscopy of A0620-00, and 

additional optical spectroscopy and mass functions measured for V404 Cygni and Nova Muscae, 
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which show they are certainly black holes, 6ind on the association of hard X-ray spectral components 

with black hole candidates (e.g. Cyg X-1), it appears likely tha t the soft transients are black 

holes in binary systems. Observations of outbursts from such systems will meet one of the primary 

objectives of INTEGRAL - the study of black holes - and high resolution spectral line observations 

will be essential to understanding positron annihilation emission in the Galaxy. 

Since INTEGRAL has a field of view of several tens of square degrees and almost all transient 

sources are within ± 10° of the Galactic plane, the observational strategy is to devote about 15% 

of the total observation time to scanning repeatedly (every few days) as much of the section of the 

Galactic plane as is possible within Sun constraints. The individual pointings will last for 300 sec 

and be spearated by 6°. In this mode transient sources along the plane will be detected near the 

maximum of the outburst and further detailed observations will be scheduled. It is expected that at 

leaat ten transient sources will be observed per year. The repeated scanning of the Galactic plane 

will also allow the monitoring of all sources in the plane for continuum and line variability. 

2.3.2 Galactic variables and t ransients 

The high sensitivity combined with excellent spectral, spatial and temporal resolution should enable 

INTEGRAL to offer new insights into the emission mechanisms of compact objects. Virtually all 

types of compact objects are signiGcant sources of high-energy emission. INTEGRAL will image 

these objects in unprecedented detail at high energies, and the spectroscopic capabilities of the 

mission will provide the Arst detailed physical diagnostics of these systems at "y-ray energies 

Cataclysmic Variables (CVs) 

INTEGRAL could study many such systems (> 100 CVs are known within 500 pc), and systemati-

cally study the high-energy properties of magnetic CVs of differing Held strengths, as well as search 

for hard X-ray tails in the more abundant dwarf novae systems. 

N e u t r o n s tar sys tems 

Repeated observations with SPI will provide the sensitivity and resolution necessary to look for lines 

within pulsar spectra. Higher sensitivity and resolution studies of the known sample of cyclotron 

line pulsars are required in order to study the line strength and shape as a function of pulse phase, 
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and to search these systems for higher harmonics, which may allow more details of the magnetic 

Geld to be determined. 

Higher sensitivity observations of LMXBs are needed to measure the cut-off energy and spectral 

indices to improve current models of LMXB hard X-ray emission. The hard X-ray component of 

LMXB spectra may be present only when the source is in a relatively low accretion rate state. 

Black Hole Cand ida t e s 

INTEGRAL, with its broad energy coverage (3 keV - 10 MeV), will provide an unparalleled oppor-

tunity to observe simultaneously the X-Z'y-rays from black hole systems. Grove et al. (1998) used 

OSSE data to search for broad and narrow lines at 170, 480 and 511 keV. They set 5cr daily flux 

upper limits of 5 - 15 x 10"^ photons cm"^ s"^. As can be seen from table 2.1 this is well above the 

SPI line sensitivity and so INTEGRAL offers the prospect of detecting these lines. 

Black hole binary systems are characterized by distinctive X-/j-ray signatures: the simultaneous 

presence of an ultra-soft X-ray spectral component with a dominant hard X-ray tail, or a power-

law-like spectral component which extends out to > 100 keV and contains the bulk of the systems 

luminosity. SIGMA data suggest that the black hole candidates have spectra signiScantly flatter 

than the neutron star systems, with photon spectral indices typically < 2, rather than > 2 as for the 

neutron star systems. Thus the bulk of the luminosity at high-energies appears in the hard X-ray 

and soft 7-ray bands for black hole candidates. It is important to confirm these results with higher 

signal-to-noise observations extending out to higher energies, where the turnover in the spectrum 

can be measured and the total luminosity thus constrained for neutron star and black hole systems. 

The much greater sensitivity of INTEGRAL will allow 511 keV lines to be measured at the much 

lower fluxes needed to estabUsh duty cycles for these presumed positron injection events. Compton 

rejection or scattering lines may also be measured aa well. 

2.3.3 Nucleosynthesis 

INTEGRAL will allow the 7-ray lines from nucleosynthesis to be resolved as never before. The 

shapes of 7-ray line profiles from supernovae will provide information about the expansion velocity 

and density distribution inside the envelope, whilst the relative intensities of the lines provide direct 

insight into the physical environment at the time of the production. 
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Supernovae 

Lehoucq et al. (1989) predict for supernova 1987A that wi th a mean-life of 78 years and 

estimated yield of lO^'^M©, will have a 7-ray flux during INTEGRAL'S life time in the 68 and 78 

keV lines easily detectable with SPI. The profile of these lines could be used to probe the symmetry 

of the expansion. It should determine if the asymmetric, redshifted 847 keV ^^Co hne, observed 613 

days after the explosion (Tueller et al. 1990), was due to an asymmetric explosion or preferential 

visibility of expanding material on the far side of the ejecta. However, if the 68 and 78 keV lines 

are broad then ISGRI might provide better sensitivity, therefore it is important that IBIS and SPI 

co-ahgned. 

G6mez-Gomar et al. (1998) have studied the prospects for Type l a supernova studies with INTEl-

GRAL. They convolved detailed SN la models with the IBIS and S P I response matrices to investigate 

whether INTEGRAL would be able to discriminate between 4 models (detonation, delayed detona-

tion, deflagration and sub-Chandrasekhar mass progenitor). They find the broad lines emitted by 

SN la reduce the sensitivity of SPI, however the strongest spectral feature (the 847 keV line) can 

still be detected at 3o- up to 11 - 16 Mpc. The broad band continuum waa detected at up to 4 Mpc. 

Combining this information, plus the line widths measured by SPI, it is possible to discriminate 

between any pair of models (except delayed detonation and sub-Chandraaekhar mass progenitor) at 

up to 4 - 6 Mpc and to detect SN la at up to 11 - 16 Mpc. 

The likelihood of detecting 7-ray line emission from a nearby type II supernova is much smaller 

because of the lower ®®Ni yield and the long obscuration time of type II supernovae to 7-rays 

(Schonfelder 1998). 

Novae 

Gamma-ray lines from classical novae have not yet been detected so far. Most promising are the 

hnes from the B̂e—> ^Li decay at 478 keV and from the ^^Na—^ ^^Ne decay at 1.275 MeV. For 

typical expansion velocities of a nova of 2000 km/s the line broadening will be 1.5% FWHM, i.e. 7.5 

keV FWHM for the 478 keV line, and 20 keV FWHM for the 1.275 MeV line. The sensitivity limit 

of SPI for such line widths is about 1 x 10"^ photons cm~"̂  sec""^ (Schonfelder 1998). It is likely 

that novae must be closer than 1 - 2 kpc (Hernanz et al. 1996) to become visible in these lines. The 

evolution of the line width with time will allow detailed studies of the dynamics of novae. Detection 
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of ^Be may go some way to explaining the unusually high abundance of ^Li in the universe. 

Supernova R e m n a n t s 

So far, "X-ray lines have been detected from two supernova remnants, namely Cas-A and the recently 

discovered COMPTEL-ROSAT remnant RX J0852.0-4622 (Schonfelder 1998). From both these 

remnants COMPTEL has detected the 1.157 MeV ^ T i line with fluxes between 3 and 4 x 10~® 

photons cm~^ sec"^. At these flux levels, SPI will be able to measure the line profiles from both 

objects in a deep exposure observation. The simultaneously emitted hard X-ray lines at 68 keV 

and 78 keV should be detectable by IBIS. The knowledge of the line shape will be of fundamental 

importance for the study of the physical conditions in the remnant. If the distance of the COMPTEL-

ROSAT supernova remnant is confirmed to be as close as 200 pc, this remnant should also cause 

part of the 1.809 MeV A1 emission detected by COMPTEL from the Vela region. 

Since the central radian of the Galaxy will be deeply exposed during the INTEGRAL core 

program, the prospects are good for Ending further, so far unknown supernova remnants with SPI 

during these observations. INTEGRAL will almost certainly discover previously unknown Galactic 

supernovae less than <^500 years old via the "y-rays from ^^Ti. A 100 year old supernova at a distance 

of 10 kpc would produce a flux of a few times lO^^photons cm"^ at 1.156 MeV which is quite 

detectable by SPI (Vedreime et al. 1998). 

2®A1 and ^^Fe 

In the case of the ^^Al Galactic distribution, the detection of the ^°Fe chain (^°Fe^ ^°Co-> ^''Ni) 

7-ray lines at 1.173 MeV and 1.332 MeV would be very helpful to clarify what is (are) the source(s) 

of this radioactive element. If its origin is type II supernovae, for instance, then as Al and ®°Fe 

are co-produced in the same regions they will have the same spatial distribution. On the other hand 

Wolf-Ray et stars would show ®̂A1 emission but not 7-rays from the ®°Fe chain (Schonfelder 1998). 

The increased sensitivity of SPI makes it possible to search for the change in the 1.809 MeV to 

microwave ratio between the iimer and outer galaxy that has been predicted by Knodlseder (1999). 

Observations obtained with the Gamma Ray Imaging Spectrometer (GRIS) balloon experiment 

reported a ®̂A1 line profile that was surprisingly broad (AE = 5.4 ± 1.4 keV) after removing the 

instrumental line width (Naya 1996). With better sensitivity and imaging capabilities SPI will be 
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able to measure the broadening of the line for diSerent regions, which GRIS, having quite a broad 

Geld of view 100°), couldn't do. In addition, SPI is expected t o be able to separate foreground 

sources and to locate them in the galactic disk through the measurement of the centroid of the line 

at the level of a few times 0.1 keV, which can be achieved depending on the Hux in the hne, and 

gives access to Av measurements of some 10s of km/s. Such a discrimination of foreground sources 

might have a significant impact on the total ®̂A1 mass which has to be produced in our galaxy to 

explain the ^^Al diffuse emission. 

2.3.4 Active Galactic Nuclei (AGN) 

The study of active galaxies in both fine and broadband spectroscopy will yield unprecedented knowl-

edge of the particle interactions which take place in the region where the central engine's energy 

meets the galaxy's matter. Concurrent monitoring by JEM-X and the OMC on-board INTEGRAL 

provide important simultaneous data in the X-ray and optical range, respectively. Because of the 

greatly improved sensitivity of INTEGRAL, arc-minute resolution imaging is absolutely essential to 

avoid source confusion from the large population of AGN, and to associate "y-ray sources unambigu-

ously with their optical, infrared and radio counterparts. 

INTEGRAL will allow detailed studies of typically 100 or more AGN to be performed using 

the classical tools of broad and narrow band spectroscopy, but with improved sensitivity, energy 

resolution and imaging capability. A very important feature of INTEGRAL observations will be the 

simultaneous wide spectral coverage (from 3 keV -10 MeV) which permits variations of the emission 

in the X-ray band to be directly related to "y-ray plasma processes. 

The imaging capabilities of INTEGRAL are not only required for the definitive identification of 

the 7-ray emitting AGN, but provide the opportunity for the serendipitous discovery of many new 

7-ray emitting AGN in the same way that many unexpected sources were found by the imaging 

instruments on board the EINSTEIN and EXOSAT satellites. The angular resolution of the IBIS 

and JEM-X coded masks will enable a source of hard X-/7-ray emission to be located to within 

an error cirlce of 1 - 5' in diameter, depending on the strength of the source, which is sufficient to 

ensure the identification of any newly discovered "y-ray AGN. SIGMA has demonstrated that the 

level of angular resolution designed into IBIS and JEM-X clearly is a necessity, even in the context 

of the extragalactic sky. SIGMA images of the sky region around 3C273 not only show emission 
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from the quasar but also from a location 15' away from it. This new source GRS 1227+025 is 

variable in the SIGMA domain and when it is in its high state its intensity is comparable to that 

of 3C273 in the 40 - 80 keV range, although its spectrum is softer. Thanks to its imaging power, 

SIGMA is able to separate the two sources and obtain reliable results on them individually, however 

an instrument with lower resolving power, such aa OSSE, would erroneously attribute all of the 

spectral and intensity variations to 3C273. Inspection of the sky near most other AGN invariably 

reveals the existence of other X-ray sources. The 3C273/GRS 1227+025 situation also illustrates 

the capability of the coded aperture "y-ray systems to study more than one object simultaneously 

and thus increase the scientific returns of the mission. The number of serendipitous extragalactic 

sources detectable by INTEGRAL is difficult to estimate precisely due to the current uncertainties 

in the spectral shape and intensity, aa well as the precise location of energy bregiks in the emission 

spectra, all of which may be variable in time. IBIS with its unprecedented senaitivity spanning the 

10 keV - 10 MeV range will certainly be able to detect a considerable number of AGN, determine 

the associated spectral breaks, and generate meaningful log N - log S distributions for the various 

AGN types. It is expected that '^lOO AGN will be detected by INTEGRAL in the hundreds of keV 

energy range. 

High resolution spectroscopy offers a unique chance to study the electron-positron annihilation 

line predicted by models under a wide range of parameters. Detailed measurements of centroid en-

ergy, width and shape will provide stringent constraints on the phyaicail parameters deep inside these 

distant sources. Although the characteristics of the central regions of AGN are still highly uncertain 

and no lines have been detected so far, theories suggest that AGN can emit 7-ray lines which would 

be detectable with a sensitivity improvement of ~10. Models of the positron annihilation radia-

tion from the galactic nuclei suggest that fluxes of > 10~® photons cm~^ s"^ in 511 keV emission 

could be expected from Cen A, NGC 4151 and other active galaxies, and should easily be detected 

by INTEGRAL. The INTEGRAL energy resolution will allow measurement of any redshift of the 

electron-positron line for AGN's with z > 0.001, i.e. for the majori ty of X-ray emitting Seyferts, 

BL Lac's and quasars. Comparison of 7-ray redshifts with those determined optically could provide 

intriguing insights into, for example, the depth of the gravitational well from which the high-energy 

emission emanates or any relativistic bulk motions of the high-energy plasma. Observations of red-

shifted annihilation lines could be particularly significant in the case of BL Lac objects for which 

optically determined redshifts are sometimes contradictory. Such redshifted lines could also provide 
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a clear signature of the possible extragalactic nature of serendipitous sources. 

The study of broad band spectral features also provides a powerful diagnostic for AGN studies. 

Material along the line of sight to an observer will change the spectral proGle of the emergent X-

/7-ray spectrum by photon scattering and absorption. The amount of material can be evaluated 

by the low energy turnover in the emission proGle. The search for, and study of, spectral features 

near 200 keV associated with Compton backscattering may lead to further deductions relating to 

the size and geometry of local cold matter behind a compact and luminous central 7-ray source. The 

strength and spectral profile of this emission is critically dependent on the relative location of nearby 

scattering material, such as the inclination angle of an accretion disc with respect to the direction 

between the prime 7-ray emitting source and the observer. Broad-band 7-ray spectral measurements 

may thus shed new light on uniAcation theories based on geometrical aapect, size of accretion tori, 

etc. 

The sensitivity of IBIS will allow detection of bright AGN in minutes, and this should allow IBIS 

to look at time variability on this sort of scale. IBIS will also study the polarization of ^-rays over 

the energy range (0 .2 -3 MeV) where Compton scattering dominates the interaction processes. Due 

to the fact that the 7-ray photons will be scattered from the nearby accretion disc, the emergent 

high energy radiation is likely to be strongly polarized. For the specific examples of 3C273 and 

Cen A based on the intensities seen by SIGMA/CGRO, IBIS will be able to observe in detail their 

polarization at 500 keV within a period of less than one hour if they aze 100% polarized and detect 

the existence of polarization at the 10% level. 

Recently, Dermer et al. (1997) used OSSE to observe Ultra luminous IR gala)des. They hoped to 

detect 7-rays from these sources to lend support to the idea that these are buried AGN. However, 

the upper Hmits they set tend to support the theory that the IR is from starbursts. INTEGRAL 

observations of these objects can measure the 7-ray emission and thus discriminate further between 

models. 

2.3.5 Galaxies and galaxy clusters 

The wide field of view of the INTEGRAL instruments is ideal for imaging whole galaxies and the 

resolution of IBIS will allow individual sources to be identified within each galaxy. It will also be 

possible to observe the collective emission of electron cosmic rays, supernovae in starbursts and jets 
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for example. 

INTEGRAL will be able to resolve galaxy cluster emission and thus discriminate between point 

sources (e.g. AGN) and diffuse sources (e.g. scattering of background photons in the intracluster 

medium) for those clusters currently detected. For many other clusters INTEGRAL will provide the 

Grst detection of "y-rays. 

2.3.6 Cosmic Diffuse Background (CDB) 

X-ray and EGRET measurements of the contribution to the background by AGN are clearly different. 

There is therefore expected to be a break, which is right in the INTEGRAL wave band. INTEGRAL 

should therefore help to reconcile these data sets and allow us to understand the contribution to 

the background by AGN more fully. High sensitivity, a wide field of view and high resolution will 

allow INTEGRAL to identi^ many more AGN, thus improving the current number statistics, and 

to measure their properties better thus improving the quality of data . 

Below 100 keV the CDB is thought to come from a super-position of Seyfert galaxies, whereaa 

above 3 MeV it is thought to be due to Blazars. In the range 100 keV - 3 MeV it haa been suggested 

(Watanabe et al. 1999) that the CDB is due to supernovae, mainly SN la. INTEGRAL'S high 

sensitivity will allow better constraints to be placed onto these models. Perhaps most importantly, 

INTEGRAL may be able to test for the presence of steps in the CDB due to the ®®Ni decay chain. A 

detection of these would be a massive step forward in understanding the CDB in this energy range. 

2.3.7 G a m m a Ray Bursts (GRBs) 

Both SPI and IBIS are powerful instruments for studying 7-ray bursts: SPI because of its excellent 

energy resolution and IBIS with its localization capability, large area and wide energy range. The 

energy range over which bursts are studied will be extended with the inclusion of JEM-X and the 

OMC. No current mission hag the combination of detection volume, energy resolution, energy range 

and localization capability of INTEGRAL. The expected number of GRBs per year detected within 

the fully coded field of view has been estimated to be 13 (SPI), 6 to 24 (IBIS) - where the lower and 

upper limits are given by the BATSE detection rate and extrapolation of the BATSE log N/log S 

distribution - and 2 to 6 (JEM-X) (Winkler 1998). GRBs in the IBIS field of view will be located 

with a precision <1'. IBIS will measure the polarization of the emission from GRB sources both 
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within and outside its fully and partially coded fields of view. 

The ability to localise GRBs to arc-minute levels, when combined with the continuous telemetry 

link, allows positions of GRBs to be obtained in near real time (Mereghetti 1998). It is currently 

planned to alert the scientific community to GRBs detected by INTEGRAL via the Integral Burst 

Alert System (IBAS). The search for GRBs will be performed on ground by means of a near real 

time analysis done by the IB AS at the INTEGRAL Science Data Centre (ISDC). Under normal 

circumstances telemetry frames are expected at the ISDC within 30 s. Triggering and validation of 

a GRB may require between 2 and 20 seconds, therefore it is hoped to issue alerts to the general 

scientific community within a few tens of seconds of the GRB occurence (Mereghetti 1998). The 

positional accuracy of a burst detected during slew should be about 10', whereas at the stzirt of an 

observation this could be lowered to 5' and during an observation may be further lowered to < 30" 

(Mereghetti 1998) 

GRB energy spectra may contain line features at energies around 30 - 50 keV (Briggs et al. 1999). 

The study of these features - the line shapes, energies and intensities as a function of time - will 

be a prime objective of INTEGRAL. However, INTEGRAL will perform interesting GRB science 

in many other areas too. It will define the continuum spectrum over a wide energy band (4 keV -

10 MeV) and resolve much of the controversy surrounding the various spectral components present 

in bursts. Since the GRBs will occur during routine pointings lasting typically 1 to 10 days, IBIS 

and SPI will observe the locations of GRB sources long before and long after the burst, making 

it possible to search for quiescent emission from burst sources at levels around 10~® of the burst 

emission. 

The OMC will search a 1000 square degree field of view with an angular precision of better than 

1' for transient optical emission accompanying bursts to a level of sensitivity of 12™ for a one second 

transient and 13.4™ for a ten second transient. About 20 GRBs per year will occur within the field 

of view of the OMC. The OMC will also detect flare stars within its field of view at a rate of a few 

per hour. 

The study of GRBs with INTEGRAL is a particularly attractive secondary objective, in view of 

the fact that no special pointings are required. This will be among the most interesting and significant 

"serendipitous" science to come out of the mission, due to the unprecedented combination of high 

energy and spatial resolution, and the large detector volume. 
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2.3.8 Serendipitous Sources 

The coded aperture imaging technique allows one to observe several sources in the Geld of view 

simultaneously (multiplexing). When combined with the large Gelds of view and high sensitivities 

of IBIS and SPI this means that observations will not only contain the source requested but also 

some background sources. In this way many new sources will be observed by chance. 

2.4 Orbi t 

INTEGRAL, with a total launch mass of about 4 tonnes, will be launched in 2002 into a highly 

eccentric orbit with a high perigee. This provides long periods of uninterrupted observation with 

nearly constant background and minimises the eSects of the electron and proton radiation belts. 

INTEGRAL will be launched using a Russian PROTON launcher. The initial orbit is a 72-

hour orbit with an inclination of 51.6°, a height at perigee of 10,000 km and a height at apogee of 

153,000 km. Though spacecraft design assumes compatibility for an ARIANE 5 48-hour orbit, with 

inclination 65°, height at perigee of 7000 km and height at apogee of 114,000 km. 

Owing to radiation eSects in the high-energy detectors, scientific observations will be carried 

out while the satellite is above a nominal altitude of 40,000 km. This means, that ~90% of the 

time spent in the orbit provided by PROTON can be used for scientiGc observations. An on-board 

particle radiation monitor allows assessment of the radiation environment local to the spacecraft. In 

case of low background environment, observations below 40,000 km altitude should be possible. 

2.5 S u m m a r y 

INTEGRAL is an ESA lead mission dedicated to fine spectroscopy and fine imaging of celestial 

"y-ray sources with concurrent X-ray and optical monitoring. INTEGRAL will be launched into 

a highly eccentric 72-hour orbit cmd is designed to last for 2 years. INTEGRAL will carry out a 

unique Galactic Plane Survey and its combination of high sensitivity, good spectral and good spatial 

resolution should allow it to identify and classify many 7-ray sources. 

INTEGRAL consists of four co-aligned instruments: Spectrometer (SPI), Imager (IBIS), X-ray 

monitor (JEM-X) and Optical Monitor (OMC). SPI is composed of 19 germanium detectors and 
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designed to give high spectral resolution (E/ AE = 500). IBIS uses two detector planes, one CdTe and 

one Csl, and is optimsed for high spatial resolution (12' FWHM). JEM-X consists of two xenon Elled 

gas chambers and primarily provides X-ray imaging to complement IBIS and SPI. The OMC uses a 

CCD with a Johnson V-Filter to cover the 500 - 850 nm wavelength range and provide simultaneous 

optical images. The whole spacecraft is S-axis stabilised and has t o maintain sun orthogonality to 

provide power for the payload. 

Although i n t e g r a l ' s orbit is optimised so that it avoids charged particle belts as much as 

possible, there is still an overwhelmingly large particle and radiation background in space. This is 

composed of cosmic rays, di&ise cosmic "y-rays and radioactivity induced within the satellite due 

to particle bombardment. Therefore, even with good spectral and imaging qualities, the particle 

and radiation background of space introduces important systematic background ejects. The latest 

technique employed to minimise the effects of background noise is maas modelling, which is currently 

being developed at Southampton. The application of this technique to the INTEGRAL mission forms 

the bulk of this thesis and is discussed in the following chapters. 
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Cliaptcr 3 

The INTEGRAL Mass Model 

(TIMM) 

3.1 W h a t is mass modelling? 

In the early days of satellite missions "mags models" contained complete descriptions of the payload 

components and were used to determine accurately the final mass of the satellite. With the recent 

dramatic increases in computer power "mass modelling" has evolved to mean the production of a 

computer (or analytical) model that replicates the dimensions, chemical composition and distribution 

of mass of the system. This provides a complete model of payloads and spacecraft, which can be 

used to evaluate the background noise and instrument performance characteristics. 

With any space-based project detailed modelling of the payload needs to be carried out prior to 

launch to assess the instrument performance. The modelhng procedure requires a good model of the 

radiation environment as well as a good description of the payload and spacecraft. Simpler models 

will already have been used during the design phase. Monte Carlo modelling is then used to predict 

the instrument's response to the background radiation environment as well as to the sources (Green 

et al. 1996). 

Modelling of the eEects of the radiation environment on the payload and spacecraft is vital for 

"X-ray astronomy. The instruments are required to work at very low signcil-to-noiae ratios and so a 
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good quality background model is needed to optimise the scientific return from the payload. 

The model can have various degrees of accuracy depending on the results it is required to produce. 

For instance, if a background noise spectrum and counting rate Eire to be calculated within an on-

board astronomical -y-ray telescope, then the distribution of mass and composition of the material 

is important but very fine detail is not required. When investigating more complicated ejects such 

as shadowing on the detector plane then more detail, especially in front of the detector plane, is 

necessary. 

Mass modelling can be used to estimate: 

* Continuum and hne sensitivities 

« Background spectra 

" Background counting rates 

» Trigger rates (used to estimate dead time) 

« Detection e&ciency 

» EEects of spacecraft on payload 

» Sheidowing of detector planes 

# Telemetry rates 

Since the output of the Monte Carlo simulation is eSectively positions, energies and times of 

interactions, the on-board processing algorithms can also be tested. This can be achieved in software 

by creating algorithms that model the electronics of the system. The software can then be used to 

replicate the modes of operation of the detector. This would usually involve applying lower and 

upper energy thresholds and then selecting events by their multiplicity (i.e. single-site or multiple-

site events). Events below the low-energy threshold are normally ignored, whereas those above the 

high-energy threshold can be ignored or can raise an over-Sow Hag. This makes it possible to test 

the algorithms to be used in-Eight. Vetoing strategies can also be applied and tested. By varying the 

algorithms (or models) one can see the difference between active and passive vetoes. The eSects of 

dead time and pile-up can be investigated for an active veto strategy. By placing energy thresholds 

on the veto crystals a more realistic estimate of their efficiency can be obtained. By using the same 
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output file format as the real telescope the analysis software can be tested. More complex algorithms 

to generate images from coded masks or Compton telescopes can be developed and refined. The 

mass model provides a place where the eSects of any changes to the instruments can be determined. 

This is found to be useful during the design phase when instrument components may need to be 

moved, or if a post-launch fault develops and the instrument characteristics have to be re-evaluated. 

The coded aperture technique relies on the ability of the mask to cast a shadow on the detector 

plane. Due to the penetrating nature of g'-rays, some of the support structure is semi-transparent 

and so a bright off-axis source may cast a shadow of the support structure, or other instruments, 

across the detection plane. This shadow will be super-imposed on the recorded shadow of the mask 

and, if not removed, will ultimately reduce the sensitivity of the telescope. An assessment of the 

severity of this problem can be made with a complete mass model and, if necessary, algorithms to 

account for the problems or remove the shadows can be developed. 

Models can also be used to create background data sets for use in data analysis. 

3.2 How is mass modelling done? 

To simulate the response of a "y-ray telescope to the particle and radiation background of space, the 

package must have the following qualities: 

(1) Be able to model all relevant particle types over the entire energy range necessary, i.e. photons, 

electrons, neutrons, protons, alphas, etc. 

(2) Contain the cross-sectional data for all possible interactions. 

(3) Follow the transport of the incident particles and their secondaries, through the material of 

the whole space vehicle. 

(4) Be able to calculate the induced radioactivity in all parts of the payload and the spacecraft. 

(5) Be able to simulate the induced radioactive decays, taking into account all the possible 

isotopic types, together with their lifetimes and decay products, and to follow the transport of these 

secondaries through the payload. 

Although there are many Monte Carlo packages on the market no single one can perform cill the 

tasks outlined above. Lei et al. (1996) presented the following summary of available Monte Carlo 

packages: 
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® EGS4: Developed at SLAG, it models photons and electrons ( > 1 keV). 

9 GEANT: Developed at CERN, it deals with photons and electron (>10 keV). 

# FLUKA: Developed at CERN, it models energetic hadrons. 

« HETC: Developed at Oak Ridge. It deals with energetic hadrons. 

8 MCNP: Developed at Los Alamos. It is capable of simulating photons, electrons and low 

energy neutrons (thermal to 20 MeV). 

• MICAP: Low energy neutrons interactions. Developed at Oak Ridge. 

9 MORSE: Low energy neutrons interactions. Developed at Oak Ridge. 

9 ORIHET: Calculates induced radioactivitity. Developed at Oak Ridge, RAL and Southamp-

ton. 

It is therefore necessary to adopt an approach that combines the power of a number of diEerent 

packages into an integrated suite of programmes. To this end the Southampton group are developing 

the GGOD suite of software (Lei et al. 1996). This combines GEANT/GCALOR, with ORIHET 

and a Southampton developed code called DECAY. The development and testing of the DECAY 

code is the subject of chapter 4. 

3.2.1 The G G O D Monte Carlo simulation suite 

The GGOD suite of software, currently being developed at Southampton, is based around the 

GEANT package developed by CERN which models the interaction of particles and photons (E^ >10 

keV). GGOD combines the GEANT/GCALOR code and the ORIHET package with a locally de-

veloped code to process activated isotopes (the DECAY code). One of the main features of GGOD 

will be the ability to model decays of activated nuclei, which is important when modelling space-

based instruments where the induced radioactivity is one of the major contributions to the detectors 

background noise. The basic data flow within GGOD is shown below (figure 3.1). There are three 

inputs to the GGOD suite: the detailed geometry of the 7-ray telescope, including the spacecraft, 

in GEANT format; the radiation environment in which the telescope is operating; and the radiation 

history, which is necesary to calculate the induced radioactivity over a period of time. 
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Figure 3.1: The data flow within the Southampton developed GGOD sofl^ware suite, taken from Lei 

et al. (1996). The GEANT/GCALOR packages are used to track photons and particles, storing 

both interactions and isotopic production rates. From the production rates determined, ORIHET 

calculates the decay rates at any given epoch. DECAY uses each isotope's decay scheme to generate 

the photons and particles necessary to model their decay, and these are passed to GEANT/GCALOR 

for tracking. 
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The capabilities of GEANT have been extended, by combination with other packages, to allow 

modelling of interactions of many types of particle over a wide energy range. The whole GOOD suite 

tracks photons (E^ >10 keV), electrons, energetic hadrons and low energy neutrons (10"^ eV - 20 

MeV) using GEANT/GCALOR. GGOD also logs isotope production rates in the model materials, 

which will then enable the simulation of radioactive decays (using the DECAY code). The complete 

GGOD software therefore, enables the tracking of both prompt and delayed background components. 

The first step in modelling any satellite is to construct the geometry of the satellite within GGOD. 

This is done using detailed technical drawings, chemical descriptions of the materials used and the 

masses of the component parts. The satellite geometries are made up of several volumes, each of 

which is a simple polygonal shape such as a cube, cone, etc. In general the larger scale structures 

are modelled Grst, and then the smaller volumes are placed within them to model the Ener details. 

This gives the overall mass model geometries a tree-like logical structure. The exploded view of the 

geometry of the nuclear "y-ray spectrometer SPI, on board the INTEGRAL spacecraft, aa shown in 

figure 3.2 gives an idea of the level of detail a "simple" maas model can cichieve. 

Having constructed the model, the next step is to simulate the photon and particle environment 

to which the instrument is subjected. The required input spectra for the various background sources 

(cosmic rays, cosmic di&ise "y-rays, atmospheric -y-rays and neutrons) are taken &om the literature 

detailing previous measurements. The radiation history is put into ORIHET to allow calculation of 

the isotopic decay rates. Practically, as shown in Ggure 3.1, the geometry and environment are put 

into GEANT/GCALOR which tracks the prompt components (calculating X, Y, Z, E, t) and logs 

isotope production rates. ORIHET converts the production rates, using the radiation history, into 

decay rates for each isotope. The isotopes, and their decay rates, will be used by DECAY to model 

the appropriate induced radioactivity within GEANT (therefore calculating X, Y, Z, E, t). The 

prompt and delayed components can then be added together to determine the total background. 

3.3 W h a t sources of background are t h e r e in space? 

One of the major problems with 7-ray astronomy is the very low signal-to-noise ratio. As a conse-

quence of the optimisation of the instrument design to the detection of 7-ray photons, the detectors 

are also optimised to detect particle and photonic background. The spectrometer detectors in par-

ticular are optimised for the detection of 7-ray lines from radioactive decays in astrophysical sources, 
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Figure 3.2: An exploded view of the j-ray spectrometer SPI, showing the complexity of a mass model. 
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however, as a consequence of this they are also very good at detecting the decay of isotopes within 

the spacecraft and payload. Therefore the sources of background in the space environment can be 

thought of in terms of three groups: those from space (cosmic di&ise "y-rays and cosmic rays); those 

from the Earth (atmospheric 'y-rays and neutrons) and those &om the satellite (induced radioactiv-

ity). 

3.3.1 Cosmic diffuse 7-rays 

Cosmic diffuse gamma radiation, although of astrophysical importance in its own right, forms a 

background against which observations must be made. It can reach the detector, and gives a count 

rate which competes directly with that derived from the astronomical source of interest, by either 

entering the aperture or penetrating the shields. However, because of its isotropic nature, constant 

spectral shape and lack of rigidity dependence, it is the simplest of all the sources of background 

noise to evaluate in a quantitative manner. In the deep space environment this source will be truly 

diffuse. For near-Earth orbit the shielding effect of the Earth must be taken into account. At balloon 

altitudes, because of the attenuation and occupation by the Earth, and more important, due to the 

fact that the atmosphere itself is a bright source of 7-rays, the cosmic diffuse 7-ray contibution 

becomes less important compared to that from the atmosphere (Dean, Lei and Knight 1991). 

Dean, Lei and Knight (1991) summarised the many attempts t o measure the cosmic diffuse 7-ray 

background (Agure 3.3). 

The spectrum in figure 3.3 can be adequately fit by the expression: 

d7/(E.y) = 87.4E-^'^dE photons cm-^s-^^keV'^sr-^ (3.1) 

While this doesn't account for the apparent "MeV bump", this will not be a significant source 

of error. However, the difficulty of measurement of the cosmic diffuse 7-ray background means that 

there is debate over its spectral character. Above 15 keV Lei et al. (1996) give: 

~ photonscm"^s"^keV""^sr"^ (3.2) 

While The INTEGRAL Mass Model (Lei private communication) uses; 

= photonscm"^s"^keV"^sr"^ (3.3) 
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Figure 3.3: The cosmic diffuse gamma radiation spectrum (taken from Dean, Lei and Knight 1991). 
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Recently Kinzer et al. (1997) used HEA01-A4 data to derive a new spectral shape (Ggure 3.4): 

d#(E.y) = 828.5E-^'^^dE photons cm-^s-^keV-^sr '^ (3.4) 

From figure 3.4 it can be seen that current COMPTEL results indicate no "MeV bump" and 

provide a reasonable agreement with the HEAO results. The difference between equations 3.1, 3.2 

and 3.3 is less than a factor of 2 in flux over the energy range 10 keV - 10 MeV, and this will not 

have a huge effect on the background calculated. The spectral shape derived from the HEA01-A4 

results gives a similar Hux, the steeper spectrum biasing this toward low energies. Since high-energy 

'y-rays are rare the change of slope will probably not have too much eSect in most cases. 

3.3.2 Cosmic rays 

Cosmic rays are very high-energy particles (mainly protons and a lpha particles) of unknown origin 

that bombard the Earth's upper atmosphere. The cosmic ray Gux at a given position in space is 

modulated by the solar activity. The Earth's magnetic Geld aEects their penetration to the vicinity 

of the Earth, an efFect known as the rigidity cut-oE. Away from the Earth the isotropic cosmic ray 

flux is of the order of 4 protons cm~^ s~^ at solar minimum and about 2 protons cm"^ at solar 

maximum (Lei et al. 1996). In addition to protons, around 12% of cosmic rays are alpha particles. 

Figure 3.5 taken from Dean, Lei and Knight (1991) shows the form of the cosmic ray spectrum. The 

proton curve is fitted by a spectrum (calculated between 10 and 100 GeV) of: 

f = 3.23 X protons m^^s^^sr^^MeV"^ (3.5) 

Cosmic rays are the dominant source of background noise in a "y-ray telescope. Direct cosmic ray 

passage through the detector does not normally contribute to the background noise since almost all 

of the energy deposited in the detector can be rejected by active veto systems. Its real contribution 

to the background noise comes from local radiation and induced radioactivity. Local radiation is the 

secondary particles generated by the cosmic ray in the materials of spacecraft and detector. Among 

them 7-rays and neutrons are the most important ones to the detector background noise, as the 

eEects of charged particles would also be rejected by active veto systems. 
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3.3.3 Neutrons 

Neutrons are generated by cosmic ray interactions in the atmosphere and throughout the bulk of 

the spacecraft (or balloon) and telescope. The intensity of albedo neutrons from the atmosphere is 

a function of rigidity cut-o^, and falls with distance from the Earth squared. For a high Earth orbit 

aldebo neutrons are not important. 

Generally speaking, active veto systems cannot discriminate against the background caused by 

neutron interactions inside the primary detector. The main reason for this is that neutrons can 

pass through material without depositing energy and so a veto signal is not produced. A further 

complication is that neutrons produce delayed background (via induced radioactivity) which may 

not be coincident in time with the veto deposit. Neutrons may interact with the detector by the 

following processes: 

" Neutron Absorption (ui'y): A neutron may be captured by the nucleus to form an excited 

level equal to the binding energy of the composite nucleus. Multiple 'y-ray lines are normally 

emitted resulting from the prompt de-excitation of the excited level to the ground state. Many 

of these 'y-ray photons can be vetoed due to the escape of one, or several, of the simultaneously 

produced photons from the detector which lose their energy in the shield. 

» Inelastic Scattering (n,n''y): A fast neutron may collide inelasticaHy with a nucleus and excite 

it to a higher level energy state e. The critical energy required for such excitation is: 

= (nin + M)e/M 

where is the neutron mass and M is the mass of the target nucleus. The inelastic scat-

tering of neutrons will result in the production of many discrete lines superimposed upon the 

continuum produced by the absorption. In practice, excitation of these nuclei lead to a small 

background contribution (Dean, Lei and Knight 1991). 

» Elastic scattering (n,n'): A neutron collides elastically with the target nucleus and is scattered 

isotropically in the centre-of-mass frame. The average amount of kinetic energy lost from the 

collision is equal to 2A/(A+1)^, where A is the mass of the target nucleus. For intermediate and 

heavy nuclei such as Na, I, and Cs, the amount of energy transferred is small and the intrinsic 

energy state of the recoil nucleus remains unchanged. This component is unimportant above 
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100 keV, but for high resolution germanium spectrometers its existence must be taken into 

account (Dean, Lei and Knight 1991). 

Other interactions such as (n,2n), (n,p), (n,a), etc, do produce radioactivity but their contri-

butions to the background are negligible (Dean, Lei and Knight 1991). Armstrong et al. (1973) 

calculated the neutron spectrum at various depths in the atmosphere (at 42° N) resulting from 

cosmic proton and alpha particle bombardment (Ggure 3.6). 
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3.3.4 Atmospher ic 7-rays 

At balloon altitudes, and for low Earth orbits, the atmospheric "y-rays cause more problems than 

the cosmic diAise 'y-rays, whose spectrum is much steeper, particularly at energies above about 1 

MeV. However, inside the atmosphere, the cosmic disuse "y-rays a re di@cult to separate from the 

atmospheric fluxes. Published experimental data normally include t h e total 7-ray fluxes as measured 

in the atmosphere. For the case in which telescopes operate at balloon altitudes, therefore, it is the 

practice not to distinguish the background noise caused by the diSFerent gamma radiations. 

The intensity in orbit of the albedo ^y-rays falls with distance f rom the Earth squared, and these 

are not important in high Earth orbits. Imhof et al. (1976) used a lithium-drifted germanium detec-

tor, placed on a low altitude satellite, to obtain a spectrum for the atmospheric 7-rays (figure 3.7). 

This can be fitted near the equator by: 

photons cm"^s"^keV"^8r"^ (3.6) 

and near the pole by 

A^(E.y)o(E"^^^ photons cm"^s"^keV^^sr"^ (3.7) 

3.3.5 Act ivated or induced radioactive background 

Activation of isotopes occurs due to the intense particle bombardment in space. This can happen via 

proton, alpha or neutron capture, or via spallation reactions. These isotopes tend to be unstable and 

so eventually decay. Over a period of time therefore, the spacecraft and detectors become radioactive. 

This creates a further source of photon and particle background t h a t haa to be modelled. 

Practically, modelling this component involves working out the production rates of the difl'erent 

activated isotopes, then the activation of the volume as a whole, and then simulating all the decays 

that occur within each volume in the required time period. 

3.4 The need for modelling of rad ioac t ive decays 

Bloemen et al. (1994) reported the detection of "y-ray emission from Orion in the 3 - 7 MeV range 

with COMPTEL. They identified this with 4.44 MeV and 6.13 MeV lines from and ^^0* 

respectively, due to charged particles interacting with matter in Orion. The observed flux they 
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found was 1 x 10 '̂̂  photons cm"^ s"^ ( 3 - 7 MeV), and was much larger than expected, suggesting 

a strong enhancement of Carbon and Oxygen in Orion. 

Bloemen et al. (1997) presented new observations, which seemed to confirm the previous report 

of 3 - 7 MeV emission with a 6ux of 1.28 x 10"^ photons cm"^ s"^. In addition they suggested that 

the emission is due to multiple sources (covering Orion A, B and the Mon R2 clouds). The emission 

appeared to be from broad 4.44 MeV and 6.13 MeV lines, and there may even be features due to 

line splitting. 

Unfortunately, Bloemen et al. (1998) announced a retraction of these results. Having used time-

of-Hight analysis techniques to separate genuine source photons f rom background, they found that 

the previous results were distorted by '̂̂ Na decays. This isotope happened to give two site events 

of "-'5 MeV which were previously mistaken for source photons. 

This example illustrates the complex nature of the induced component of the background and 

the clear need for modelling of this component. Within the GGOD suite this will be accomplished 

using the DECAY code (see chapter 4). 

3.5 The INTEGRAL Mass Model (TIMM) 

Most of the modelling work presented in this thesis has been carried out within the framework 

of the INTEGRAL mission and its particular modelling project, The INTEGRAL Mass Model 

(TIMM). Within the INTEGRAL project, in addition to the individual instrument teams models, 

there is an independent mass model (TIMM) that aims to provide unified and independent modelling 

of the entire payload Eind spacecraft. This mass model is constructed using information supplied 

by instrument teams about the mass distribution and chemical composition of material in their 

instrument. This information is collated, together with information about the spacecraft structure, 

to form a Monte Carlo model of the whole payload, which can be used to provide the following 

benefits to the INTEGRAL project: 

# Assessment of the relative performance of each instrument. 

« Assessment of the effect the payload has on a particular instrument. 

» Transferability of calibration results between instruments. 
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The INTEGRAL Mass Model - Data Flow Diagram 
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Figure 3.8: The data flow within TIMM. 

• Uniform evaluation of event rates in detection elements. 

• Assessment of on-board software algorithms and telemetry requirements. 

• Assessment of off-axis shadows. 

• Assessment of degradation of the instrument response due to particle bombardment in space. 

• Assistance in post-launch trouble shooting. 

Figure 3.8 shows the data flow diagram for TIMM. The model has at least eight inputs, and 

can provide detailed output data at a number of stages. The three most important inputs are the 

payload and spacecraft description, the radiation environment and the radiation history. These 

three inputs are combined in the detailed Monte Carlo package GGOD which is being developed at 

Southampton. 
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Given these three inputs, the TIMM Monte Carlo produces details of every energy deposit that 

occurs in the spacecraft and payload. In practice the information stored is limited to energy deposits 

in active components. However, if required, counting rates and spectra for the energy deposited in 

the non-active components could be produced. This could be useful in dose determination for com-

ponents. For every energy deposit the volume and energy are stored. This data can then be binned 

to produce component counting rates, spectra, etc. To make these products comparable with real 

data the instrument logic and response needs to be accounted for. For TIMM this involves thresh-

olding events and then selecting events dependent on multiplicity t o generate a simple background 

spectrum. In future the spectral response could be added in to create a more realistic background 

spectrum. To generate sensitivity curves the spectral response is already used, but post-calibration, 

a more accurate knowledge of the response will improve these curves. The final step for TIMM would 

be to create code that converts the simulation results to the format of the raw spacecraft telemetry. 

The simulation results could then be analysed using the same software as the real spacecraft data. 

The INTEGRAL instruments will be thoroughly tested and calibrated prior to launch. However 

after launch, the instrument characteristics may change, or components may fail, and these type 

of changes to the instrument performance will undoubtedly result in a slightly different analysis 

procedure. Unlike previous missions there will be no INTEGRAL flight spare, so if problems do 

arise there will be no physical test bed. Instead, there will only be computer based simulation tools 

and the results of ground and in-orbit calibrations. It is an aim of TIMM to be as detailed as possible 

by launch, to enable testing of new algorithms and trouble-shooting if problems do occur (Green et 

al.l996). 

Undoubtedly, some of the best science will be achieved by combining the data from all the 

instruments to attain good spectral, spatial and timing resolution over nearly four decades of energy 

(/-vS keV to <-̂ 10 MeV). There is little communication between the instrument teams and so it 

is important that the complementarity and interaction between the instruments is independently 

assessed. This task is overseen by the INTEGRAL Science Working Team (ISWT), and they have 

agreed that an independent mass model and simulation programme is essential for the evaluation of 

the combined instrument characteristics. 
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3.5.1 How does T I M M fit in to the project? 

TIMM is independent of the instrument teams and so ESA can call upon the mass model team 

to provide an independent estimate of instrument performance if required. The uniform nature of 

the modelling of all the instruments also means that sensible inter-instrument comparisons can be 

carried out. In its eventual form, TIMM will provide the best model of the instrument background 

and can also form the basis of a detailed source simulation tool. In the longer term, the background 

data generated by TIMM could be used to improve the sensitivity of the Galactic Plane Survey. 

3.5.2 Relationship with the ins t rument teams 

The relationship between TIMM and the instrument teams exists on two levels: 

» The mass model relies on the instrument teams for the data input, in terms of geometry and 

chemical composition of materials, and processing and histogramming algorithms. 

« The instrument teams should be aware of, and interested in t h e results of, the mass model and 

the teams should work together to explain any discrepancies in results of simulations. 

3.5.3 Model detail 

Depending on the purpose of the maas model different levels of detail will be required. For instance, 

if a background spectrum and counting rate is to be calculated then the distribution of mass and 

composition of the material is important but very fine detail is not required. However, if shadowing 

of a detector plane by a strong o@-axis source ia to be investigated then very Gne structure is required, 

especially for IBIS where the detector pixels are ~4 mm in size. A strong consideration is the time 

needed, first in constructing the model, and then in running it. A very fine detail model will have 

large time overheads and if, aa in the background case, a fine model is not required then that time 

is wasted. It is therefore planned to have three different levels of model: 

» Major structures - detailed modelling of active components. Crude support structure and 

auxiliary devices for non-active components. 

o Minor structures - more detailed structural information for non-active components. 
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» Fine Detail - Very detailed geometrical modelling of structural components which are in front 

of the detection planes. 

Though the cruder models should have the correct mass of components, the precise geometrical 

modelling may not be accurate. Although the major model will be a subset of the minor model 

and fine detail models, it will be possible to use only the major model throughout the project for 

a speedy result. When calculating background rates the major model will be sufficient, but to 

investigate shadowing then only the fine detail model will be appropriate. 

3 . 5 . 4 S t r u c t u r e o f T I M M 

The VI.Oa M a j o r component model 

This was the first major component mass model and is based on data inputs received after the ISVR 

(1996) and before the Instrument Baseline Design Review (IBDR, 1997). The model is not very 

complex containing only 160 volumes (see Ggure 3.9). 

The IBIS model (figure 3.10) consists of the mask, hopper and tube structures. The active 

volumes modelled are the ISGRI, PICsIT, BGO veto and the BGO calibration source tagging crystal. 

The mask contains several epoxy resin and adhesive layers as well as the actual tungsten mask 

elements (1.12 x 1.12 x 1.4 cm). The most important volumes are the active ones - ISGRI, PICsIT, 

and the BGO crystals - and these are modelled in the most detail. The ISGRI detector plane is 

modelled as a plane of CdTe cells (0.46 x 0.46 x 0.2 cm) with aluminium slats filling the gaps. The 

16384 cells are placed into 8 modules. PICsIT is modelled in the same fashion, with 4096 Csl cells 

(0.92 X 0.92 X 3 cm) placed into 8 modules. The side and bottom vetoes are modelled using 16 BGO 

crystals (bottom 16 x 32.5 x 2 cm, side trapezia 40 x 36 x 2 cm) plus aluminum housing structures. 

The calibration source is modelled as a box containing a cylindrical BGO tagging crystal which has 

a pyramid shaped cut-out. The open end of the cut-out allows the source to view the detector plane 

of IBIS. 

The major component model for JEM-X (figure 3.11) was built by Dr Andy Green using data 

taken from the JEM-X EID-B v2.2. The JEM-X model consists of 3 main components, the mask, the 

collimator and the detector. The mask consists of a central tungsten ring and support structures. 

The outer ring is an L-shaped ring made of Cu/Be. The mask pattern is made up of individual 

hexagonal tungsten mask elements placed into a vacuum. The JEM-X collimator consists of a 
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Figure 3.9: The INTEGRAL Mass Model version 1.0a. 
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Figure 3.10: An exploded view of the IBIS model taken from TIMM vl.Oa. 
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Figure 3.11: An exploded view of the JEMX model taken from TIMM vl.Oa. 

set of slats made of 3 materials, Molybdenum, Copper and Aluminium, arranged as a sandwich 

(Al/Cu/Mo/Cu/Al). The detector box is modelled as a complicated poly-cone which provides the 

gas container. There is a beryllium entrance window, stainless steel field guiding plates and the 

xenon detector gas. Within the model the xenon gas is split into tvyo volumes, a sensitive volume 

between the field guiding plates and a non-sensitive volume occupying the remaining space. The 

material xenon is actually a 90% xenon - 10% methane mixture. The final part of the JEM-X model 

is the Detector Front End Electronics (DFEE) and its mounting brackets which are modelled using 

aluminium boxes and trapezia. 

The spacecraft model (fig 3.12) consists of two main parts, the payload module (PLM) and the 

service module (SVM). The payload bench is the part of the spacecraft that the instruments will 

be mounted on and is modelled as a flat aluminium honeycomb box with 2 holes cut in it for the 

JEM-X DFEE. There are two boxes attached to the payload bench, the Remote Terminal Unit 

(RTU) and the Power Distribution Unit (PDU). The SVM is modelled as 6 Aluminium honeycomb 

boxes, to form the sides of a rectangular volume, with the thrust cone mounted inside. There is also 

simple modelling of the electronics boxes which are mounted on the side walls of the SVM and of 

the spherical fuel tanks (titanium filled with 10% hydrogen) positioned at the SVM corners. The 
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Figure 3.12: An exploded view of TIMM vl.Oa with the spacecraft structures labelled. 

walls of the PLM and the electronics mounted on the PLM are all modelled in a simple way. 

As with IBIS the most important parts of the SPI model (figure 3.13) are the active components, 

the germanium detectors, the plastic veto and the BGO veto. The plastic veto is 0.5 cm thick and 

sits on top of the mask, which is modelled as 63 (3 cm thick, 3 cm radius) tungsten blocks. There 

are 19 germanium detector pixels, each of which is 7 cm thick and 3 cm in radius, though the actual 

germanium radius is 2.82 cm and the remaining 0.18 cm is a beryllium sheath. The crystals are 

mounted inside the cryostat (a hexagonal Be box). The BGO veto shielding consists of an upper 

veto ring, a middle veto ring (both containing BGO crystals plus carbon fibre holding structures) 

and a lower veto ring containing the rear and side shields. The outside of the SPI instrument is 

modelled using aluminium tubes. 
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Figure 3.13; An exploded view of SPI taken from TIMM vl.Oa. Only the mask veto crystals, detector 

p t i e k and c n / o a W are s/iou;n. 
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Figure 3.14: Ray traced, cut-away, view of the v2.0 spacecraft model. Note the redesigned payload 

bench and the general increase in detail. 

T I M M v2.0 - pos t I B D R m o d e l 

In this phase the model was updated to the IBDR specification and, for the first time, the DECAY 

code was implemented within GGOD. The main changes required t o reach the IBDR specification 

were to the spacecraft (fig 3.14) and SPI (fig 3.15) models. The payload bench was changed to 

reflect the fact that it is actually a complicated shape. The electronics mounted onto the payload 

bench were modelled in much greater detail. The corners of the SVM were cut away, forming a more 

realistic octagonal shape. The electronics mounted onto the SVM walls were modelled as individual 

components, rather than lumps of aluminium, and the new shape of the fuel tanks was implemented. 

The amount of detail within the SPI model was increased dramatically. Within the mask, the 

veto was moved to under the mask and a new support structure was placed on top of the mask. A 

more detailed model of the detector crystals and cryostat, taken from Goddard Space Flight Centre 
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Figure 3.15: Ray traced, cut-away, view of the v2.0 SPI model. Note the change of external shape 

and the increase in detail around the collimator rings. 

code, was also implemented. Though the veto and supports of the upper and middle collimator rings 

weren't changed, further support structures, electronics and PMTs were added. The outside wall of 

SPI, formerly a single A1 tube, was rebuilt using several tubes and cones to form a more detailed 

approximation of SPI. A further major change was the addition of the active Stirling Cycle Coolers 

and the passive radiator to the outside of the SPI structure. 

As well as the geometrical changes to TIMM, the event modes produced by the output from the 

model were also changed to match those of the instrument teams. 

T I M M v2.1 a n d v2.2 

The main changes between the v2.0, v2.1 and v2.2 models involved the JEM-X instrument. In the 

earlier models JEM-X was physically present, the data structures were unused, and to some extent 
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unusable. Whilst some geometrical changes were made to the mask, these were very minor. The 

major changes to TIMM in these models were the extension of GEANT to lower energies and the 

re-writing of the JEM-X data structures. The energy range of JEM-X, 3 - 3 5 keV, falls below the 

low-energy cut-off of the default GEANT tracking (10 keV). This meant that some investigation was 

required to set-up GEANT to track photons, within the JEM-X materials, down to an energy of 1 

keV. Once this waa done, and the output data structures were re-written, the model waa re-run to 

produce usable JEM-X background data. 

T I M M v3.0 - post In s t rumen t Hardware Design Review ( I H D R ) 

Toward the end of 1998, the first post-IHDR model, version 3.0 of TIMM was completed. Between 

v2.2 and v3.0 there were very minor changes to JEM-X and the spacecraft. The main differences 

between v2.2 and v3.0 are the addition of the Optical Monitoring Camera (OMC) and star trackers 

to the model. 

The main change to the JEM-X model is the addition of an active veto. This is a tube of 

xenon/CH^ which surrounds the active xenon/CH4 in the detector. Within the spacecraft minor 

adjustments of the JEM-X DFEE and the PLM wall positions have been made. For the 6rst time 

the Optical Monitoring Camera (OMC) is placed into TIMM. The OMC is modelled aa a tube, with 

a ba@e on the top, and an optics system at the bottom. It is mounted on the PLM walls at the side 

of JEM-X. Chemically the OMC is composed mostly of aluminium. The star trackers are attached 

to the PLM walls on the opposite side to the OMC. The star trackers have a very simple structure: 

a baGle with optics and an electronics box underneath. 

TIMM v3.1, v3.2 and v3.3 

These are transitional versions, testing out the possibility of using Euclid Gles to contain the geome-

tries and materials (making TIMM more portable) and of converting from Sun Solaris to RedHat 

Linux operating systems. In v3.3 the calibration source was completely remodelled, and is now 

composed of a thin titanium sheet plus a thin BGO sheet (the tagging crystal) and two PMTs. 
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Figure 3.16: Geant++ drawing of version 3.4 of TIMM. 

T I M M v3.4 - p r e - I n s t r u m e n t Cr i t ica l Des ign Rev iew ( I C D R ) 

This is the latest, pre-ICDR, version of TIMM (fig 3.16). The main changes are to SPI and to 

the event modes output from the model. The SPI cryostat has been rebuilt based on designs from 

Saclay. The SPI mask has been altered to a more detailed design, consisting of support structure, 

mask elements, plastic veto and PMTs. The output from TIMM has been re-written to fix some 

small bugs in the event modes, and generally tidy up the output code and event modes. 

A further small change to the model is the addition to the star tracker of a small (1 cm^ and 

50 yum thick) square of sensitive silicon to simulate the active part of the silicon CCD chip. This is 

to allow estimation of the likely prompt fiux within the star tracker during both normal operations, 

and in particular, during solar flares. 
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3.6 S u m m a r y 

Gamma ray astronomy is made diGicult because of the low signal-to-noise ratio. It is therefore 

importEint to understand the background in great detail to maximise the scientlGc return of a mission. 

The latest technique to do this involves building a computer model (a "maas model") of the spacecraft 

and payload, and putting the radiation enviroimaent and history into a Monte Carlo simulation code. 

This allows one to estimate the background noise within the detectors. This technique is known as 

mags modelhng. 

To allow a full and proper simulation of the INTEGRAL mission, the Southampton group are 

involved in creating a software suite (GGOD) that will allow simulation of both prompt and delayed 

components. The GGOD package makes use of developed codes such as GEANT/GCALOR and 

ORIHET, but locally this has been extended by developing the DECAY code. This code allows one 

to process the induced (or delayed) component of the background and is described in the following 

chapter. 
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Chapter 4 

The DECAY Code 

4.1 In t roduc t ion 

As mentioned in the previous chapter, The INTEGRAL Mags Model (TIMM) will utilise the 

Southampton developed GGOD software suite. In preliminary versions of GGOD a very approxi-

mate code wag used to model the induced decays, which for detailed investigations is inadequate, 

and so a more accurate code was required. This improved code, called DECAY, is described in this 

chapter. 

The combination of the GEANT and GCALOR codes can only track particles via prompt pro-

cesses, such as ionisation and scattering. These codes can't process the products of activation, the 

decay of which may be delayed from the original interaction by seconds to years. To achieve this 

a code is required to process the production rates of activated isotopes and, using the half-hves of 

those isotopes, calculate the decay rates at any given epoch. Within GGOD this is carried out using 

the ORIHET code. Once this has been done then one can simulate the delayed component of the 

background via the DECAY code. DECAY is required to allow simulation of the radioactive decay 

of any given isotope. To meet this requirement it is necessary to have decay schemes available for 

all (or many) of the known isotopes. The necessary isotopic data was taken from the Evaluated Nu-

clear Structure Data Files (the files used were ordered by parent nuclide i.e. the PENSDF2 data files) 

database held at Brookhaven National Laboratory (BNL) by the National Nuclear Decay Centre 

(NNDC) and the BNL. All types of decay, except spontaneous fission and delayed particle decays, 
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have been included in the DECAY code. 

In the following sections the physics modelled by the DECAY code is summarised, then the code 

itself is discussed (sec. 4.3), followed by the preliminary tests (sec. 4.4). After preliminary testing 

of DECAY three more complete tests were used to validate GOOD as a whole. These tests are 

presented in sections 4.5 - 4.7. 

4.2 Physics behind the s imulator 

There are many di&rent types of particle and photon emission t ha t have to be simulated in order 

to fully model a decay, ,8 decay and isomeric transitions (IT). The primary emissions such as a, 

and particles are necessary to produce even a crude model. For more accuracy the secondary 

emissions (^f-rays and conversion electrons) would be included, and for the most accurate modelling 

the tertiary emission (X-rays and Auger electrons) would also be required. The processes that give 

rise to these particles and photons are described in this section. 

4.2.1 Alpha decay 

In heavier nuclei the binding energy per nucleon is low enough to allow for the emission of a particles 

by Coulomb repulsion (Eq 4.1). 

-^z_2 -^jv-2 + o: 

In the one-body model the alpha is imagined to be pre-formed within the nucleus and it moves 

backwards and forwards within a potential well that describes the nucleus (Hg 4.1). The potential 

energy outside the nucleus is described by Coulomb repulsion. Every time the a particle presents 

itself to the barrier it has a very small chance of passing through. Over a period of time the alpha 

particle is presented to the barrier many times and eventually penetrates it by quantum mechanical 

tunneling. This model accounts for the fact that unstable nuclei don't decay immediately. After 

emission of the a particle the daughter nucleus may be left in an excited state, this will result in a 

releaae of one or more "y-rays as the nucleus de-excites. 
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Y( r ) pnpixttunal to r ' 

Q 

Relative potential eneigy of alpha particle, 
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separation. Inside the nuclear surface at r= a, 

the p3tential is repie^nted as a square well; 
t e jDiid the surface, only the Coubmb repulsion 

operates. The alpha partick tunnels through the 

Coulomb barrier from a to b. 

Figure 4.1: one pofenfiaZ/or a (feca;/, Q :a (/le f o W oraiZatZe energy (^aometimea 

called the disintegration energy) and V is the potential energy at distance r from the nucleus centre. 

4.2.2 Beta""" decay 

Beta"*" decay actually accounts for two phenomena, /)"*" decay and electron capture (EC). In 6̂"*' 

decay a proton in the nucleus is converted to a neutron with the releaae of a positron and a neutrino 

(Eq 4.2). The positron and the neutrino share out the energy and this leads to a continuum of 

emitted positron (e"*") energies rather than a single prominent peak. 

-^jv+i + e"*" + z/ (4.2) 

In EC an electron is captured from an atomic shell (Eq 4.3). T h e shell from which the electron 

is captured can vary, and is not limited to the inner ones (i.e. the K and L shells). 
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+ e — + z/ (4.3) 

Both /9+ and EC can leave the nucleus in an excited state Arom which emission of 'y-rays can 

occur. 

4.2.3 Beta decay 

In the nucleus a neutron is converted to a proton and an electron, with emission of the electron, 

(then known as a P " particle) and an anti-neutrino (Eq 4.4). Similar to /?+ decay these two particles 

share the energy of the interaction giving a spectrum which is a continuum rather than a set of finite 

peaks. Gamma-ray emission may occur if the end state is an excited one. 

+ 6 + V (4.4) 

4.2.4 Gamma-rays 

Gamma-rays are secondary products of a and decay processes. After the initial particle is emitted 

the nucleus can be left in an excited state. This is an unstable situation and de-excitation occurs, 

where the nucleus emits "y-rays to reduce its energy state Eind become stable again. Most "y-rays 

have energies over 100 keV, though it is possible to get many below this energy. The numbers and 

energies of 7-rays emitted are well defined by the possible energy levels of the nucleus as shown in 

the decay scheme in figure 4.2. 

4.2.5 Conversion electrons 

Instead of emitting a ^-ray, the energy of an excited nucleus can be used to eject an orbital electron, 

which is then known as a conversion electron and can range in energy from /^keV to -^MeV. Sim-

plistically, one can think of the "y-ray emitted &om the nucleus as interacting with one of the atomic 

shell electrons, and ejecting it from the atom. The number of electrons emitted can be calculated 

from the conversion coe&cient. When the electron is emitted it leaves an unfilled electron shell and 

this leaves the atom unstable. After conversion electron emission, one of the outer electrons will fall 

inwards to fill the hole and thus make the nucleus more stable. This process will release either a 
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characteristic X-ray or an Auger electron, and will happen numerous times, until the atomic shells 

have adjusted and are stable again. In any process where 'y-ray emission occurs, conversion electron 

emission is also possible. 

4.2.6 X-rays and Auger e lectrons 

Characteristic or Huorescence X-rays are the products of electron shell transitions as shown in 6g-

ure 4.3. The X-rays have an energy equal to the binding energy of the Gnal shell minus the binding 

energy of the initial shell, which is usually below 100 keV. K shell X-rays, which involve transitions 

between the other shells and the K shell, are the highest energy X-rays with L shell X-rays and then 

M shell X-rays and so on at progressively lower energies. 

The other products of electron shell transitions are Auger electrons. The emission of X-rays and 

Auger electrons are competing processes and are therefore mutually exclusive. As shown in 6g 4.3, 
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Figure 4.3: Origin 0/ %-raya and .4uger e/ectrona. 

Shell X-ray energy (keV) Auger electron energy (keV) 

K 40 to 100 

L ~10 

M - 3 

N - 1 

20 to 80 

~5 

Table 4.1: Typical X-ray and Auger electron energies. 

Auger electron emission occurs when a shell electron absorbs an X-ray and is thus emitted. Auger 

electron energies are equal to the binding energy of the Gnal shell minus twice the binding energy of 

the initial shell. As expected from their origin, Auger electrons are lower energy phenomena than X-

rays (table 4.1). The relative numbers of X-rays compared with Auger electrons can be determined 

from the Auorescence yield (Eq 4.5), and varies depending upon the transition concerned. 

Nk 
( -6 .4 + 3.4^-0.000102'")^ x 10 (4.5) 

(1 - AT*) 

In equation 4.5, Z is the proton number and N* is the number of K shell X-rays (Marmier and 

Sheldon 1970). 
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4.2.7 Isomer ic t rans i t ions (IT) 

Unlike a and decays isomeric transitions do not emit a primary particle. This type of decay occurs 

when a nucleus is in a semi-stable excited state, a metastable state, which may last for seconds and is 

therefore temporally separate from the decay that created it. This semi-stable conGguration decays, 

effectively via nuclear de-excitation, with emission of 7-rays. As wi th all 7-ray emission there is a 

chance of conversion electrons, X-rays and Auger electrons also being emitted. 

4.3 The DECAY code 

Before the code is described there is a brief summary of the pre-processing steps that were taken to 

create the databases used by DECAY. 

4.3.1 Pre-process ing 

The PENSDF2 files contained more data than was required and therefore it was decided to pre-

process the data Ales. The How chart (fig 4.4) shows the steps the pre-processing program went 

through. The PENSDF2 61e waa opened and then searched through to Snd the relevant information. 

Having located a useful block the Data Set Identification (DSID), which contains the name of the 

parent isotope, the daughter isotope and the decay type, waa read in. The next piece of information 

read was the parent record, which contains the initial energy of t he parent isotope, in case it is a 

metastable state, and the Q value of the decay. The records from then on, except comment and 

some continuation records, were read in and dealt with as appropriate. 

A l p h a records 

The a records contain the energy, intensity and the nuclear energy level decayed to. If necessary the 

intensities of the a decay were normalised to create percentage probabilities. 

B e t a + / E C records 

The ;8"*"/EC records contain the total intensity, the intensity, the electron capture intensity and 

the nuclear energy level each /?+/EC decays to. If necessary the /3+/EC intensities were normalised 



to create the Hnal ,8+/EC probabilities. Continuation records containing the probabilities for electron 

capture from the various electron shells were also read in. 

NO RECORDS 

YES 

N O 

E N D 

PENSDF2 FILE 

Look for more 

Normalise branching ratio 

Read in Lhe useful record: 

Search forr Alpha, Beta+, Beta-, IT 

Calculate the branching 
ratio of the gamma-rayB 

Nbrmalite the beta and 
alpha probabilities 

Output probaklities, aiergies, 
intQTsibes Kc. 

E N D 

E N D 

Figure 4.4: The pre-processing program flow chart. 

Beta" records 

The /?" records gave the intensity, the endpoint energy of the /? and the nuclear energy level decayed 

to. As usual, intensities were normalised if necessary. 

Level records 

The level records contain the energy of each of the levels within the decay scheme. 
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G a m m a records 

The 7 records contain the energy, relative intensity and the nuclear energy level from which the 

'y-ray originates. The intensity waa used to calculate normalised branching ratios for the "y-rays. 

The continuation records, containing the conversion electron coefBcients, were also read in. 

O u t p u t p h a s e 

Once all of the PENSDF2 information for an isotope had been read in, and processed, the new 

database Gles were written. The Grst records output were the a, ;8+/EC or IT records. The a 

records contain 4 columns: an identifier (1, 2, . . . ) , the a energy, the a. intensity and the coincident 

energy level. The records contain four columns: an identifier (1, 2, . . . ) , the intensity, the 

endpoint energy and the coincident level. The ;8+/EC record contains 8 columns: an identiGer (1, 2, 

. . . ) , the /?+/EC intensity, the coincident level, the probability, t he probability of EC from the 

K, L and M+ shells respectively, and Gnally the endpoint energy (for There was no output for 

the isomeric transitions, just a key that identifies the decay type. 

For decays the endpoint energy of the ^ particle was either read in from the PENSDF2 61e 

or calculated using equation 4.6. For decays the endpoint energy was always calculated using 

equation 4.6, where the endpoint energy (E^) was calculated from the Q-value, the energy level that 

the decayed to (Egndievei) and the initial energy level of the parent isotope (Eparent) for meta-stable 

states. 

~ Q Eendlevel ^parent 

Equation 4.6 assumes that the (anti-)neutrino is maasless and gives results which are approxi-

mately correct. 

The second records output were the energy levels, which took the form of two columns, containing 

the level number and the energy. 

Following this the 7 records were output in 9 columns: the 7 number, its energy, the normalised 

branching ratio, the coincident level and the probability of a 7-ray or a K, L, M, or N+ shell con-

version electron. The conversion electron probabilities were calculated from the conversion electron 

coefficients. The coefficients give the ratio of electrons ejected from a particular shell to 7-rays 
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emitted for the transition. From this the probability of 7-ray emission can be derived in terms of 

the conversion coefRcients (Eq 4.7). 

, _ , _ , (4.7) 
(cKfr 4- CKj; + OlM + CKN + 1) 

In equation 4.7 P-y is the "y-ray probability and a* etc. are the relevant conversion coeScients. 

Prom this equation further derivation proves that the probability of K, L, M and N+ conversion 

electron ejection is equal to the probability of 7-ray emission multiplied by the conversion coefficient. 

The fourth record output was the information record, this contains the parent isotope, the 

daughter and the decay type. Below this, the probability of this type of decay occurring and the Q 

value for the decay, are output. 

If the isotope concerned hag another possible decay path then the above processing procedure is 

repeated. A data file therefore contains all the possible decay paths for an isotope one after emother. 

For each isotope there may be more than one data 6Ie if the isotope has a metastable state, these 

are treated in GGOD like separate isotopes because their half-lives and decay products are diSerent 

from the ground state isotopes. 

4.3.2 Simula t ion 

The first step in the simulation procedure is to read in and store the data. Once this is done the 

simulation can begin. Naturally, the Srst thing simulated is the initial a, or EC event. After 

this the nuclear de-excitation is simulated, and then if appropriate, atomic de-excitation is modelled 

(fig 4.5). Isomeric transitions are slightly different in that there is no initial particle, and they are 

therefore treated in the same way as nuclear de-excitation. 

After the primary decay has been simulated the results are output . The output consists of the 

decay type, the intensity of the particle and the level to which the initial particle decayed. Also 

output are the energies (endpoint energies for jS decays) of the particles. If EC has occurred then 

atomic de-excitation is simulated. 

The secondary decay is then simulated if there are any 7-rays coincident with the current nuclear 

energy level. If there are coincident 7-rays, their energies and branching ratios are output, and then 

their emission is simulated. Firstly the energy to be emitted was determined, then whether this is a 

7-ray or a conversion electron is determined depending on the conversion coefficients. If a conversion 
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electron is produced then the simulator models the release of X-rays/Auger electrons that usually 

occur after such a process. If a "y-ray is emitted then its energy is output along with the new level 

decayed to. If this level is the ground state (energy = 0 keV), then output of the parent isotope and 

the decay type occurs. If this is not the ground state, then the process of determining the coincident 

'y-rays and simulating emission occurs again. If no coincident 'y-rays are found then the energy level 

represents a metastable state and the decay simulation ends. Another decay of this isotope can then 

be simulated, but since the information is stored the read in phase can be ignored. If a new isotope 

is required then the simulator has to read in the new decay information. 

N o 

If primary 
is EC 

YES 

Conversion 
electron 

Simulate emiss ion 
to new energy 
level 

conversion electron 

Gamma-ray 

Read in information 
from database 

Simulate primary particle 

Simulate atomic de-excitation 

Simulate nuclear de-excitation 
or Isomeric Transition 

STOP 

Ground or metastable state 

Figure 4.5: The simulation program flow chart. 
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4.3.3 Cons idera t ion of l imi ta t ions 

To understand the results it is important to be aware of the limitations of the simulator. The main 

limitation occurs in the generation of the Auger electrons and X-rays, where there is appreciable 

uncertainty in the intensity of those originating from the higher shells. For the K and L shell X-rays 

and Auger electrons the energy levels involved and the fluorescence yields used were calculated with 

reasonable precision and the results for these are therefore quite acceptable. For the M, N and 

N+ shells the fluorescence yields were arbitrarily set, so that equal numbers of Auger electrons and 

X-rays were produced for these levels, and this could prove wrong. In future a better approximation 

of the Euorescence yields will 6x this problem and improve the results. 

A further limitation is that the decay schemes used are uncertain in some cases, leading to 

unavailable or unuseable data files. This is a problem of the database and can only be fixed when 

newer versions of PENSDF2 are created. 

4.4 Preliminary tests 

The accuracy of the results from the DECAY code is heavily dependant upon the inputs to the 

code (i.e. the production rates calculated within GEANT/GCALOR, the decay rates calculated 

by ORIHET and the decay schemes from the database). Any errors, systematic or statistical, that 

occur in the production rates, will of course be magnified within ORIHET and then again within 

DECAY. Within GEANT/GCALOR the volume in which activation occurs is stored, but not the 

actual position of activation, and so surface effects etc. can not be investigated. It is beyond the 

scope of this thesis to validate GEANT/GCALOR, however this will effectively be done in sections 

4.5-4.7, when GGOD is tested. In this section there is a brief examination of the ORIHET code, 

followed by an in depth look at the DECAY code. 

4.4.1 Val ida t ion of decay ra t e s calculated by O R I H E T 

The calculation of the decay rates involves taking the production rates (in atoms/s) and converting 

them to produce the decay rate expected after a certain time has elapsed. This is complicated by 

the calculation of the decay rates of the daughter products (and their daughters etc) as well. 

For this test a very simple activation rate file containing only was created. The production 
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rate was set to 100 atoms/s for an irradiation time of 1 year (3.1536 x 10^ s). Table 4.2 shows the 

resultant decay rates, along with calculated decay rates for comparison. The calculated rates were 

produced using the decay constant (A), and assuming that all of the atoms were produced 

at the beginning of the year. The number of atoms that would have decayed during the year was 

calculated, and this waa then divided by the initial number of atoms to produce the decay rate at 

the end of the year. This is very crude, though it should give answers within a factor of ten of the 

correct answer, which is confirmed by the ratio of ORIHET to calculated values shown in column 4. 

The ORIHET and calculated values for the first three isotopes in t h e chain ^^^Pa and ^^^Th) 

are within a factor of two. For the later isotopes in the chain the difference ranges between a factor 

of four and six. Allowing for uncertainties within ORIHET and the crudeness of the calculation this 

is not too bad. 

Isotope ORIHET value Calculated value Ratio Generation 

1.12 X 10-^^ 6.52 X 10-14 0.17 11 

211py 1.12 X 10-1'^ 6.52 X 10-14 0.17 9 

1.12 X 10-14 6.52 X 10-14 0.17 10 

2"Po 3.36 X IQ-i^ 1.63 X 1 0 - " 0.21 11 

215pQ 1.12 X 10-1^ 6.52 X 10-14 0.17 8 

2i«Rn 1.12 X 10-14 6.52 X 10-14 0.17 7 

223pY 1.57 X 10-iG 6.52 X 10-iG 0.24 5 

1.12 X 10-14 6.52 X 10-14 0.17 6 

227 Ac 1.12 X 10-14 6.52 X 10-14 0.17 4 

227Th 1.11 X 10-14 6.45 X 10-14 0.17 5 

23lTh 1.01 X 10-'^ 9.85 X 10-» 1.025 2 

231pa 1.07 X 10-12 2.08 X 10-12 0.51 3 

235^ 1.01 X 10-^ 9.85 X 10-» 1.025 1 

Table 4.2: Comparison of decay rates produced by ORIHET with those calculated for a U source 

produced at the rate of 100 atoms/s for one year. Column 4 contains the ratio ORIHET to calculated 

ra^e. 

The decay rates are not just affected by the half-lives of the individual isotopes but also by the 
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decay rates of the isotopes preceeding them in the decay chain (Ag 4.6). 

In table 4.2 there is good agreement between the ORIHET result and the calculated value for 

235y 'Y'̂ g half-life of the second isotope in the chain (̂ ^^Th) is so short that over a year it is 

expected to fully decay away. The decay rate for ^̂ ^Th would be 1 (i.e. all the produced atoms 

decay), however when the production rate from is accounted for, the decay rate of ^̂ T̂h is 

the same as that of The third isotope produced is ^^^Pa, and from its half-life the decay rate 

should be ^ 2.12 x 10"^, however again the production rate must be taken into account (9.85 x 10"^ 

atoms/s) and therefore the true decay rate will be 2 x 10"^ .̂ Following this process through, the 

decay rates for all of the other isotopes in the chain were calculated. If these are compared with the 

ORIHET values, then it can be seen that there is reasonable agreement, especially when taking into 

account the crudeness of the calculation. 

Having brieGy shown that ORIHET works acceptably well the DECAY code is now considered. 

The decays of four different isotopes are simulated, and the spectra produced are compared with 

their decay schemes. These tests have been carried out using a Icm^ CsI(Tl) detector, placed inside 
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a Nal well detector, with a Ge detector covering the aperture (fig 4.15). This is a more complex 

setup than is necessary because later a comparison between simulated and real data &om just such 

a setup will be presented. 

4.4.2 

The first test carried out was to model the /3~ decay of "̂̂ Ne to ^^Na. Since this was a falsely created 

test case, and ORIHET was not used, decays of the daughter do not need to be considered. The 

Q value for this decay is ~2470 keV and 100% of decays lead to a 472 keV 7-ray with 8% of those 

being accompanied by a 874 keV 'y-ray. To obtain a spectrum with good statistics 1 milhon events 

were simulated. When a decay occurs it is expected that the /? particle will deposit some (or all) of 

its energy within the CsI(Tl) crystal (the range of a 2.5 MeV electron is about 2.5 mm in CsI(Tl)). 

A few of the particles may escape the CsI(Tl) crystal and deposit energy in the germanium or 

sodium iodide detectors. Only about 12.5% of the particles will start within 2.5 mm of the edge of 

the CsI(Tl) crystal, and of these one could roughly assume one half will be travelling in the correct 

direction to leave the crystal. The transmission of CsI(Tl) at the -y-ray energies considered is so 

high that most of the "y-ray energy will escapse from the C8l(Tl) crystal. The CsI(Tl) spectrum wiU 

therefore be largely dominated by the continuum. The spectra of the other two detectors will be 

dominated by the 7-ray lines. The 472 keV line should be the largest line, but it is unclear whether 

the 874 keV Hne or the sum peak (at 1346 keV) will be the second most dominant hne. This is 

dependant on the detector geometry. 

The simulated CsI(Tl) spectrum (Gg 4.7) is dominated by the continuum as expected. The 

simulated spectra obtained with the germanium (fig 4.8) and sodium iodide (fig 4.9) detectors are 

dominated by the ^-ray lines from the decay and are completely diSerent to that from the CsI(Tl) 

(Rg 4.7) detector. 

The spectrum measured within the germanium detector shows peaks at '^30 keV, '^160 keV, 

~310 keV, 472 keV, 874 keV and 1346 keV. The peak at 30 keV is probably related to K shell 

X-rays from the CsI(Tl) crystal. The geometrical setup simulated makes it quite likely that photons 

produced within the CsI(Tl) crystal could be scattered between both the Ge and Nal detectors. This 

would create backscatter peaks and Compton edges within the detector spectra. A large backscatter 

peak in one detector should be accompanied by a large Compton edge in the other detector. The 
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Figure 4.8: Modelled spectrum produced by "^^Ne decay within a Icm^ CsI(Tl) crystal, as measured 

with an adjacent Ge detector (no energy resolution has been applied). 
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Figure 4.9: Modelled spectrum produced by '^^Ne decay within a Icm^ CsI(Tl) crystal, as measured 

with an adjacent Nal detector (no energy resolution has been applied). 
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backscatter peak for a 472 keV "x-ray would be at 165.76 keV and the Compton edge would be at 

306 keV. There is evidence in the modelled spectrum for both of these features. For an 874 keV 

"y-ray the barkscatter peak would be at 197.7 keV and the Compton edge would be at 676.3 keV. 

Looking at Ggure 4.8 there is evidence of an increase in counts around '̂ <660 keV, but the count 

rate is already boosted around 190 keV and it is therefore hard to clearly see the backscatter peak. 

The sum peak at 1346 keV is clearly observable. The fact that there are two "y-rays emitted at the 

same time gives the opportunity for many other combinations such aa double backscatter peEiks etc. 

These are very rare, aa one would expect, though the increase in counts around 500 keV and 820 

keV could be due to combination of backscatter and Compton edge photons. 

The Nal spectrum contains less noise than the germanium spectrum because of the greater active 

volume and higher stopping power. The number of counts observed within the Nal is clearly very 

much larger than in the Ge. Again there are peaks at '^30 keV, ^170 keV, ^ 3̂00 keV, 440 keV, 472 

keV, "-̂ 500 keV, 874 keV and 1346 keV. These have the same explanations as in the Ge caae. In 

this spectrum there a clearer case for a feature at ^195 keV (i.e. the backscatter from the 874 keV 

'y-ray). In comparison with all the other lines, the 170 keV line looks to be broadened and this could 

be the superposition of the two backscatter peaks, the 170 keV being more important because there 

are many more 472 keV -y-rays. Within both the Ge and NaJ spectra, there appears to be evidence 

of the backscatter peaks and Compton edges associated with both the 472 keV and the 874 keV 

'y-rays. These are probably due to scatter of 'y-rays between these two detectors. 

4.4.3 

Having looked at /3~ decay, the second test case considered the /?+/EC decay of to 

Figure 4.10 shows the spectrum detected in the CsI(Tl) crystal. The main peak is at 37 keV, and 

this is almost certainly due to (M and above shells to the K shell) X-rays. The peak at 31 keV is 

probably due to (L to K shell) X-rays. The remaining peak at 4 keV is probably due to X-rays 

from the L shell. Auger electrons are not very common for this isotope and may not be present 

at all in the spectrum. The lack of any continuum suggests that these decays are mainly electron 

capture and not which is as expected &om the decay database. The modelled spectrum is fairly 

consistent with the decay scheme (also shown in fig 4.10). 
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The third decay modelled was the /3~ decay of ^^^Cs to At first glance the spectrum modelled 

in the CsI(Tl) detector is rather unusual (Gg 4.11). 

The shape however can be explained in terms of the simultaneous emission of the /3~ particle and 

a 7-ray. The total spectrum is clearly not just a /? spectrum. The multiple site spectrum, though 

not perfect, is recognisable as a /? spectrum. The single site spectrum resembles the total one. The 

single site spectrum is calculated from all those events whose energy was deposited solely within the 

CsI(Tl) detector. The multiple site spectrum is the spectrum observed in the CsI(Tl) detector from 

those events that interact in at leaat one other detector. The multiple site spectrum is composed 

of events where the particle is largely contained within the C8l(Tl), but the "y-ray (or most of 

its energy) escapes. For the single site spectrum both the particle and 'y-ray (or a large fraction 

of the -y-ray energy) are contained within the CsI(Tl). Above 662 keV there are great number of 

events that are plus 7-ray within the single site spectrum, and these distort the shape of the 

total spectrum. 

In the Nal spectrum (Gg 4.12) there are clear peaks at <̂ 30 keV, "-̂ ISO keV, ^^480 keV, ^ 6̂32 keV, 
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662 keV and ^ 6̂92 keV. The 30 keV hne is undoubtedly due to K shell X-rays. The backscatter peak 

of the 662 keV 'y-rays would be at 184 keV, and this is clearly visible, as is the end of the Compton 

continuum at 477 keV. The dominant feature of the whole spectrum, as expected, is the 662 keV 

photopeak, however there is a possible feature at 632 keV. This could be due to a 662 keV "y-ray 

minus the K shell X-ray. This would be unlikely to occur in high numbers, but is nevertheless a 

possibility. There is also some evidence of the continuum above 662 keV. The germanium spectrum 

(hg 4.13) is similar to the Nal spectrum. The K shell X-rays are visible, aa are the backscatter and 

Compton continuum features. Between the end of the Compton continuum and the photopeak there 

are some events and these are most likely to be multiple scatters. The photopeak is, as expected, 

very dominant, however there is not much in the way of a continuum after it, which is probably 

explained by the reduced stopping power and smaller active area of the Ge detector. 

4.4.5 201 Fr 

The last decay considered was the a decay of ^°^Fr to ^®'̂ At. Figure 4.14 shows the spectrum as 

modelled in the CsI(Tl) detector from the decay of ^°^Fr. There is only one peak and that is at 
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7388 keV. From Firestone et al. (1996) it is predicted that the a particle should have an energy of 

7388 keV, which is in exact agreement with the simulations. All of the a particle energy is deposited 

within the CsI(Tl) crystal because the range of an a particle is very much smaller than the crystal 

size (range of an 8 MeV a in silicon is <20 /im (Knoll 1989)). 

4.4.6 Conclusions of p re l iminary t es t s 

Four isotopes have been used to test the ability of the DECAY code. The spectra produced by 

the radio-isotopes within the three detectors have been compared with expectations, and have been 

found to agree reasonably well. It has been shown that the ORIHET and DECAY codes can generate, 

to reasonable accuracy, the correct isotopes, with their proper decay rates, and can then simulate 

these isotopes accurately. For GGOD to be validated it would also be necessary to test GEANT and 

GCALOR. This is outside the scope of this thesis, though the next three sections present tests of 

the whole GGOD package, which will effectively provide some validation of GEANT and GCALOR. 
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4.5 Simulations of beam test da ta 

4.5.1 I n t r o d u c t i o n 

The first comparison of GGOD to real data involved modelling the delayed eEects of proton bom-

bardment on a CsI(Tl) crystal. Lei et al. (1993) used a proton beam baaed at the SATURNE National 

Laboratory in Saclay to bombard 1 cm^ CsI(Tl) crystals with 0.2 and 1 GeV protons. After proton 

bombardment the crystal was placed into the well of a Nal cyhndrical veto detector. Onto the aper-

ture of the Nal crystal a Ge veto detector was placed (Gg 4.15). This setup allowed the measurement 

of the internal radiation of the crystal, plus the coincident external events. By removing the external 

coincident events one is left with a spectrum of events that happen completely within the CsI(TI) 

crystal. This spectrum was measured at various intervals after the end of irradiation of the crystal 

and thus decay rates and spectral evolution could be investigated. This experiment was originally 

carried out to assess the internal background of CsI(Tl) crystals, with particular reference to the 

INTEGRAL mission. Therefore, it is of increased relevance to the INTEGRAL mission to be able 
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to model these results in order to achieve a better understanding of the future background. This 

experiment was primarily concerned with measuring the relative strengths of "y-ray hnes to allow 

isotope identification. No eSort was made to optimise the detectors or electronics to record the 

events in absolute terms. It should therefore be noted that some discrepancies between the real and 

modelled data may arise due to this lack of optimisation. 

The first step in modelling this situation was to run a simulation of the proton bombardment to 

calculate the isotopes produced, and their rates of production, using GEANT/GCALOR. From this 

the decay rates at a period of time after the end of irradiation were calculated using ORIHET. These 

decay rates were then put into a second simulation to create the Gnal spectrum. To produce a more 

reahstic spectrum, for the purpose of comparison, both energy resolution and low energy thresholds 

were applied to the simulated data. The energy resolution of the CsI(Tl) crystal used is given in 

equation 4.8 (Bird, private communication). Lei et al. (1993) gave the low-energy thresholds of all 

three detector crystals as 70 keV. 

f TynM(%) = 2891 X Energy(keV) - 0 . 9 0 3 1 (4.8) 
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4.5.2 Resu l t s 

Figure 4.16 shows the measured spectral evolution with time after irra<iiation. The spectral evolution 

given by the simulations (Hg 4.17) shows broad agreement. Below 100 keV the real data are probably 

shghtly unrehable, as the results are strongly inf uenced by the electronics of the C8l(Tl) detector, 

and so this part of the spectrum is largely ignored &om now on. In the real data, the 6rst feature at 

170 keV, probably corresponds to the modelled peak at 130 keV. A further point of reasonable 

agreement is the peak at 300 keV. There is also a suggestion of further peaks (i.e. at 500 keV) as 

well, which agree nicely with the early spectra. Moving to later times, both the fall in activity of the 

source and the steepening of the spectra from 200 — 500 keV, are reproduced by the simulations. 

There does however appear to be a shght overabundance of 120 keV photons in the simulation 

results, though the ~ 200 keV peak appears prominently in both the simulated and real results. 

There is evidence in both the real and simulated data of a faint peak at ~ 220 — 250 in the very 

late time spectra. An area of shght disappointment is the apparent factor of 2 - 5 diSerence in the 

overall normalisation of the real and simulated spectra. Dead time effects in the real experiment, 

which are not included within the simulations, could explain this discrepancy. 
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Figure 4.17: The CsI(Tl) detector spectra, at different times after 1 GeV proton bombardment, 

modeZW GGOD. 

A plot of the count rate (in the energy range 400 keV to 2.5 MeV) against the time after irradiation 

(fig 4.18) shows a clearly exponential shape. These points could be fit with a few simple exponential 

curves, but this isn't really valid as there are many isotopes with diSerent half-lives producing this 

result. In comparison with the results of Lei et al. (1993) there are some differences (fig 4.19). To the 

real data two lines have been fit with half-lives of 17 minutes and 1.3 hours, whereas the simulations 

have been fit by two lines with 8 minutes and 3.5 hour half-hves. Since these curves are due to many 

isotopes a diEerence is not unexpected. Lei et al. (1993) would have obtained spectra over a period 

of 100 seconds, whereas the model results have the equivalent of 1000 seconds worth of Hux under 

them. This gives the simulations about a factor of 3 less statistical variance, and possibly this could 

make the resultant comparison less agreeable. Since there is no scientiGc baais for the lines fit to 

these curves, this discrepancy is not dwelt upon too much. 

A further quantity that was calculated, and compared, was the single to multiple site event ratio. 

For this Lei et al. (1993) fired a beam of 0.2 GeV protons at a 1 cm^ CsI(Tl) crystal. Spectra were 

then measured between 370 and 4600 seconds after the end of irradiation. Prom these the ratio of 

single to multiple site events was calculated, and then all the individual spectra were summed to 

give the final spectra shown in Ggure 4.20. 
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Figure 4.18: Plot of the modelled count rates (between 4OO keV and 2.5 MeV) against the time after 

irradiation. 

The modelled results (Ag 4.21) were generated by bombarding a crystal with 0.2 GeV protons, 

then measuring the spectrum at various intervals after the end of irradiation (between 300 and 5000 

seconds), and then adding up the individual spectra. The real data (6g 4.20) and the simulated 

data (Hg 4.21) show reasonable agreement. The multiple site spectrum in the model seems to be 

higher than that suggested by the real data, but other than this the general shape and features are 

reasonably well reproduced, except for the break at ~ 2 MeV. In all simulations this feature has 

proved unreproducable and may be an instrumental eEect. It is possible that jitter in the electronics 

of the real experiment hag altered the numbers of multiple and single site events recorded. 

Table 4.3 shows the real and the modelled single to multiple ratio. Clearly the absolute values 

of the single to multiple ratios are diEerent, and this is a cause for concern, however the abscence of 

any trend with time after irradiation is repeated in the modelled results. It is this fact that allowed 

summation of the individual spectra to form figs 4.20 and 4.21. 
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proton irradiation. Its decay can be reasonably fitted by two exponential components with half-lives 
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Modelled Real 

Time (sees) S/M ratio Time (sees) S/M ratio 

300 0.203 370 0.46 

500 0.201 450 0.48 

700 0.203 660 0.44 

1000 0.206 950 0.5 

1500 0.198 1290 0.47 

2000 0.198 1620 0.45 

3000 0.192 1960 0.37 

4000 0.195 3500 0.38 

5000 0.184 4200 0.45 

4600 0.52 

Table 4.3: Comparison of the modelled single to multiple ratio (S/M) and the real S/M ratio deter-

mined by Lei et al. (1993). Both results calculated for the case of a Csl crystal bombarded with 0.2 

GeV protons. 
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4.5.3 Conclusions 

In this sub-section real data and simulations have been compared to validate the GGOD approach. 

The spectral evolution, with time after irradiation, hag been modelled with reasonable accuracy. The 

features present within the real data have been reproduced by the simulations, and the evolutionary 

trends are also visible and comparable to the real data. The normalisation between the real and 

modelled results (a factor 2 - 5) is disappointing but not too bad a result. It appears that the 

simulated detector is more elBcient than the real one, which is to be expected. Throughout the real 

spectra presented there is a break at '--'2 - 3 MeV, which has not been reproduced in any of the 

simulated data. This is probably an instrumental e&ct, perhaps caused by the dynamic range of 

the electronics. There are differences in the decay rate curve, with the two different sets of curves 

Atted making this clear, and in the absolute value of the single to multiple site ratio. The general 

exponential shape of the decay rate curve is reproduced, as is the lack of trend in the single to 

multiple site ratio with time. The single and multiple site spectra have been modelled accurately 

as well. The single to multiple ratio could be affected by the gate time on the veto crystals in the 

real data. When an event is detected within the CsI(Tl) crystal, the electronics have to wait until a 

threshold is passed before it can trigger the readout of the veto crystals. Any potential drift between 

reaching the threshold in the CsI(Tl) crystal and reading out the veto crystal could cause events to 

be missed. Small problems here could affect greatly the number of multiple site events recorded. It 

should further be noted however, that the continuum of the multiple site events looks higher than 

the real data, and perhaps there could also be some over simulation of these events. 

Despite small differences, many of the trends and features of the real data have been reproduced 

quite well, and the GGOD suite seems to model the SATURNE beam tests reasonably accurately. 

When conducting the real experiment it was not envisaged that a comparison of this type would 

ever take place, and so no effort was made to facilitate such a comparison. This limits the possible 

agreement that one could ever have expected to obtain between the simulations and the real data. 

When judging the success or failure of the simulations one has to bear in mind the following sources 

of error: 

® Inaccuracies in the knowledge of the real proton flux 

• Effects of Dead time in the experiment 
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• Lack of optimisation of experiment to record events in absolute terms (electronic jitter) 

• Incorrect or imperfect cross-sections within GCALOR 

Considering these limitations, and bearing in mind that many of the diSerences between the real 

and simulated results can, at least partly, be explained by the lack of optimisation of the experiment, 

it is likely that the current agreement is as close as could reasonably be expected. 

4.6 Modelling the background within t h e HEAO-1 A4 in-

s t rument 

The second test of GGOD involved applying it to the space environment in an attempt to reproduce 

the background seen in the HEAO-1 observatory. 

4.6.1 I n t r o d u c t i o n 

The High Energy Astrophysical Observatories (HEAO) were a series of 3 spacecraft launched at 

the end of the 1970's, and into the early 1980's, to investigate the X/j-ray sky. The Srst of the 

series HEAO-1 carried four instruments on board. The fourth instrument, The Hard X-ray and 

Low Energy Gamma-Ray Experiment (A4), built by UGSD and MIT, consisted of one High Energy 

Detector (HED), four Medium Energy Detectors (MED) and two Low Energy Detectors (LED). 

These gave the total instrument an energy range of 10 keV to 10 MeV. The detectors were phoswich-

type detectors made of Nal(Tl) and CsI(Na), and there were also large veto shields made of C8l(Na). 

These simulations are focused on one part of the A4 instrument - the High Energy Detector. 

HEAO-1 was launched into a near circular low Earth orbit (apogee ~ 450 km), with inclination 

22.75°. The spacecraft was about 9 m long and about 3.6 m in diameter (Matteson et al. 1978). 

4.6.2 M e t h o d 

The model of HEAO-1 was constructed crudely inside the GGOD simulation code. The construction 

was based on Matteson et al. (1978) and it follows closely Ggure 4.22. The HEAO-1 spacecraft was 

modelled as a hexagonal annulus, 20 cm thick, made of Al and with a length of 9 m and diameter 

3.6 m. The outer and inner veto shields are approximated as a single hexagonal prism of C8l(Na), 
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with thickness and radius of ^^35 cm. The aperture shield is approximated with a plastic sheet, 

hexagonal in shape, about 1 cm thick and 35 cm in radius. The ma in volume of interest, the High 

Energy Detector, was simulated with two cylinders, one of CsI(Na) (6.2 cm radius and 10 cm thick) 

corresponding to the veto and the other of Nal(Tl) (6.2 cm radius and 7.5 cm thick) representing 

the HED crystal. The other detectors, Low and Medium energy, were also represented in a similar 

way. As can be seen, this is a very crude model, and this will obviously eSect the results. 
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Figure 4.22: The Hard X-ray and Low Energy Gamma-Ray Experiment (Matteson et al. 1978). 

The background was simulated using five distinct components: cosmic dlEuse -y-rays, atmospheric 

7-rays, neutrons, cosmic rays and the decay of any induced radioactive isotopes produced by particle 

bombardment. 

Once the spectra for all the various components had been generated they were summed to give 

the total veto-on and veto-oE spectra. These were compared with the einti-coincidence curve given 

in figure 8 of Matteson et al. (1978) and the sum of both anti-coincidence and coincidence curves 
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respectively. 

Cosmic Di f fuse G a m m a - r a y s ( C D G ) 

Though the Earth occults some of the CDG Hux, they were simulated as 47r in extent, due to the 

rotation of HEAO-1. The overall Hux modelled waa half that expected, for 47r illumination, due to 

the presence of the Earth. The spectral form of the diffuse 7-rays was taken from Dean, Lei and 

Knight (1991) and is given by equation 4.9. 

= 87.4E-^^ photon cm-^s-^keV-^^sr'^ (4.9) 

This was integrated over the energy range 100 keV to 20 MeV, giving an omni-directional photon 

Sux of ^^0.25 photons cm"^s"^. 

A t m o s p h e r i c G a m m a - r a y s 

The atmospheric "y-ray spectrum was determined &om figure 5 of Imhof et al. (1976). The equator 

line was used to determine the flux and this was then normalised to account for the reduced rigidity 

of the HEAO-1 orbit. The spectral form is given in equation 4.10. 

A/̂ (E.y) = photon cm"^8"^keV"^sr"^ (410) 

After integration of the energy range 300 keV to 50 MeV, and normalisation, this gave a flux of 

0.32 photons cm"^s"^. The normalisation factor used to account for the rigidity was 1.4, and was 

determined by dividing the approximate values of F given in Ggure 3 of Dean, Lei and Knight (1991) 

at the rigidities of 10 GV and 15 GV. This was effectively omni-directional flux because HEAO-l 

spins on its axis. 

N e u t r o n s 

Though neutrons come mainly from the atmosphere, they can however be regarded as all-sky because 

HEAO-1 spins on its axis. The spectrum of the neutrons waa worked out from Ggure 1 of Armstrong 

et al. (1973) with an assumed depth of 0 gcm"^. Two power laws were used to approximate the 

curve, an up slope one (Eq 4.11) and a down slope one (Eq 4.12). The spectra were calculated. 
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integrated over the appropriate energy and then the Eux was normalised to account for the higher 

rigidity. 

= 7.95 X neutron cm'^s^^MeV"^ (411) 

= 0.0357 X E-o neutron cm-^s-^^MeV'^ (4.12) 

The up slope neutrons were integrated over the energy range 10^^ to 10"^ MeV and the down 

slope neutrons were integrated over the energy range 10"^ to 10^ MeV. This gave Huxes, assuming a 

latitude of 42°, which then needed to be modihed to give the flux a t the latitude of HEAO-1 which 

wag 22°. The lower latitude has a higher rigidity and this resulted in an effective decrease in the 

neutron Aux, due to the reduced bombardment of the atmosphere by cosmic rays. 

C o s m i c R a y s 

The cosmic ray flux was worked out from figure 1 in Dean, Lei and Knight (1991). The spectrum 

was calculated using the hydrogen line, since the other components are of much less significance. 

The derived spectrum is given in equation 4.13. 

Ar(Ep) = 3.23 x proton m-^s-^sr -^MeV'^ (4.13) 

This was integrated over the energy range of 11 GeV to 10^ GeV. This component takes the 

longest computer time to simulate, and to simulate the South Atlantic Anomaly (SAA) passages 

would have required a substantial amount of computer time, therefore the spectra were simulated 

for /^lO hours after SAA passage. 

D e c a y of i n d u c e d rad ioact ive i s o t o p e s 

The radioactive isotopes created by the particle bombardment of HEAO-1 were treated as usual 

with GGOD. 

4.6.3 Resul ts 

Figure 4.23 shows the total veto off and veto on spectra, with their components, and the appropriate 

Matteson et al. (1978) curves. In the veto off case the cosmic rays dominate above 600 keV, whereas 
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in the veto on case induced radioactivity is the dominant component. 
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Figure 4.23: Veto off spectrum (left) and the veto on spectrum (right). 

The simulated and real veto off spectra are similar above about 400 keV, though below this there 

is some difference. In the case of the veto on curves, there is much more difference, which could be 

due to the South Atlantic Anomaly passages or the crudeness of the modelled veto set-up. The veto 

is modelled as a simple block, but in reality is made up of inner and outer blocks, which may have 

some effect. Though effects in the model could cause discrepancies, it is important to bear in mind 

that the real instrument may not be perfect. Effects such as drift of the low-energy threshold on the 

veto, blinding of the veto, or even drift in the the co-incidence timing of the veto electronics, could 

all effect the veto on curves and produce the observed discrepancies. Adding in the low energy (100 

- 300 keV) components of the atmospheric 7-rays would better simulate the veto off spectrum. 

4.6.4 Conclusion 

Considering the very approximate nature of the model, the simulations provide a reasonable agree-

ment to the measured data. With improvements in the model of HEAO-1 used, and in the knowledge 

of HEAO-l's performance in space, it should be possible to improve the final result and match the 

predicted curves of Matteson et al. (1978) more closely. Taking into account the limitations of this 
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simple set-up the results show that GGOD works to a reasonable degree of accuracy. 

4.7 Model l ing the background in the G R I S balloon spec-

t r o m e t e r 

The third, and final, test of GGOD applied the technique to modelling the background within a 

balloon-borne spectrometer. 

4.7.1 In t roduct ion 

Background reduction techniques, and hence sensitivity improvement, are continually being investi-

gated for -y-ray spectrometers. One of the suggested techniques to reduce the background generated 

in germanium detectors is to reduce the number of isotopes present in the actual germanium crys-

tals. The balloon spectrometer GRIS (Gamma Ray Imaging Spectrometer) consists of a series of 

high-purity germanium detectors surrounded by thick Nal(Tl) veto shields (15 cm minimum path 

length). GRIS was built by the Goddard Space Flight Centre (GSFC) and flown several times with 

the aim of obtaining spectra of astronomical sources. In this sub-section modelling of the October 

1996 flight from Alice Springs is presented. In this particular flight six of the seven germanium de-

tectors were made from standard germanium (20.5% ^°Ge, 27.4% ^^Ge, 7.8% ^^Ge, 36.5% ^^Ge, and 

7.8% ^^Ge), and one (Detector 6) was made from enriched germanium (> 97% ^°Ge, 3% ^^Ge). 

Though GRIS can operate in both open and closed modes only the open mode has been modelled 

here. In the closed mode a Nal crystal, the blocking crystal, is placed across the aperture to close 

it, and in the open mode this crystal is swung out of the way making the aperture fully open. The 

open configuration was designed for astronomical measurements, while the closed configuration was 

designed for meaauring the instrumental background radiation. In principle if one could accurately 

determine the internal background radiation, then this could be subtracted from the observations, 

improving the astronomical results of the spectrometer. 

Modelling the background accurately within the GRIS detectors, and evaluating the difference 

between normal and enriched germanium crystals, is important for future spectrometers. The very 

high resolution of germanium detectors makes them excellent spectrometers, and for future mis-

sions the sensitivity possible could be increased greatly by detailed knowledge of the background 
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Figure 4.24: A cut away view of the GRIS payload. The green, blue and yellow hexagonal rings 

around the sides and back are the Nal veto shields. In the centre are the detectors themselves, the 

green ones are natural Ge and the pink one is the enriched Ge. 

within these detectors. Modelling GRIS offers an opportunity t o enhance understanding of the 

background in germanium detectors, and to compare the backgrounds obtained with natural and 

enriched germanium crystals. Modelling the background in germanium is of considerable importance 

to INTEGRAL, and the SPI instrument in particular. 

4.7.2 Method 

The mass model of the GRIS balloon used in this work was kindly supplied by Juan Nay a of NASA 

GSFC. Locally this was incorporated into the GGOD software suite. The situation simulated was 

the open mode, at the latitude of Alice Springs and a depth of 5 g cm~^. 

In modelling GRIS six components were taken into account to generate the background. These 
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are brieHy listed below and then described in more detail. 

» Cosmic rays 

» Atmospheric neutrons 

» Atmospheric 'y-rays 

« Shield leakage 

# Atmospheric protons 

» Induced radioactive decays 

C o s m i c rays 

As mentioned in chapter 3 these are highly energetic particles, mainly protons, which bombard 

the atmosphere. In the atmosphere cosmic rays only travel downwards, and so practically in the 

simulations, these only hit GRIS &om the top and sides. The spectral form used for the cosmic rays 

is given in equations 4.14 and 4.15. 

/io4-3xio4 Mey = 1.3 X 10^^;"^ prcm"^ M e V ^ (4.14) 

/>3xio'' Mey = 1.8 X pr cm ' " s"^ MeV"^ (4.15) 

After integration over the appropriate energy ranges, equations 4.14 and 4.15 give the following 

Huxes. 

0.15431 prcm^^s"^ (4.16) 

/>3xio^MeV = 0.0226204 p r c m ' ^ s " ^ (417) 
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N e u t r o n s 

Using Armstrong et al. (1973) the neutron Bux at 5 gcm"^ was calculated (eq 4.18 &: 4.19). This 

was then normalised from Palestine to Alice Springs (Dean, Lei and Knight 1991) to account for the 

di&rence in rigidity. 

MeV = 6.55 X ncm"^ MeV"^ (418) 

/io-^-io3 Mey = 0.0112 ncm-^ MeV'^ (4.19) 

Integration of equations 4.18 and 4.19 gives the following Suxes. 

Ao-«-io-7 Mey = 1.96 X 10-^ ncm-^ (4.20) 

/io-:-io3Mey = 0.205 ncm '^ s "^ (421) 

The rigidity corrected Auxes are given in equations 4.22 and 4.23. 

/lo-B-io-T Mey = 1.568 X 10"^ ncm"^ (4.22) 

/io-7-io3Mey = 0.164 ncm '^ s "^ (4 23) 

G a m m a - r a y s 

Since GRIS is inside the atmosphere the 7-ray component is composed of both atmospheric and cos-

mic diffuse 7-rays that travel vertically downward. In effect this component contains both aperture 

photons and shield leakage photons that arrive at the upper surface of GRIS (eq 4.24 and 4.25). 

/2X10-2-4X10-: MeV = 12 X 1 0 ^ ^ ; ^ p h c m ' ^ s r " ^ s ' ^MeV-^ (4.24) 

/4xio-::-8 MeV = 5.88 X 10"^E"^'^^ ph cm"^ sr"^ MeV"^ (4.25) 

After integration the Suxes are: 
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/ 2 x i o - : - 4 x i o - ' M e V = 0 272 phcm sr ^8 ^ (4.26) 

A x i o - ^ - a MeV = 0-86 p h c m ' ^ s r ' ^ s ^ ^ (4.27) 

E one assumes that the cosmic "y-ray component is not signiAcaat, then a correction for rigidity 

must be applied. This accounts for the fact that atmospheric 7-rays are produced by cosmic rays. 

The corrected Guxes are given in equations 4.28 and 4.29. 

/2X10-2-4X10-: MeV = 0.2176 phcm"^ s r"^ s"^ (4.28) 

Axio-^-a MeV = 0.688 phcm"^ sr"^ (4 29) 

Shie ld leakage 

Having already dealt with the "y-rays 6rom above, the shield leakage component is now defined to be 

those "y-rays that hit GRIS from the sides and bottom. A small number of these "y-rays will penetrate 

the shielding without raising a veto signal, and will thus be detected aa background. Following the 

work of Gehrels (1985) equations 4.30 to 4.32 were used to model the shield leakage. 

/G5.-96°= 0.094 E - l G l (4 3Q) 

/ 9 5 ° - i 3 0 ° = 0.150 (4.31) 

/ i30°-i80°= 0.047 (4.32) 

The average equation for the shield leakage is 0.097 ph sr^^ s"^ MeV"^ (10 keV to 

10 MeV). This was used in the modelling for convenience, and the flux given by integration is 1.9328 

ph cm~^ sr"^ s"^. This was modelled over the side and bottom of the input cylinder only. The 7-rays 

are locally produced by particle interactions and therefore a correction for rigidity is needed. This 

gives a Hux of 1.54624 phcm^^sr"^ s"^. When this was carried out it waa found that the spectra 

were statistically very poor at high energies (> 1 MeV). Variance reduction was therefore used to 
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try to counter this problem. Simply, the spectrum waa spht into two parts, 10 keV - 1 MeV and 1 

MeV - 10 MeV, and these were simulated separately. The low-energy part was run for an equivalent 

of 100 seconds, and the high-energy part waa run for an equivalent of 1000 seconds. These two runs 

were then analysed to produce spectra in Counts s"^ keV"^, which were then added to form the final 

shield leakage spectrum. In this way 17 million photons were used in the simulation, as opposed to 

the 107 million that would have been needed, thus cutting down dramatically the overall simulation 

time. 

A t m o s p h e r i c p r o t o n s 

From Gehrels (1985) and McDonald & Webber (1959), taking initial spectra for 41° and depth 35 

gcm"^, I have extrapolated to 34° and 5 gcm"^. The resultant spectra are given in equations 4.33 

to 4.36. 

/5-18 MeV = 1.475 X lO^E^ pr cm-^ s '^ M e V ' ^ (4.33) 

/16-100 MeV = 3.78 X 10-^ pr cm'^ s '^ MeV"^ (4.34) 

/100-300 MeV = 6.43 xl0"^^:'"°'^^ prcm"^s"^MeV"^ (4.35) 

/300-8600 MeV = 1.78E"^^ prcm^^s^^MeV^^ (4.36) 

When integrated the fluxes obtained are: 

/5-16 MeV =0.001954 prcm"^s"^ (4 37) 

/ 1 6 - 1 0 0 MeV = 0.031752 prcm"^s"^ (4.38) 

/100-300 MeV = 0.0532 pr cm"^ s"^ (4.39) 

/300-6600 MeV = 0.081687 prcm"^s"^ (4.40) 
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These bombard GRIS &om all of the sky and so are simulated over all 47r steradians. 

I n d u c e d rad ioac t ive decay 

As expected this will be handled by the GGOD code. The default irradiation time used was 16 

hours, though because of the complex nature of this quantity 2, 8, 24, and 32 hour irradiation times 

were also modelled. This gave a range of spectra as might be recorded at various times throughout 

t h e flight. 

4.7.3 Results 

After simulation of the components, the results were analysed and t h e spectra generated were added 

to form the Gnal background spectrum. The shield threshold was set to 80 keV, while the detector 

thresholds were 20 keV (Naya, private communication). Only single site events (i.e. those that 

interacted in one, and only one, detector) were accepted as genuine background events. 

Figure 4.25 shows the spectrum generated assuming the irradiation time was 16 hours. The 

background spectrum is heavily dominated by the 7-ray component, and no significant lines are 

present. Figure 4.26 shows the components of the background. T h e continuum generated by the 

"y-rays swamps the radioactively produced lines, though above '^500 keV the spectrum is distorted 

by the increase in the induced and shield leakage components. Above a few MeV the shield leakage 

component dominates. The prompt particle components (neutrons and hadrons) are insigniScant 

in the spectrum. The 7-rays are the dominant components (gammas and shield leakage), though 

the induced decays are important between ^600 keV and <-̂ 1.5 MeV. In the model used GRIS haa 

an aperture of 100° x 75°, resulting in the background being ahnost completely due to the "y-ray 

component, which arrives at the detector plane through the aperture. 

The real data recorded by the GRIS balloon payload (fig 4.27) shows much more prominent line 

features than the simulated spectra. The continuum also seems to sit a factor of 2 to 5 lower than 

that in the simulated spectra. The background spectrum (fig 4.27) waa eictually measured during 

several 1992 flights of GRIS, during which a slightly different observing configuration was used. The 

aperture of this configuration waa only 17°, rather than the model aperture of 100° x 75°. If 

the 'y-ray component is normalised by the correct factor, then the simulations can still be compared 

to the real data, though the results will not be very ciccurate. Figure 4.28 shows the background 
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Gockground mpectfwm in G* d#l#ct(w» 

Figure 4.25: The total background spectrum in the Ge detectors. This has been modelled assuming 

that the irradiation time was 16 hours. Note that no energy resolution has been applied. 
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Figure 4.26: The total background spectrum, and its components, as would be measured in the Ge 

detectors. This has been modelled assuming that the irradiation time was 16 hours. 
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loloj bockgrQ̂no ip#clrui 

Figure 4.27: The real background spectrum measured by the Ge detectors in GRIS. 

spectrum generated using the normalised 'y-ray component. The area of the aperture in the model is 

731.2 cm^, and the distance between the detectors and this plane is 15.6 cm, therefore the aperture 

solid angle of the model is 3 steradians. For an aperture of 17°, assuming it to be circular, the solid 

angle is 0.2936 steradian. To compare the model results and the real data, the 7-ray component 

has to be divided by 10.2. The normalised spectrum resembles t he real data more closely. The 

normalised simulated spectrum shows many lines, three of which (at ^^70, '>-'100 and <-̂ 120 - 130 

keV) are seen in the real data. The overall shapes of the two spectra, particularly the bump at ^^800 

keV, eire similar. Above 1 MeV the statisitics in the simulted spectra aren't good enough to allow 

too much detailed comparison to be made. Though scaling of the 'y-ray component waa crude, it 

has brought quite a reasonable agreement between the two spectra. The continuum levels are very 

similar, Eind many of the hnes are reproduced, though there are some lines missing. 

To investigate the diSerence the irradiation time makes, four more spectra were created with 

assumed irradiation times of 2, 8, 24 and 32 hours respectively. The 7-ray component in these 

spectra has been normalised, 6ind the results are plotted in figures 4.29 and 4.30. There are no great 

diSerences between the four spectra, though quite a few of the lines change in intensity over time, as 

would be expected. There is no effect on the continuum level of the spectra, as would be expected 

since they are composed of many components. 
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Bockground spectrum in G« detector: 

r \ 

Figure 4.28: TAe totaf background produced 5;/ simulation, w;itA tAe Gamma component 

norma/iaed to a 17° aperture, and aaauming a .Zg Aour irradiation time. 

;ckgrour*d mpeclrum in G* detmcto Background opedrum in C# d«l#ctof# 

Energy (keV) 

Figure 4.29: The total background spectrum as modelled in the Ge detectors assuming a 2 hour (left) 

and an 8 hour (right) irradiation time. 
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Bockyounc apeclrum in G* del#c:o Background *peclrum in G* delect 

Figure 4.30: TAe fofoZ bactgrounJ aj)ecfn^m as modeZ/ej *n fAe Ge jefec^ora asauming o /lour 

ond a Aowr (̂ rigÂ yl irmdia^ion /*me. 

Having compared the modelled and real spectra, the difference between the natural and enriched 

detectors was then considered. 

Figure 4.31 shows the background measured by Barthelmy et al. (1994) in one of the natural Ge 

detectors and the enriched Ge detector. The simulated spectra (6gs 4.32 and 4.33) show the induced 

component of the background within a natural and an enriched Ge detector. Many of the lines are 

reproduced in the modelled results, and these are shown in table 4.4. The basic improvement in 

line background from natural Ge to enriched Ge is clearly reflected by the simulations, though the 

intensities of the individual lines are not well modelled. 

4.7.4 Conclusions 

An attempt has been made to simulate the background within the GRIS instrument, though this is 

particularly difRcult because of the effects of the atmosphere. There have been some discrepancies 

between the simulations and the real results, though the generalities are largely the same. After 

normalisation of the 7-ray component, to account for the difference between real and modelled 

apertures, the spectra are quite similar. Both spectra show similar continuum levels and shapes, 
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DET1 i n d u c e d b a c k g r o u n d 

SO 75 100 125 ISO 175 200 225 250 

Enmrgy (k«V) 

Figure 4.32: TAe induced Acctgrotimj oa modeZkd «n a na^urof germanium defector 

D&T6 i n d u c e d b o c k g r o u n d 

Figure 4.33: 7%e in jucej Aactgrounif aa mojeZW in tAe enricAed germonium detector 
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Natural Ge Enriched Ge 

Line energy (keV) Presence Line energy (keV) Presence 

2 0 - 3 0 No 2 0 - 3 0 No 

5&4 No - 4 5 No 

6 6 J Yes 57-60 Yes 

- 9 3 Yes - 7 5 Yes 

140 Yes - 9 3 Yes 

160 Yes - 1 0 0 Yes 

175 No -,125 Yes 

- 1 8 7 Possibly - 1 4 0 Possibly 

19&4 No 160 Yes 

- 2 1 0 Possibly 175 No 

- 2 4 0 Possibly - 1 8 5 Possibly 

192 - 200 Possibly 

- 2 1 2 Yes 

—240 Yes 

Table 4.4: Summary of the lines present in the real data for the natural and enriched Ge detectors 

on hoard GRIS. The columns headed presence indicate whether or not those lines are reproduced in 
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and both have many hnes present. In the modelled spectrum it is surprising that the 53.4 keV 

line is not reproduced. A comparison between the spectra detected in the natural and enriched 

detectors, shows that many of the real hnes are reproduced by the simulations. Again however, the 

surprising absence of the 53.4 keV line is noted. Both the 53.4 a n d 66.7 keV lines are due to the 

decay of ^^Ge. This isotope undergoes isomeric transitions from a nuclear energy level of 66.7 keV, 

via the emission of two 7-rays. These 7-rays have energies of 53.4 and 13.3 keV. In reality there 

is an intermediate energy level, at 13.3 keV, between the 66.7 keV level and the ground state of 

^®Ge which has a half-life of 2.95 /is. In the real data it is likely tha t for some events the delay 

between the 53.4 and 13.3 keV 'y-rays is greater than the gate t ime of the detectors. This would 

result in two events being recorded, one of 53.4 keV and one of 13.3 keV, instead of the full 66.7 

keV. Currently, in the simulations this can not be modelled as no t ime delay between the two 'y-rays 

is considered. Therefore the modelled results contain only 66.7 keV events, due to the absorption 

of both 7-rays. The intensities of the lines, in the natural and enriched spectra, are not always 

well matched. Considering the diSerences between the flown and modelled setups of GRIS, and the 

inherent uncertainties of GGOD, this is stiU a very good result. Whilst there is some work left to 

do to match the models to the real data, it seems that the GGOD suite gives reasonable results at 

the moment. 

4.8 S u m m a r y 

To enable accurate modelling of the background in astronomical missions, such as INTEGRAL, it is 

necessary to model the induced radioactive decay component. At Southampton an integrated suite 

of software (GGOD) is being created to do this, an important part of which, the DECAY code, has 

been presented in this chapter. 

DECAY has been developed to model a decay, /9'*'/EC decay, decay and isomeric transitions 

using the decay schemes collated by the NNDC. Modelling the various decay types involves not only 

modeUing the primary particle, but also the nuclear and atomic de-excitation processes. This allows 

DECAY to simulate the 7-ray, conversion electron, X-ray and Auger electron emission that occurs 

during the decay of an isotope. Though DECAY has been tested, reasonably successfully, on its 

own, most of the testing has concentrated on the full GGOD suite. 

Wihin GGOD the prompt background components, and the isotopic production rates, are mod-
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elled in GEANT/GCALOR. From this ORIHET calculates the decay rates at the required epoch, 

and DECAY uses this information to simulate this background component. This whole procedure 

has been tested using 3, quite diEerent, examples. 

The 6rst test, modelhng the beam test data, shows good agreement with the real spectral features 

and their evolution with time after irradiation. Most of the diSierences between the real and simulated 

results could be explained by deficiencies in the real experiment. 

The second test considered, involving a space based application, was modelling of the background 

in HEAO-1. A very crude model of the spacecraft and payload was used in the simulations. The 

veto oSF spectrum produced models the real data quite well, and with the addition of the atmospheric 

'y-rays over the energy range 100 - 300 keV, could do even better. The veto on spectrum models the 

continuum level reasonably well at higher energies, but poorly at lower energies. This may be due 

to the crudeness of the veto setup in the model or to leakage through the veto on HEAO-1. 

The final test involved modelling of the GRIS balloon spectrometer. Once an appropriate nor-

malisation to account for differences between real and modelled setups was applied, the simulations 

were found to approximate the real data quite well. Several of the real line features have been repro-

duced, as has the continuum shape and overall continuum level. Comparison of modelled data for 

natural and enriched Ge detectors, with real data, shows many of the lines observed are produced 

in the model. The intensities are not necessarily correct, but this a very good first step towards 

modelling Ge detectors accurately. 

When considering the limitations of the models used in the three examples, and those of GGOD 

(i.e. in the production rates, decay rates and decay schemes), the results presented are a strong 

validation of the current ability of GGOD to model the background reasonably accurately. 

The GGOD suite is still in the development stages and there are obviously areas in need of 

improvement, for example the ability to model semi-stable energy levels within the nuclear de-

excitation process. This is outside the scope of this thesis. As stated previously, development of 

GGOD has been driven by the need to model the background for the INTEGRAL mission. Chapter 

3 introduced the model (TIMM), and having now presented the software used to carry out the 

modelling process, the results of this process are presented now in chapter 5. 
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Chapter 5 

TIMM: Results, discussion and 

analysis 

5.1 In t roduc t ion 

The many versions of The INTEGRAL Mass Model (TIMM) have all been used to generate four core 

results: Background spectra and count rates, detection efficiencies, line and continuum sensitivities 

and trigger rates and spectra. In section 5.2 the core results, and others, are presented and discussed 

for the latest TIMM model (version 3.4). Section 5.3 discusses the evolution of the core mass model 

results between versions 1.0a and 3.4, and Gnally in section 5.4 a critical appraisal of TIMM, and 

maas modelling in general, is undertaken. 

5.2 T I M M v3.4 resul ts 

TIMM v3.4, run during November 1999, produced the most up to date results of the TIMM project. 

Version 3.4 of TIMM was constructed on the INTEGRAL group Linux PC cluster at Southampton. 

Many of the results have been produced for both solar maximum and solar minimum cases. The 

simulations have been split into 3 different parts, cosmic diSuse "y-rays, (prompt) cosmic rays and 

induced radioactivity (or delayed cosmic rays). For each case 100 seconds worth of flux has been 
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simulated using the GGOD software. 

5.2.1 IBIS background spectra and count rates 

The background count rates measured with the IBIS instrument a r e given in table 5.1. The opera-

tional modes shown are: ISGRJ single pixel events (ISGRI Single), ISGRI-PICsIT Compton events 

(Compton), PICsIT single pixel events (PICsIT Single) and PICsIT 2 or 3 pixel events (PICsIT 

Multiple). The energy thresholds applied were: ISGRI 20 - 600 keV, PICsIT 100 keV - 5 MeV and 

BGO > 100 keV. 

Solar Maximum 

Mode Total CDG Cosmic Rays Induced Radioactivity 

ISGRI Single 422.8 335.3 48.1 39.37 

Compton 53.3 12.79 18.73 21.78 

PICsIT Single 1048 237.3 196.9 614.2 

PICsIT Multiple 468.8 61.57 116.1 291.1 

Solar Minimum 

Mode Total CDG Cosmic Rays Induced Radioactivity 

ISGRI Single 483.3 335.3 83.74 64.23 

Compton 77.37 12.79 30.59 33.99 

PICsIT Single 1488 237.3 313.4 937.8 

PICsIT Multiple 697 61.57 198.5 436.9 

Table 5.1: The background count rates (count/s) measured in IBIS at both solar maximum (top) and 

solar minimum (bottom). 

Figure 5.1 shows the background spectra, at both solar maximum and minimum, for single pixel 

events recorded in ISGRI. At solar maamum the spectrum is dominated by di&ise 'y-rays up to 

^^300 keV. In the solar minimum spectrum the cosmic diSuse "y-rays are only dominant up to 100 -

200 keV. The single pixel background in ISGRI is largely dominated by the aperture flux, which is 

mostly cosmic diffuse "y-rays. 

Figure 5.2 shows the Compton background at solar maximum and minimum. Compton events 
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interact in a single pixel in ISGRI and 1 or 2 pixels in PICsIT. There is no dominant component, but 

above ~500 keV the cosmic diffuse 7-rays become less important t h a n the cosmic rays and induced 

radioactivity. 

1 9 9 9 / 1 1 / 1 1 u a a 

ISGRI single tjockground, Solor Max 

Tolal estimoliQ 

Diffuse y 

Prompt cosmic roys 

Ueloyeo cosmic roya. 

1 9 9 9 / 1 1 / 1 1 1 5 ^ 

ISGRI single background. Solor Min 

Totol estimoUon 

DtffuM 7 
P r o m p t commic roy# 

Delayed cosmic roya_ 

Energy (keV) Energy (kmV) 

Figure 5.1: Single pixel ISGRI background spectra at solar max (left) and solar min (right). 
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Delayed cosmi 

Figure 5.2: Compton background at solar max (left) and solar min (right). 

The PICsIT single pixel background (fig 5.3) is quite complex. T h e largest component over the 

range 100 keV - 2 MeV is the induced radioactivity. In the solar m a x simulations, between 100 -

300 keV, the cosmic diffuse 7-rays are about a factor of two to four below the induced component. 

The cosmic diffuse 7-ray spectrum flattens completely below ~250 keV and this is probably due 

to the presence of the ISGRI detector plane. At solar min the increased induced radioactivity, due 

136 



to increased cosmic ray flux, means that the cosmic diffuse 7-rays a t 100 - 300 keV are a factor of 

four to five lower than the induced radioactivity. Above 2 MeV t h e cosmic rays are the dominant 

background component in both solar max and min spectra. Overall the presence of ISGRI causes 

the cosmic diffuse 7-ray spectrum to be flat at 100 - 300 keV. This leads the PICsIT single pixel 

background to be largely composed of induced radiation over a broad energy range (100 keV - ~ 2 

MeV). 

2 0 0 0 / 0 7 / 0 * 15.49 2 0 0 0 / 0 7 / 0 4 1 5 ^ 

PICSIT single boc kg round, Solar Wax 
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. . . Doioyed cow n* foyg 

PICSIT single bockground. Solar Min 
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Prompt cosrfi ic roys 

Deloyed cosr 

Energy (kmV) 

Figure 5.3: PICsIT single pixel background spectra at solar max (left) and solar min (right). 

Figure 5.4 shows the PICsIT multi-pixel background at solar max and min. The biggest compo-

nent up to 3 MeV is the induced background, but at about 3 MeV the prompt cosmic rays become 

the most important component. 

The PICsIT total events spectra (fig 5.5) are composed of both single and multiple site PICsIT 

events. The single site spectrum is dominant. The background is mainly induced radiation up to 2 

- 3 MeV where the prompt cosmic rays become more important. 

5.2.2 IBIS detection efficiencies 

Figures 5.6 and 5.7 show the detection efficiencies for the ISGRI single pixel mode, the Compton 

mode, the PICsIT single pixel mode and the PICsIT multiple pixel mode. No mask or imaging 

effects have been taken into account in determining these quantities. Three different efficiencies are 

shown in each of the figures: firstly, the total efficiency, which is the probability of detecting an event 

regardless of the energy actually measured in the detector; secondly, the full energy efficiency, which 
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Figure 5.4: PICsIT multi-pixel background spectra at solar max (left) and at solar min (right). 
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Figure 5.5: Total PICsIT background spectra at solar max (left) and at solar min (right). 
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gives the probability that an event will be detected at its full energy, within the energy resolution of 

the detector; and thirdly, the AE efficiency, which represents the probability that an event will be 

detected at the full energy to within E/2. In all cases the energy resolution used in the full energy 

efficiency calculations has been taken from the IBIS ICDR. 

1 9 9 9 / 1 1 / 1 1 1 5 ^ 7 1 9 9 9 / 1 1 / 1 1 1 5 ^ 7 

ISCRI Detection Efficiency 

Full energy 

ISGRi-PICsIT Oetectlon Efficiency 

Full energy 

Energy (keV) 

Figure 5.6: The detection efficiency for ISGRI single pixel events (left) and for Compton events 

The ISGRI single pixel efficiency is close to 1 (100%) from 20 - 100 keV. In some cases it may 

even be slightly greater than one, due to scatter off of passive material between and around the 

ISGRI pixels. Above 100 keV the efficiency starts to drop off dramatically. The total efficiency is 

~10% at 400 keV and ~1% at 3 MeV. This drop off is to be expected since ISGRI is quite thin, has a 

low stopping power, and is therefore relatively transparent to high-energy photons. Physical effects 

within the CdTe crystals, such as charge trapping, are not included in the efficiency calculations. 

The detection efficiency for Compton events reaches a maximum of ~4% between 300 and 800 

keV (fig 5.6). The PICsIT detection efficiency peaks at between 200 and 300 keV at ~80% then 

falls off steadily. It might be expected that the efficiency of PICsIT should be ~100% between 

100 - 300 keV, given both the transmission of Csl and the 3 cm thickness of the PICsIT pixels, 

but clearly in figure 5.7 this is not the case. This is due to the ISGRI detector plane interfering 

with the detection of photons in PICsIT, by either absorbing photons or scattering them. Scattered 

photons, subsequently fully absorbed by PICsIT, would be recorded a t far less than their full energy. 

Probably all of the low-energy (~100 - 300 keV) events which pass through ISGRI unhindered are 
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absorbed in PICsIT. Above 200 keV the ISGRI efficiency (for single site events) is down to ~25% 

and so there are more events arriving at the PICsIT detector plane unhindered. The full energy 

efficiency is much lower than the total efficiency, even at 200 keV, which is probably due to scatter 

in ISGRI reducing the total energy deposited in PICsIT below t h e full energy threshold. The A E 

efficiency band is much wider and so many of these events can still be counted within this category. 

1M8/11/11 15j7 
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Figure 5.7: The detection efficiency for PICsIT single pixel events (left) and for PICsIT multiple 

pixel events (right). 

Figure 5.7 shows the PICsIT multiple pixel detection efficiency. The total efficiency reaches a 

maximum of 20% at 500 - 800 keV, and drops slowly to 10% at ~ 7 - 8 MeV. The full energy efficiency 

drops much more rapidly from ~15% at ~600 keV to ~1% at ~ 6 MeV. The multiple pixel events 

are composed of Compton scatters (within PICsIT) and pair production events. At 2 - 3 MeV the 

single and multiple pixel modes have similar efficiencies (~15%), bu t above this the multiple pixel 

mode is more efficient. The full energy efficiency of the multiple pixel mode is higher than the single 

pixel mode from about 800 keV upwards. So while events are detected at similar numbers within 

both modes, the nature of the 7-ray interaction mechanism, means that large amounts of initial 

7-ray energy is lost in the single pixel mode, probably due to scatter (of photons and electrons) out 

of the single pixel and into the surrounding materials. 
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5.2.3 IBIS sensitivity 

Figure 5.8 and 5.9 show the continuum and hne sensitivities calculated for IBIS. The sensitivities are 

calculated at solar maximum and account for the incident pixel reconstruction (IPR) efficiency as well 

as the increasing transparency of the mask elements at higher energies. The loss of sensitivity in the 

coding and deconvolution process of the coded mask imaging is not included within the calculations. 

ISGRI dominates the sensitivity at low energies, whereas the PICsIT single and multiple modes 

dominate above 200 keV. The Compton mode hardly increases the sensitivity at all. In fig 5.9 the 

continuum sensitivity of IBIS is compared with that of the OSSE and SIGMA instruments, and with 

the spectrum of the source 3C273. IBIS is about a factor 10 more sensitive than SIGMA and about 

a factor of 3 or so more sensitive than OSSE. Up to ~400 keV the IBIS line sensitivity is better than 

that of OSSE (fig 5.9). Between 400 keV and 2 MeV the two are comparable, but above 2 MeV 

OSSE is more sensitive. IBIS is more sensitive than HEAO-3 over virtually its whole energy range. 
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Figure 5.8: The IBIS continuum sensitivity (left) and line sensitivity (right) at solar max. 

5.2.4 IBIS Event rates and spectra 

Table 5.2 shows the event rates measured in IBIS for both the solar minimum and maximum cases. 

The event rate spectra (figs 5.10 and 5.11) are shown for the solar maximum case only. The 

diffuse cosmic 7-rays are the largest component at low energies (20 - 80 keV) in the ISGRI spectrum 

(fig 5.10). Note the prominent fluorescence line at 50 - 60 keV. From 80 keV upwards the dominant 

component is prompt cosmic rays. Note the peak around 2 MeV, this is probably due to minimum 
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Figure 5.9; The IBIS continuum (left) and line (right) sensitivity at solar max. 

2000/08/11 12̂4 2000/08/11 12.54 
ISGRI Event rate Spectrum. Solar Wax 

Total es t imat ion 

Diffuse y 

Prompt cosmic rays 

Delated cosmic roys 

PICSIT Event ro le Spectrum, Solar Max 

. To to I e s t i m o t i o n 

Dif fuse y 

Prompt c o s m i c rays 

Delayed c o s m i c rays 

Energy (k«V) 

Figure 5.10: Event rate spectra at solar max for ISGRI (left) and PICsIT (right). Note these spectra 

extend well below the low energy thresholds. 
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Solar Maximum 

Total Cosmic Diffuse 7-rays Prompt Cosmic Rays Induced Radioactivity 

ISGRI 5074 376.1 

PICsIT 9832 382.5 

BGO 28350 4463 

CTag 1406 350.4 

4534 

7676 

15090 

817.7 

164 

1773 

8800 

237.6 

Solar Minimum 

Total Cosmic Diffuse "y-rays Prompt Cosmic Rays Induced Radioactivity 

ISGRI 8585 376.1 

PICsIT 16130 382.5 

BGO 45770 4463 

CTag 2227 350.4 

7951 

13020 

26870 

1475 

258.4 

2726 

14440 

401.4 

Table 5.2: rofea in f/ie /BZ? jetec^ora of aoZar and aoZar mmimum. 

CTbg re/era fo fAe CaZiArofion Taggimg Cryafa/. 

ionizing particles. These deposit ~1 - 2 MeV/g, which with CdTe's density of ~6.06 g/cm® and 

the thickness of ISGRI of ^^0.2 cm, gives ^^1.2 - 2.4 MeV. The spectrum falls away after this peak, 

though there is a peak at 5 MeV, but this is the overflow bin and is therefore not a spectral feature 

ag such. The PICsIT event spectrum is dominated up to 80 keV by induced radiation. Above 1 

MeV the prompt cosmic rays dominate the spectrum. Note the minimum ionizing particle peak at 

13 - 27 MeV and the overflow bin at 50 MeV. Fig 5.11 shows the IBIS BGO veto spectrum, which 

is dominated at low energies by cosmic diSuse "y-rays. At high energies the cosmic rays and the 

induced radiation are more important. The huge peak at '^6 MeV is due to the o: decays of ^^°Bi, 

2iigj^ 2i2g^ 2i3g| 2i4gj_ note the min ionizing peak at 20 - 30 MeV and the overflow bin 

at 50 MeV. 

5.2.5 S P I background spec t r a and count ing r a t e s 

Table 5.3 shows the background count rates as calculated within SPI during both solar minimum 

and maximum. The germanium detectors have low-energy thresholds of 20 keV and high-energy 
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Figure 5.11: The IBIS veto event spectrum at solar max. Note this spectrum extends well below the 

threshold. 

thresholds of 8 MeV. Both the plastic and BGO vetoes have low-energy thresholds of 100 keV. 

Fig 5.12 shows the germanium single detector background. Below 70 keV this is dominated by diffuse 

cosmic 7-rays, however above 100 keV the most important component is the induced radioactivity. 

This is because the externally generated background in SPI is excellently suppressed by the massive 

BGO shielding, leaving the internally generated background to dominate. Table 5.3 shows that 

the internal background (induced radioactivity) is ~ 3 times the external background for the single 

detector events at solar maximum. 
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Solar Maximum 

Mode Total CDG Prompt Cosmic Rays Induced Radioactivity 

Single 244 59.4 7.85 176.7 

Multi no 511 72.02 2.54 4.84 64.64 

Multi with 511 8.23 0.05 0.06 8.12 

Solar Minimum 

Mode Total CDG Prompt Cosmic Rays Induced Radioactivity 

Single 318.9 59.4 15.29 244.2 

Multi no 511 102.5 2.54 9.3 90.64 

Multi with 511 12.67 0.05 0.23 12.39 

Table 5.3: TAe bacAgrouncf count mtea ^counf/a,) in fAe 5"^/ detecfora at 6ofA sofar moarimum and 

solar minimum. 

The multiple detector without 511 keV photons mode (Gg 5.12) background spectrum is dom-

inated over its entire energy range by induced radioactivity, again because of excellent external 

background suppression. The multiple detector with 511 keV photons mode (6g 5.13) background 

is almost totally due to the induced radioactivity. In these two modes photons are classed as 511 

keV if they have energies equal to 511 ± 0.5 keV. 

Figure 5.13 also shows the background for all types of SPI events with a resolution of 1 keV. 

Overall the background of SPI is dominated by the induced radioactivity above about 100 keV. In 

6g 5.13 the line-dominated nature of the SPI background (due to radioactive decay) can clearly be 

seen. 

5.2.6 S P I efficiency 

Figures 5.14 and 5.15 show the detection efBciency for the various modes of SPI. As with IBIS, no 

maak or imaging effects have been taken into account. The single detector eGiciency is highest at 

'-̂ '200 keV being above 90%. The eSiciency at near 20 keV is very low, approximately 50%, and this 

may be due to the beryllium cryostat. The multiple detector without 511 keV photons mode has a 

low efficiency (max 20%). The full energy efficiency is much lower than the total and this is probably 

due to scattering in the beryllium cryostat, or even in the BGO shielding. The low-energy threshold 
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Figure 5.12: Background spectra for the single detector events (left) and for the multiple detector 

events without 511 keV photons (right) as generated for solar max. 
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Figure 5.13; The multiple detector with 511 keV photons background spectrum (left) and the total 

SPI background spectrum with 1 keV resolution (right). 
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of the BGO is 100 keV, and it is quite possible that scattering into or out of this could reduce the 

full energy efficiency of the Ge detectors, without triggering the veto. The multiple detector with 

511 keV photons mode (fig 5.15) has a very low efficiency (max ~2%), These events are mainly pair 

production events, and hence there are none below 1022 keV. 

1 9 9 9 / 1 1 / 1 1 18.21 1 8 9 9 / 1 1 / 1 1 1 8 ^ 

G# SK# Detection EfWency 

hull energy 

Ge Mulli no 511 Detection Efficiency 

energy 

Figure 5.14: The detection efficiency for both the single detector mode (left) and for the multiple 

detector without 511 keVphotons mode (right). 
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Figure 5.15: The detection efficiency of the multiple detector with 511 keVphotons mode. 
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5.2.7 S P I sensi t ivi ty 

The sensitivity of SPI's various modes is shown in figures 5.16 and 5.17. The two most important 

modes, with respect to the hne sensitivity, are the single detector mode and multiple detector without 

511 keV photons mode. The scarcity of events with 511 keV photons makes the multiple detector 

with 511 keV photons mode the least important. IPR, mask transparency, coding and deconvolution 

effects have not been included in the estimation of the sensitivities. The single detector mode 

and multiple detector without 511 keV photons mode are also the most important modes for the 

continuum sensitivity. Figure 5.17 compares the line and continuum sensitivities of SPI with those 

of HEAO-3, OSSE and SIGMA. The line sensitivity of SPI is significantly better than that of OSSE, 

whereas the continuum sensitivity is similar. 

SPi comomed 
E Single detecio 

lM9/11/n 17*5 
SPI l ine sensilivity ot Soior mox ( j p . 10'scc ) 

SPi c o m b i n e d 

Single dctector 

Figure 5.16: The SPI continuum (left) and line (right) sensitivity as calculated at solar max. 

5.2.8 S P I event ra tes and spec t r a 

Table 5.4 shows the SPI event rates as calculated at both solar m a x and solar min. Figures 5.18 

and 5.19 show the spectra for the germanium, BGO and plastic detectors. The germanium spectra 

are largely composed of the induced radioactivity and the prompt cosmic rays. The feature at 50 

MeV is the high-energy overflow bin. The BGO spectrum is dominated at low energies by the cosmic 

diffuse 7-rays, at medium energies by induced radioactivity and at high energies by the cosmic rays. 

There is a clear peak at ~6 MeV due to the radioactive decay of bismuth. There is very little 

evidence for a minimum ionizing peak wihtin the BGO spectrum. This could be because there is so 
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Figure 5.17: The SPI continuum (left) and line (right) sensitivity compared with OSSE, SIGMA and 

much BGO that it is impossible for particles to skim through a single piece. This is further backed 

up by the relatively large number of events in the overflow bin, as compared with IBIS. The strangest 

event spectrum is that of the plastic scintillator. The peak at ~ 1 MeV is probably due to minimum 

ionizing particles in the prompt cosmic rays {ppiasUc ~1 g/cm^ & thickness ~5 mm giving a min 

ionizing energy of ~ 1 MeV). 
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Figure 5.18: Event rate spectra in the germanium (left) and in the BGO (right) estimated at solar 

max. 

149 



Solar Maximum 

Total CDG Prompt Cosmic Rays Induced Radioactivity 

Ge 3426 

BGO 69510 

Plastic 6362 

7&12 2528 

10970 23420 

8&1 6258 

82L8 

35120 

21.47 

Solar Minimum 

Total CDG Prompt Cosmic Rays Induced Radioactivity 

Ge 5302 76.12 4045 

BGO 106500 10970 42910 

Plastic 11640 83.1 11510 

1180 

52630 

38.27 

Table 5.4: Event rates (count/s) for the SPI detectors at both solar maximum and minimum. 
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Figure 5.19: The event rate spectrum as measured in the plastic veto. 
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5.2.9 Spat ia l d i s t r ibu t ion of t h e background 

I S G R I 

ISGRI single site background map 
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Figure 5.20: Spatial distribution of the ISGRI single pixel events. SPI and JEM-X are at negative 

X. 

Figure 5.20 shows the distribution across the ISGRI detector plane of the single pixel events. 

From the scale on the right it seems that the number of counts recorded varies by almost a factor of 

10 between the highest and lowest pixels, though there is no evidence of any overall non-uniformity 

within the detector plane map. The background appears to be randomly scattered across the detector 

plane as would be expected for uniform background sources. Figure 5.21 shows the projection of 

the X and y axes from the background map, and here, much more clearly, non-uniformities can be 

seen. The average background level is about 340 counts, however there are many peaks above this, 

quite a few of which are located at the edges of the detector modules. Between the ISGRI detector 

modules there are passive support structures, and the increase in background around these is most 

likely due to scatter into, and out of, these supports. An event Compton scattering within a pixel 

that is completely surrounded by other pixels, will be rejected from the ISGRI data as a multiple 

pixel event. If instead, the event were to scatter into passive material and be completely absorbed, 
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then it would register aa a valid single pixel event (at less than the full photon energy). The converse 

is also true, that events scattering out of paasive materials into the pixels may be recorded as single 

pixel events. 

At the very edges of the detector plane, the pixels are very "hot" compared with the average 

(480 counts cf. 340 counts). In ISGRI this could be due to scatters o 5 of the hopper, other passive 

parts of IBIS above the BGO veto crystals, or even sub-threshold scatters from the veto itself. The 

increase in elective pixel area, due to having the top plus some of the side of the crystal exposed, 

will also have some eEect on the number of counts. The y axis projection shows many of the same 

features, the increase in counts around the edges of the modules and the dramatic increase at the 

edge of the detector plane, for example. 
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Figure 5.21: Projection of the x and y axes of the ISGRI single pixel background events. SPI and 

JEM-X are at negative x. 

P I C s I T 

Figure 5.22 shows the detector plane map for the PICsIT single pixel events. This is much more 

uniform, in terms of numbers of counts per pixel across the detector plane, than that of the ISGRI 

single pixel events. There are quite a few "hot" pixels evident within the plane, though as noted 

with ISGRI their distribution looks fairly random. 
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I PICsIT single site background map 
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Figure 5.22: Background map of the PICsIT single pixel events. SPI and JEM-X are at negative x. 
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Figure 5.23: Projection of the x and y axes of the PICsIT single pixel background events. SPI and 

JEM-X are at negative x. 
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The projections of the x and y axes for the PICsIT single pixel background events tell a similar 

story to those of the ISGRI events. The projection of the x axis shows the same peaks around the 

passive material as in ISGRI. However, there are some differences between PICsIT and ISGRI, most 

notably there is some evidence of an increase in the PICsIT counts towards SPI/JEM-X. This is 

most likely due to an increase in scattered events from the -x direction, causing non-uniformity in 

the illumination of PICsIT. This is not seen in ISGRI because events that scatter from SPI/JEM-X 

into IBIS would have to be of high energy to penetrate the passive material and be detected in IBIS. 

At the energies required ISGRI is almost transparent. In the x axis projection there is much less 

of an increase at the edges of the detector plane than would be expected from the ISGRI plots. A 

probable explanation ia the increase in shielding of the PICsIT plane. Scattering of events oEF of the 

hopper and passive materials above ISGRI into the side of PICsIT is not very likely, as ISGRI is in 

the way. The PICsIT plane is also surrounded by the active BGO veto system, and there is very little 

passive material between the veto and PICsIT from which events would be able to scatter into or 

out of. In effect PICsIT sits within an actively shielded box, and so scatters from external materials 

into the pixels forming the detector plane edges, or &om those pixels into passive materials, are less 

likely than for ISGRI. The y axis projection shows peaks at the detector plane boundary and at the 

gap in the centre between the detector modules. The background across the plane has an average 

value near 1600 counts, though there are quite a few variations around this level. 

Figure 5.24 shows the detector plane map for the PICsIT multiple pixel events. From Gg 5.24 it 

seems the number of counts between adjacent pixels may vary by up to a factor of 6, but over the 

detector plane there is a random distribution of counts. From the background map there looks to 

be faint evidence of an increase in the number of counts towards SPI/JEM-X and this is roughly 

borne out in the projection of the x axis (fig 5.25). In the x axis projection it is clear that there is 

not the same increase in number of counts towards the detector module boundaries. At the edge 

of the detector plane the number of counts actually decreases dramatically. This is due to events 

scattering into passive materials and thus not being recorded as multiple pixel events. In the x 

and y projections (fig 5.25) there are some hints of features (peaks and troughs), which if seen in 

future datasets would merit further investigation. The small number of events detected within the 

Compton mode has meant that spatial variations for this mode have not been investigated thus far, 

though clearly in future this may also be undertaken. 
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I PICsIT multiple site background map 
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Figure 5.24: Background map of the PICsIT multiple pixel events. SPI and JEM-X are at negative 

X. 
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Figure 5.25: Projection of the x and y axes of the PICsIT multiple pixel background events. SPI and 

JEM-X are at negative x. 
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lOatntn* Map 

Proton Map 

Figure 5.26: Map of the background recorded using the SPI single detector mode at solar maximum. 

Figure 5.26 shows the background recorded in the SPI instrument using the single detector mode 

at solar maximum. The dominant background component is the delayed (induced radioactivity), 

and this is also fairly uniform. The second largest component, the diffuse cosmic 7-rays (Gamma 

Map), look to have some non-uniformity. It is hard to see, but the edge detectors seem to have a 

higher number of counts in them than the central detectors. This is probably caused by scatters 

from passive materials (i.e. the cryostat), or from sub-threshold scatters off of the veto, into the Ge 

detectors. The smallest component, the prompt cosmic rays (Proton Map), has no obvious pattern. 

The total background map is fairly uniform, though there is reason to believe that an enhancement 

is seen in the edge detectors. 

The multiple detectors without 511 keV photons mode is, as mentioned earlier, dominated by 

the delayed events. In figure 5.27 the delayed component of the background is shown to have a clear 

structure across the detector plane. The edge detectors have much less counts recorded in them 
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Figure 5.27; Map of the background recorded using the SPI multiple detector without 511 keVphotons 

mode at solar maximum. 
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than the central detectors. This is to be expected, since if events are to be recorded in two detectors 

then this will be much more likely for those starting in the central detector than those starting in 

any of the edge detectors. The other two components of the background also show the same basic 

pattern as is expected. The total background for this mode shows the same centrally concentrated 

pattern, due to the Compton events which compose this mode. 

I Delayed Map 

I Proton Map 

Figure 5.28: Map of the background recorded using the SPI multiple detector with 511 keVphotons 

mode at solar maximum. 

The SPI multiple detectors with 511 keV photons mode contains many less events than the 

other two modes, but similar to them, is dominated by the delayed events (fig 5.28). The nature 

of this mode means that it will be dominated by pair-production events, which necessarily means 

that the spatial distribution across the detector plane will be centrally peaked. This is borne out in 

figure 5.28, where the delayed background (and therefore the total) is clearly centrally concentrated. 

158 



iPICsIT single site| 

400 

3 2 0 -

2 4 0 -

- 1 6 0 -

-240-

I M M I 1 1 I I I I I M I I I I 1 
-200 -100 0 100 200 

[PICsIT multiple sit^ 

400 Ti 

t 11111111111 I I 11111111111111111111111111 
-400 -300 -200 -100 0 100 200 300 460 

r 
4 

2(j 

H 
I 

r 
'o 

Figure 5.29: Background map of the PICsIT single and multiple pixel events. Within the map are 

five random dead pixels as well as one dead asic (16 pixels). 

The effects of dead pixels on t he background spat ial d i s t r i b u t i o n 

In flight it is possible that some pixels may fail, or may experience problems requiring their output 

to be effectively ignored, and thus the pixels will be "dead". When this happens it is likely that the 

background properties within the adjacent pixels will be affected. For example the dead pixel will 

now function as a passive scatterer, and events that were previously multiple pixel could now be 

classed as single pixel. Thus it is expected that the multiple pixel background in the adjacent pixels 

will decrease while the single pixel background increases. The background maps (fig 5.29) show the 

spatial distribution of the background in PICsIT with some dead pixels added in. The five single 

dead pixels (spread randomly over the 8 modules) have no noticeable effect when the plane is looked 

at overall. In the bottom right hand module a whole polycell, containing 16 pixels, has been made 

dead, and this is clearly seen in the maps. When comparing figs 5.29 with figs 5.23 and 5.21 the 

general background looks the same. In detail though, around the dead polycell there is an increase 

in the single pixel background and a decrease in the multiple pixel background. In the projections 

(fig 5.30) there are differences around the dead polycell (x ~200 cm), where the number of counts 
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Figure 5.30: Projection of the x and y axes of the PICsIT single and multiple pixel events. The top 

two figures refer to the single site events (XI & Yl) and the bottom two refer to the multiple site 
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recorded haa decreased (cf. 6g 5.23). In the y axis projection the number of counts recorded in the 

edge pixels (at -300 cm) is less and there is a trough followed by a peak (cf. 6g 5.23). The trough 

is due to the missing pixels reducing the overall number of counts, but the peak is probably due to 

the increase in single site events around the dead polycell. Looking at the bottom two histograms 

in Ag 5.30, which are the multiple site projections, there is the same drop in the number of counts 

due to the missing pixels but no evidence of peaks due to increased numbers of events. In both sets 

of projections it is hard to see the effects of individual dead pixels. The main expectations, lower 

multiple site events and increased single site events in the pixels adjacent to the dead pixels, are 

shown by the dead polycell, however the eSect of an isolated dead pixel may be too small to see 

when one looks at the broad detector plane picture. 

In SPI the effects of dead pixels would naturally be much more dramatic than in IBIS. If one 

whole detector failed then clearly the number of events recorded in the single detector mode would 

drop, and the numbers recorded in the multiple detectors, with and without 511 keV photons, 

modes would also drop. In the worst case if the central detector failed, the detector plane would 

only contain "edge" detectors and the numbers of events in the multiple detector modes would be 

decreased dramatically. 

5.2.10 Source effects 

The pattern seen on the detector plane when illuminated by a source will obviously be determined 

by the distribution of mass in front of the detector plane. The basic premise of the coded mask 

imaging technique is that any source shone through the mask will imprint the shadow of the mask 

onto the detector plane count rate map. Figures 5.31, 5.32 and 5.33 show the number of counts 

measured across the detector plane when the source is at 0,0 (theta, phi), 30,180 and 56,180. 

In fig 5.31, the on axis source, one can clearly see the IBIS mask pattern in both the ISGRI 

single pixel and the PICsIT single pixel modes. In the scattered event modes (Compton and PICsIT 

multiple modes) the mask pattern is impossible to see. Deconvolution of the detector map to produce 

an image is beyond the scope of this thesis and is not discussed. The main points, as far as this 

thesis is concerned, are the ability to detect the maak pattern clearly with the single pixel modes 

and the uniformity of detection across the detector plane. It is clear to see that at low energies the 

mask pixels are very opaque and thus the pattern is very clear (ISGRI single), whereas at higher 
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Figure 5.31: Map of the IBIS detector plane, all four different modes, when illuminated by a source 

at 0,0 (i.e. on axis). 
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Figure 5.32: Map of the IBIS detector plane, all four modes, when illuminated by a source at 30,180 

(i.e. 30 degrees off axis on a line intersecting the centres of IBIS, JEM-X and SPI). This source 

intersects the IBIS hopper. 
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Figure 5.33: Map of the IBIS detector plane, all four modes, when illuminated by a source at 56,180 

(i.e. a source shining through the SPI UCR onto the IBIS plane). 
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energies the mask pixels are less opaque and the pattern detected is less clear (PICsIT single). As 

sources move oS axis other passive materials above the detector plane will become importemt and 

will distort the detected mask pattern (figs 5.32 & 5.33). With the source at 30,180 the IBIS mask 

pattern is not seen, and now the hopper dominates the spatial distribution of the detected events. In 

all four of the IBIS modes there is a clear trend in the number of counts recorded increasing towards 

positive X. The left hand four modules are in the shadow of the hopper and so very few events are 

seen in these modules. In the ISGRI and PICsIT single pixel modes, the number of counts seen 

increases as the module moves out of the shadow of the hopper (toward +x), the farthest right two 

modules having clearly the largest number of events within them. It is very interesting to note that 

the left hand edge of the farthest two right modules appears to have em increased number of events 

(the ridge of events at x 180 cm). This is due to an increase in the effective area of the detector 

pixels as the source sees not only the top of the pixel but also some of the side of the pixel. Towards 

X = 300 cm the number of counts reaches its peak, due to the decrease in passive materials between 

source and detector plane. In the scattered modes the picture is similar. In the Compton mode there 

is a deGnite increase in the number of events but there is not the same continual increase from left to 

right. The same is true of the PICsIT multiple pixel mode, though this also shows possible evidence 

of the SPI mask. In the two left most modules it is possible that the features present are caused 

by the thick tungsten blocks that compose the SPI mask. The difference in count rates between 

the modes is due to the spectrum of the source used (a = -2.2) and the transparency of the passive 

material. Those events which had a high enough energy to get through the passive material were 

more likely to be recorded in PICsIT and so the PICsIT modes have higher numbers of counts than 

ISGRI and Compton modes. At first it is surprising that the increase in number of counts recorded 

should begin earlier in ISGRI than in PICsIT. This is most likely due to the presence of the BGO 

veto, which surrounds PICsIT and thus provides not only extra active shielding, but to an extent 

extra passive shielding as well. 

Figure 5.33 shows the detector plane map for a source shining through the SPI upper collimator 

ring (UCR) onto the IBIS detector plane. The collimator ring severly attenuates the input flux. 

The effect of on axis illumination on the SPI detector plane is shown in figure 5.34. The 3 cm 

thick tungsten mask pixels are clearly very opaque and thus there is a great difference in the single 

detector mode between the counts detected through open and closed pixels. The multiple detector 

modes, which contain far less events, are less clear than the single detector mode. It is hard to see 
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Figure 5.34: Map of the SPI detector plane generated by illumination from an on axis source. 
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any evidence of the mask pattern in the multiple detector background maps. The total detector 

plane map is dominated by the single detector mode and therefore clearly shows the mask pattern. 

detector shadowgram 
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15 
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Figure 5.35: Map of the SPI detector plane generated by illumination from an off axis source at 30,0 

degrees. 

Figure 5.35 shows the effects of illumination by a source at 30,0 (30 degrees off axis in the direction 

of IBIS). The spatial map obtained from this observation is not very recognisable as anything. The 

source illuminates SPI through the IBIS mask and through the collimator rings of the SPI veto, 

thus the number of events recorded is very small (compared with the on axis source). The statistical 

quality of the data is poor, and there is no overall pattern. The multiple detector without 511 keV 

photons mode, shows the usual central concentration, but no other patterns are visible. The coarse 

nature of the SPI detector plane would naturally mean that to resolve the IBIS mask pattern would 

be impossible, though the massive BGO shielding around SPI makes this even more difficult. 
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5.2.11 Spat ia l var ia t ion of de tec tor efficiency 

As has been shown earlier the background varies across the detector plane due to passive materials 

between the modules and around the modules. Figure 5.36 shows the projections of the x and y 

axes across the detector plane of the detection efficiency for the PICsIT single pixel mode. This 

has been created by firing a parallel beam of photons straight down on to the detector plane. This 

was actually done below the mask so that eSects caused by the varying shielding provided by the 

mask pixels are not included. At the detector plane the pixels recieve a uniform illumination, which 

can then be used to calculate the efGciency. As with the background there is a clear increase in the 

number of events recorded at the edges of the detector modules, which translates into an increase in 

the detection efficiency. Again, as with background, this is due to scatter into, and out of, passive 

material causing events that would otherwise be multiple pixel events to be recorded aa only single 

pixel events. 
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Figure 5.36: Projection of the x and y axes of the IBIS detector plane showing, for the PICsIT single 

pixel event mode, the number of events recorded when a parallel beam of photons (20 keV - 10 MeV, 

power-law with a = 10'^) is input. 

To calculate the detection eSciency of the SPI instrument a Sat spectrum of photons was fired 
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Figure 5.37: Detector plane map of SPI. This has been created by firing into SPI a parallel beam of 

photons (20 keV - 10 MeV; power-law with a — 10~^). 
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onto the detector plane from below the mask. Figure 5.37 shows that the single detector events lie 

uniformly over the detector plane. The nature of the multiple detector without 511 keV photons 

mode means that the detection efRciency is highest in the middle 7 detectors, where more events are 

recorded. This pattern, again due to the nature of the observing mode, is also repeated within the 

multiple detector with 511 keV photons mode. The total efRciency is therefore centrally dominated, 

due to the flat input spectrum, which creates more events within the energy range of Compton 

scatter and pair production mechanisms. 

5.3 Evolut ion of T I M M results 

Most of the results of TIMM have not changed much during the successive evolutions of the model. 

Most changes are of order <10%, and not factors of 10, which indicates that detailed modelling of 

the detector planes is crucially importemt. As long aa the area immediately around the detector 

plane is modelled accurately the results probably will not change by more than 50% throughout 

successive model versions. 

Between vl.Oa and v3.4 of TIMM the background spectra and count rates, detection eGiciencies, 

line and continuum sensitivities, and event spectra and count rates, of both IBIS and SPI, are all 

very similar. Variations are at most 50% in the spectra, and under 10% in the count rates, which in 

the context of mass modelling is very small. 

This consistency in the products indicates that accuracy close to the detector plane is critical, 

but that the extra detail away from the detector plane is not so necessary. This may mean that 

during the life time of the mission it will be possible to generate background spectra and count rates 

with a very rough model. However, for effects like shadowing etc. a much more detailed model may 

still be necessary. 

5.4 Crit ical appraisal of Mass Model l ing a n d T I M M 

When TIMM was proposed it was planned to allow optimisation of the instruments on INTEGRAL, 

to generate an understanding of the background pre-flight, to aid calibration, and generate in-flight 

background data-sets. The generated background could then be subtracted from the observations 

to improve the quality of data produced by INTEGRAL. At the t ime of proposal this was a very 
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ambitious project. With the knowledge and experience gained at Southampton on other projects, 

such as modelling of the BATSE background, this is now a reasonable aim. These recent devel-

opments have lead to a more complete definition of Mass Modelling within the context of a major 

mission such as INTEGRAL. In this section the future role that Mass Modelling should have within 

a mission is defined using the knowledge and experiences of the T I M M project. This section forms 

both a critical appraisal of TIMM and Mass Modelling, and a guide for future missions. The aims 

of Mass Modelling, the phases a modelling project should go through and the work to be done in 

those phases are discussed, all with reference to TIMM. 

5.4.1 The overall aim of Mass Modelling 

The Southampton group are currently involved in a project to produce an all-sky survey, using a 

Mass Model to generate the background data, for the BATSE instrument. From the Southampton 

experience with the BATSE and TIMM projects it is now clear t h a t two distinct types of Mass 

Model can exist: a Static Mass Model and a Dynamic Mass Model. TIMM is an example of a Static 

Mass Model, and the current BATSE Mass Model held at Southampton, is an example of a Dynamic 

Mass Model. 

A Static Mass Model is one that is designed to allow calculation of non-varying quantities, such as 

the average value of the background count rate. This is useful in the pre-Aight phaae, for optimisation 

of the payload and spacecraft design and characteristics, and in the ground calibration phase. 

A Dynamic Mass Model is one that is designed to allow an evaluation of dynamically changing 

quantities, such as the background count rate and spectra that would be measured during a complete 

orbit of the Earth in a low Earth orbit satellite. In this case the background will change with magnetic 

latitude, longitude and space craft attitude, and is therefore a more dynamic quantity. 

Static and Dynamic Mass Models can use the same geometrical and chemical model, however, 

for the dynamic model further software will need to be developed, over and above the Monte Carlo 

simulation code, to account for all of the dynamic effects. Both the Static and Dynamic models will 

be required to allow the achievement of the goals of Mass Modelling, and it is the development of 

both of these techniques that will allow this aim to be realised. 

In future missions the aims of Mass Modelling should be: to assist the development and optimisa-

tion of the spacecraft and payload; to allow pre-flight prediction and understanding of the background 
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and operational characteristics of the instrument; to enhance and improve the ground based and 

in-flight calibration of the telescope; and finally, to generate dynamically varying background data 

sets that can he subtracted from the observations to improve the telescope sensitivity. 

The ultimate goal of Mass Modelling is therefore to improve obervations, and this particularly 

for surveys (BATSE, INTEGRAL, SWIFT) is of fundamental importance to the -y-ray aatronomy 

community. Production and usage of a model within a mission can be divided into several distinct 

phases: 

» Phase 1: Design and optimisation 

® Phase 2: Prediction of static characteristics 

« Phase 3: Ground based calibration 

• Phase 4: In-flight calibration 

« Phase 5: Creation of Dynamic model and generation of background data sets 

« Phase 6: Use of data sets to improve observations 

Though these phases are envisaged as separated there will naturally be some temporal overlap. 

5.4.2 Phase 1: Design and optimisation 

This is the opening phase of any mission. Experience with TIMM shows that when an initial payload 

design has been created, a rough model can be created in a short t ime frame (~ 1 month). This will 

contain the detector in some detail (i.e. accurate chemical and geometrical information is necessary), 

and an accurate estimate of the detector's position relative to the remainder of the instrument mass. 

Before the Mass Model is built, the choice of Monte Carlo simulation code to be used has to be 

made. This is dependant on the type of simulations required, but for a space based mission such 

as INTEGRAL, GEANT3/GCAL0R was found to allow simulation of all the necessary particles 

over the appropriate energy ranges. This was extended to form the GGOD software suite and this 

is clearly an ideal Monte Carlo suite. At CERN work is currently being done to develop Geant4, 

and this will include many add on functionalities, which will cover many of those contained within 

GGOD. Therefore in future missions either GGOD or Geant4 (plus add on software packages) would 

be good choices of Monte Carlo code. 
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Once the package is chosen, the model is constructed. For T I M M it was decided to construct 

models that contain a minimal amount of detail in the early stages. From experience, it seems that 

it is necessary to have the detector modelled to high precision, but many of the other parts of the 

payload can be crudely modelled. In general as long as the mass and chemical distributions within 

the spacecraft are approximately correct, to within 10 - 20%, then the accuracy of the results will 

be reasonable. For TIMM the Grst model built (version 1.0a) has produced results that are still 

comparable to the current ones, within a factor of 2. Considering the changes to the spacecraft, and 

the enhancement of model detail, this is remarkably good agreement. Originally in the TIMM project 

it was envisaged to have three different models, with varying levels of detail, however in practice 

this has not been realised because it has not proved practical. For the purposes of optimisation of 

the payload; one very small part of the model may require very high detail, however the eSect of 

this on the whole model may be minimal. The effort required to build a very detailed model of the 

entire preliminary design of the spacecraft and payload, which could be several man months, to test 

out whether the background is increased by moving the instrument 5 cm to the left is not merited. 

Throughout the lifetime of a mission, one of the biggest stumbling blocks to the successful imple-

mentation of a model will be the information flow between the model team and instrument/spacecraft 

teams. This has been borne out within the INTEGRAL project, where the data flow has at times 

halted the whole modelling effort, and at other times swamped the modelling team. This variable 

data flow has been further compounded by the type and quality of data offered by the instrument 

and spacecraft teams. For building an instrument one needs different information than is needed 

for modelling it. Having dispensed with the idea that a complete model, to a very high level of 

detail is necessary in the optimisation phase, it is easy to see that knowledge of every nut and bolt 

on the spacecraft is unnecessary. Thus there are two different problems with data flow: firstly, the 

variable availability of the data, and secondly, the variable quality of the data. During the TIMM 

project no data has been received for months and then a deluge of data containing the exact size 

and shape of every nut on the instrument, but excluding their positions, has arrived. In both of 

these cases one can do nothing constructive. From the experience of TIMM, it is clear that knowl-

edge of the chemical composition of a 1 mm diameter nut is not important, but the dimensions and 

positions of the detector plane crystals is fundamental. To ensure the construction, throughout the 

entire project and especially in the beginning, of accurate and successful model one needs to ensure 

good communication between the teams designing and building the instruments and those modelling 
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them. On top of this one needs to ensure that both teams know what data is needed, and what data 

is irrelevant. 

A further question that has arisen during the TIMM project with data flow is, what format 

should the data exchange take place in (i.e. Technical drawings, CAD files etc.)? During the lifetime 

of TIMM the data How haa been largely via technical drawings, though there has been some limited 

usage of EUCLID files. Computer Aided Design (CAD) drawings have not been used because there 

is no easy way to put these into GOOD, however if one used Geant4 then this is now possible. The 

variability of CAD formats though makes this option of questionable desirability. Technical drawings 

provide their own particular problems, apart from how to transport them, it can also be difficult to 

read them and translate what is shown into GEANT geometries on the computer. Computer files 

seem the easiest way to exchange data, however this is only true if everybody involved uses the same 

co-ordinate system, computer software and naming and numbering conventions for geometries and 

materials etc. In the case of TIMM this has not always been true, and transfer of computer files 

has therefore been difBcult and sometimes unhelpful. It has been found over the course of TIMM's 

lifetime so far that the best way to exchange information is via technical drawings. Recently with the 

establishment of the TIMM mass modelling conventions, and with increased collaboration with the 

instrument modelling teams, it is hoped that data flow will improve and that information exchange 

via computer files will be made easier. 

In summary, in this phase the initial decision as to the Monte Carlo code to be used has to be 

made and then the initial model has to be built. It is then possible to improve the detail as needed 

to carry out the design and optimisation investigations required. After a while the design of the 

instruments will become reasonably frozen and at this point most of the modelling effort moves onto 

predicting the in-flight characteristics of the instrument. 

5.4.3 Phase 2: Predict ion of static characteris t ics 

Once a fairly stable instrument design has been settled upon, then it is time to improve the detail 

in the model and generate the preliminary estimates of the instrument characteristics. This is the 

phase that TIMM has been in for that last few years, and generally this phase will last most of the 

pre-flight mission time. The process of updating the detail within the model has many of the same 

problems as building the initial model, in particular with respect to data flow and exchange issues. 
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Improving the model really requires updating those components nearest to the detector planes, and 

those components fundamental to the instrument operation. Obviously the material nearest the 

detector plane will have the most effect on the results and good detail here is of great importance. It 

is also true that in some types of instruments, coded aperture systems for example, there are other 

parts of the telescope where high levels of detail are necessary. In the caae of TIMM, the masks of 

IBIS, JEM-X and SPI need to be modelled in high detail, as errors here will distort the quantities 

generated in simulations. A further important component to get correct is the shielding, again in 

TIMM the active shields are very important, but also in particular for IBIS, the passive hopper 

and tungsten walls are very important. Clearly then, one can devise several rules of thumb as to 

which parts of the model need to be modelled in high detail and which don't. The detector crystals, 

all materia] adjacent to those crystals and any material between them and any veto systems have 

to be detailed. Active veto shielding, plus adjacent passive material, has to be detailed. Passive 

shielding, such aa hoppers and collimators, also require high detail. Finally, any other parts of the 

imaging system, such as coded masks etc, require detailed construction. All of the other parts of the 

instrument and spacecraft can be put in very roughly, though it is always wise to improve these to 

a reasonable standard. At all costs the essential parts of the instrument have to be detailed, but the 

other parts can be detailed as required depending on available man power, information, disk space, 

cpu time, etc. Clearly these external factors, though not directly a feature of the model, will be very 

important. The more detail required, the more information that will be needed, and the more man 

power that will be needed to collate and understand the information, as well as to build the model. 

The disk space and cpu time available are really very important in the context of modelling, but 

the advances in computer technology mean that this area is ever changing. In 1996 at the start of 

TIMM, the disk space available was limited to a few Gigabytes on Sun Sparc machines. To carry 

out a complete TIMM background simulation would use all the available disk space and take about 

1 month of solid cpu time. In an astronomy group like Southampton's this is impractical, though in 

a dedicated institute this might have been acceptable. By 1997, the TIMM team had secured usage 

of the IBM SP2 machine at Southampton university. This offered 30 nodes (separate computers) 

and thus the time to run the model could be cut down to 10 days or so, though because this was a 

central university computer the queueing time meant that model runs still took at least 1 month to 

carry out. Towards 1998 - 1999 the fall in the price of PC's, and the increase in their specification, 

meant that the Southampton group set up a Linux PC cluster. This contains at least 12 PC's (400 
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MHz and above) and has a total disk space of over 150 Gigabytes. With this current set up complete 

mass model runs can be done in just over a week. In the near future the Increases in PC clock speed 

and memory could cut this turn around time down further. Clearly though, the more detailed a 

model the longer the run time will be, and the more information tha t is stored from the simulations, 

the more disk space that will be required. Therefore a certain amount of optimisation is required to 

ensure a sensible turn around time and a sensible usage of disk space. 

When one tries to produce an estimation of the background within telescopes as would be mea-

sured in space, one needs more than just the telescope geometry, one also needs the logic through 

which the events are processed. This includes things such as the energy thresholds, energy resolution, 

event modes and the order in which thresholds and active vetoing are applied. Ideally during this 

phase the logic of the system can be optimised or developed, with or without mass model help. If 

the modelling team uses the same logic and file format as the instrument teams, then model output 

can be used to test the development versions of the mission analysis code. Within INTEGRAL this 

has not been the case. In future missions better dissemination of results by the modelling team, and 

better feedback and communication between the instrument teams, analysis software development 

teams and the modelling teams would be better. It would be of more use to the whole project if the 

model results could be analysed by the analysis software, providing both checks on the model results 

and on the analysis software. Use of the actual analysis software would allow one to produce the 

same outputs as for the real data, in the exact same way as for the real data, and would thus quantify 

the Mass Model results. An ideal situation for future missions would be to locate the modelling and 

analysis software writing teams at one institute, thus ensuring better communication. 

5.4.4 Phase 3: Ground based calibration 

This is the current phase that the INTEGRAL mission and TIMM are entering. Some preliminary 

calibration simulations have been carried out, and further simulations will be run in the second half 

of 2000. Two possible ways to carry out this phase are: 1) to carry out the actual measurements 

recording positions, sources, etc. and then to attempt to simulate and understand the results; and, 

2) to simulate sources at various positions in an attempt to understand the accuracy of the various 

parameters to be recorded and plan the tests accordingly, and then to carry out the calibration and 

then the simulations. 
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The second of these approaches has been decided on as the way forwEird for INTEGRAL. Up to 

this time, simulations of sources within a room of approximately the correct dimensions have been 

carried out to understand what may happen. In the near future the effort will move onto looking at 

the accuracy with which one needs to know the positions of the sources, relative to the room and 

the payload. When this has been done it should be clear what information needs to be recorded, 

and the accuracy to which it needs to be measured, during the calibration phase. Post-calibration, 

simulations will be run and effort will be made, by both the modelling team and the instrument 

calibration teams, to understand the results. If this can be successfully done, then both the model 

and the instruments will be calibrated. 

5.4.5 Phase 4: In-flight calibration 

After launch the change from a Static Mass Model to a Dynamic one should begin. The in-flight 

calibration phase will initially involve using the static model to understand what is going on. For 

INTEGRAL, which is in a high Earth orbit, this may work well. However, for a low Earth orbit 

mission, it is much more likely that a dynamic model will be necessary. The period of a high 

Earth orbit is long ('^days) giving an individual observation of an hour or so a reasonably constant 

background, thus allowing the use of a static model, probably with some normalisation of the 

background level. However the period of a low Earth orbit is short (~90 mins) and so the background 

will vary over the length of an observation quite dramatically, thus a dynamic modelling approach 

may be necessary. For INTEGRAL observations of order 10® - 10® seconds in length are expected 

and so for these cases a dynamic approach is also necessary. 

The simplest form of dynamic approach would obviously be to generate normalisation factors for 

the various background components that change with magnetic latitude, longitude and spacecraft 

attitude. The challenges of in-flight calibration of a Mass Model are as yet unknown, though should 

not be underestimated. Effects such as blinding within the veto shields, which may not show up 

during ground calibration with photon sources, may have a noticable eSect in orbit. This phase is 

crucial to the successful achievement of the goals of Mass Modelling, but is by no means simple. 
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5.4.6 Phase 5: Creation of Dynamic model and generat ion of data sets 

Once the satellite is in orbit, then the model required will be truly dynamic. This will probably 

use various quantities from the spacecraft telemetry, such as altitude, atitude, latitude, longitude, 

time etc., to calculate the background. This is a complicated procedure which the Southampton 

group haa recently succeeded in proving with the BATSE instrument. Using this type of approach 

background data sets can be generated for any position within the orbit, at any time after launch. 

5.4.7 Phase 6: Use da ta sets to improve observat ions 

Subtraction of the background data from the observed data, will hopefully leave only source data. 

However, for an observation of a single source there may be contamination due to multiple sources 

in the field of view. For INTEGRAL this should not be a problem because coded aperture systems 

allow multiplexing. The main usage of the background data is not observations of a single source, 

but surveys, where a series of pointings collected over months or years are used to generate a map. 

For INTEGRAL, the TIMM generated data, will be used to improve the sensitivity of the Galactic 

Plane Survey. In the case of BATSE, the Southampton group, are on the way to producing the 

first sensitive all-sky map, in the energy range 20 - 120 keV, using data collected from the last 8 - 9 

years. In the future it is hoped to improve on this map using the same techniques with the SWIFT 

satellite. 

5.5 S u m m a r y 

In this chapter the results of the latest run of TIMM have been presented. Not only have the basic 

quantities been presented, but also maps of their spatial variation across the detector plane. The 

evolution of the TIMM results has been briefly mentioned. The general strategy that future models 

should follow, using the lessons of TIMM, has also been discussed. 

The results of TIMM have been consistent from the initial models (vl.Oa) right through to the 

current model (v3.4). The sensitivity of IBIS is seen to be dominated at low energies by the ISGRI 

single pixel events, and then at higher energies by the PICsIT single pixel and then multiple pixel 

modes. The Compton mode does not appear to contribute significantly to the sensitivity of IBIS. In 

SPI it has been seen that the single detector mode will dominate the sensitivity of the detector. The 
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background in IBIS appears to be largely dominated by continuum, and when the energy resolution 

is factored in, this will be even more correct. In SPI the opposite is the case, the background is line 

dominated due to induced radioactivity. 

From the background maps it has been seen that there are many eSects present which one must 

have some knowledge of, and whose importance is only just being realised. Though deconvolution 

has not been attempted here, as it is beyond the scope of this thesis, it is fair to say that the edge 

effects present in both IBIS and SPI will produce artefacts within the deconvolved images. How 

important these prove to be will only be discovered later on in the project. From the maps presented 

it is clear that not only does the background vary across the detector plane, but also the eSciency 

varies, and therefore so does the sensitivity. Investigation of this is also beyond the scope of this 

thesis, but clearly the abihty to detect o5 axis sources is important for survey work and thus this 

may have to be investigated in the future. 

The most important characteristic for any instrument is the sensitivity. This is determined by 

both the background and the dead time of the instrument. Within IBIS there is concern that 

the dead time is too high, and several strategies have been proposed to solve this problem, whilst 

maintaining the sensitivity. The investigation of these strategies using TIMM is discussed in the 

following chapter. 
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Chapter 6 

Vetoing strategies for IBIS 

6.1 In t roduc t ion 

Once a mass model haa been constructed it is then possible to use it to optimise the instrument 

design. This chapter presents an example of instrument optimisation using TIMM. 

As mentioned in earher chapters, most modem "y-ray telescopes employ active veto systems to 

reduce the background. Vetoing is done by searching for coincidence signals within the detector 

plane and the active shields surrounding it. If no coincidence signal is found then the count is 

accepted as genuine. As discussed previously, the INTEGRAL background comes in the form of 

charged particles, "y-rays and induced decays. Many of todays "y-ray telescopes employ a thin plastic 

scintillator over the aperture as a charged pazticle veto (see Rgure 6.1). In general a plaatic scintillator 

(of p ~ Ig/cm^) with a thickness of 1 - 2 mm will be transparent to 7-rays, however a minimum 

ionising proton will deposit ~2 MeV/g. Therefore, deposits within the plastic scintillator can be 

attributed to charged particles. Active shielding around the side and bottom of a detector plane is 

based on similar principles, however these tend to be thicker and of denser materials so as to detect 

7-rays as well as particles (figure 6.1). The plastic scintillator vetoes out all charged particles coming 

through the aperture, whereas the side and bottom crystals veto charged particles and 7-rays from 

outside the aperture. Decay products from within the active veto crystals are vetoed in the same 

way as other particles and photons. However, because of the necessity for coincident signals any 

radioactive decay products which deposit their energy wholly within the detector plane cannot be 
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Figure 6.1: mojeZ 0/ am actire i;e(o a/iiefdej defector. 

vetoed. 

6.2 The IBIS veto 

Unusually, IBIS doesn't have a plastic scintillator (see figure 6.2). This is compensated for by ISGRI, 

since any particles which enter through the aperture can be vetoed by their large energy deposits 

within the ISGRI pixels. Around the side and bottom of the two detector planes is the BGO active 

shielding (figure 6.2). Between the detector plane and the mask there is passive shielding, in the 

form of tungsten (and tin), which stops lower energy 7-rays and thus limits the detector planes field 

of view. IBIS also has a calibration source attached (figure 6.2) that contains its own BGO veto 

unit (The Calibration Tagging Crystal). 

IBIS, in common with almost all other 7-ray telescopes, normally operates with a full veto. This 
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means that a coincident signal in any of the BGO crystals (or a charged particle flag in ISGRI), 

will cause all of the detector plane modules to be read out and any events therein to be discarded. 

While this minimises the background count rate, simulations indicate this causes a major problem; 

high dead time. When the detector plane records an event the detector plane modules are read-out, 

if a signal is recorded within the veto then the detector plane is shut down. This means that for a 

small period of time (~ 20/Lts for a real event and 3 fis for a vetoed event) no other events can be 

recorded, this is called the dead time. The percentage dead time will depend upon the count rate 

in both the veto and the detector plane. Currently with a full veto the IBIS dead time is estimated 

to be ~ 20%, which means that IBIS is effectively observing for only ~ 80% of an observation. The 

real problem is therefore, how to reduce the dead time (and maximise the eSective observing time) 

whilst maintaining a low background (and thus preserving sensitivity). Two possible solutions have 

been suggested: 

* Zoning (or segmenting) the IBIS veto. Normally an event anywhere in the veto shields causes 

the whole of the detector plane to be shut down. In the caae of a zoned veto only the parts of 

the detector plane nearest the veto module where the signal waa recorded would be shut down. 

8 Raising the BGO low-energy thresholds. The veto crystals (like those of the detector plane) 

have low-energy thresholds below which events are not detected. Varying the energy this is set 

at will determine the number of events recorded. The higher this threshold is set, the higher 

the background count rates will be, but this will in some part be o%et by the reduced number 

of veto signals and hence the reduced dead time. 

6.3 Zoning the IBIS veto 

A zoned veto would minimise the dead time, hence increasing the useful observing time, by only 

rejecting interactions in the detector plane module(s) adjacent to the triggered veto module. Instead 

of reading out the whole detector plane (all 8 modules), one might only read-out the 4 modules 

adjacent to the veto crystal within which the signal occurs. This would mean half the detector plane 

would still be able to detect incoming photons and so the dead time is effectively reduced. The veto 

system is composed of 8 BGO modules on the bottom and 8 on the side. The ISGRI and PICsIT 
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TIMM. 
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detector planes are each split into 8 modules which sit above the 8 bottom modules of the veto, and 

are surrounded by the veto's side modules. The nature of the ISGRI and PICsIT detector planes 

lend themselves to zoned vetoing, which would be applied at the module level. While zoning reduces 

the effective dead time, there is a price to pay, and that is an increase in the background count rate 

within the detector plane. This would be caused by multiple scatter events, which previously could 

have been vetoed as one event, and now might only get partially vetoed. In some modules the event 

would be recognised as background and ignored, whereas in others it would be accepted as signal. 

Any event Compton scattering off of the side shield with a scatter angle ~90° could potentially 

travel across the detector plane far enough to be recorded as signal. 

In this section a series of zoned veto set-ups are considered, from full veto to one detector plane 

module at a time, and evaluated using TIMM. Each of the set-ups are evaluated in terms of dead 

time and relative continuum sensitivity. In all cases the overwhelming factor which determines the 

success or failure of a set-up will be the relative continuum sensitivity. Whilst reducing dead time 

is an important aim, the sensitivity has to be maintained at the very least. 

6.3.1 The Set-ups 

Figure 6.3 presents a numbering scheme for the veto crystals and a lettering scheme for ISGRI and 

PICsIT detector planes. The veto systems are presented in table 6.1. The first column contains 

the veto modules numbered 1 to 16. Subsequent columns list the various zoned set-ups (zoned 1-5) 

and the ISGRI/PICsIT modules vetoed by the relevant veto module. Zoned 1 represent the most 

localised form of set-up, where just the adjacent modules are vetoed. Zoned 2-4 represent step wise 

increases in the number of modules vetoed. Set-ups 1-4 consider how many detector modules each 

veto crystal should cover. Set-up 5 considers things from the opposite perspective, by having 4 veto 

modules to each detector module. 

6.3.2 Method 

The dead time is calculated from the background count rate within the detector plane and the 

count rate in the veto crystals. These were calculated from simulations of the standard background 

components at solar maximum. The results were analysed for a full veto system and for the various 

zoned veto set-ups. For full veto mode all 8 ISGRI and PICsIT modules are vetoed when any BGO 
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Set-up 

Veto Module Zoned 1 Zoned 2 Zoned 3 Zoned 4 Zoned 5 

1 F E,F,G,B B,E,F,G,A B,C,E,F,G,A E,F,G 

2 E A,B,E,F A,B,E,F,G A,B,C,E,F,G E,F 

3 B A,B,C,F A,B,C,E,F A,B,C,E,F,G A,B,C 

4 A A,B,E,F A,B,C,E,F A,B,C,E,F,G A,B 

5 G F,G,H,C D,F,G,H,C B,D,F,G,H,C F,G,H 

6 H C,D,G,H C,D,F,G,H B,C,D,F,G,H G,H 

7 C B,C,D,G B,C,D,G,H B,C,D,F,G,H B,C,D 

8 D C,D,G,H B,C,D,G,H B,C,D,F,G,H C,D 

9 A,B A,B,C,E A,B,C,E,F A,B,C,E,F,G A,B 

10 E,F A,E,F,G A,B,E,F,G A,B,C,E,F,G E,F 

11 C,D B,C,D,H B,C,D,G,H B,C,D,F,G,H C,D 

12 G,H D,F,G,H C,D,F,G,H B,C,D,F,G,H G,H 

13 E A,E,F,G A,B,E,F,G A,B,C,E,F,G E 

14 H D,F,G,H C,D,F,G,H B,C,D,F,G,H H 

15 A A,B,C,E A,B,C,E,F A,B,C,E,F,G A 

16 D B,C,D,H B,C,D,G,H B,C,D,F,G,H D 

Table 6.1: Table summarising the various zoned set-up patterns. Combining this with figure 6.3 one 

c a n s e e e a c / i p o M e m m e a n g . 
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FULL VETO ZONED 1 ZONED 2 ZONED 3 ZONED 4 ZONED 5 

ISGRJ 447.6 667.5 542.8 518.3 496.3 643.4 

Compton 65.6 148.5 82.9 76.3 71.9 120.0 

PICsIT 1827.7 3220.1 2215.3 2093.1 2014.8 2844.5 

Total 2340.9 4036.1 2841.0 2687.7 2583.0 3607.9 

Table 6.2: Count rates (count/s) for IBIS veto set-ups. PICsIT contains both the single and multiple 

piief mojes. 

veto module is triggered. 

In the analysis code the 6rst step is to split the interactions up according to the detector in 

which they occur. At this point the lower energy thresholds are also applied. These are 15 keV for 

ISGRI, 100 keV for PICsIT (at detector pixel level) and 100 keV BGO veto (at module level) and 

there is an energy window of 350 keV to 2 MeV for the calibration source. The veto and then upper 

thresholds are applied. These are 600 keV for ISGRI and 5 MeV for PICsIT. All counts above 600 

keV in ISGRI and 5 MeV for PICsIT are rejected. The events are then put into the four observing 

modes for IBIS: ISGRI single pixel, Compton, PICsIT single pixel and PICsIT multiple pixel. 

Once the background and veto event rates are known, it is then a case of calculating the dead 

time. This wag done assuming a gate time of 4 /is. The systems were then evaluated to find out 

which one haa the lowest relative continuum sensitivity. 

6.3.3 Results 

The total background count rates of ISGRI, PICsIT and Compton events are shown in the table 6.2. 

The veto event rate measured in the full veto case is '^32,300 counts/s. This represents all the 

interactions with the BGO veto. When this is combined with the dead time due to the calibration 

source (̂ ^5.6%) this gives the total dead time of the system. When the zoned veto is used the dead 

time will be a fraction of that calculated for the full veto caae. The total percentage dead times are 

presented in the table 6.3. These are worked out by taking the fraction of the veto that is used per 

PICsIT module (on average) and multiplying the veto event rate by it. Another, arbitrary, factor 

of 1.25 is used to account for the probable rise in the veto event rate. This takes into account the 
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FULL VETO ZONED 1 ZONED 2 ZONED 3 ZONED 4 ZONED 5 

Module ratio 16 2.5 8 9.5 12 4 

% Dead Time 18.55772 8.14928 13.7073 15.2233 17.7493 9.66528 

Table 6.3: Dead Tmea /or ZBZ9 i;eto â /â ema. TTie moduZe rofio repreaenta on ai;emge (Ae 

number of BGO veto modules to each ISGRI or PICsIT module. 

Continuum Sensitivity (F) Relative Continuum Sensitivity 

FULL VETO 53.6126 1 

ZONED 1 66.2887 1.2364 

ZONED 2 57.3784 1.0702 

ZONED 3 56.3057 1.0502 

ZONED 4 56.0393 1.04526 

ZONED 5 63.1975 1.1788 

Table 6.4: Continuum and Relative Continuum Sensitivities for IBIS veto set-ups. The relative 

sensitivity is relative to the full veto sensitivity. 

fact that the veto crystals now act independently of each other (e.g. an event which interacted in 2 

BGO crystals previously would be counted as 1 veto event but now is 2). While this is rough the 

results should not change too much when calculated in depth. 

From these two variables the continuum sensitivity (F) was calculated using the following formula: 

F oc \/ Back ground/Time 

The results obtained by doing this are given in table 6.4. 

6.3.4 Conclusion 

Having one veto module to veto an adjacent ISGRI/PICsIT module is unfeasible (zoned 1), however 

modifying this by vetoing half of ISGRI/PICsIT at a time works bet ter (zoned 2). The more modules 

that are vetoed the better the relative continuum sensitivity gets (zoned 3 and 4). 

As expected zoning the veto can be used to decrease the dead time, however the background 
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count rate haa been shown to increase in response. It has been found that these two factors combine 

to degrade the sensitivity when zoned vetoing is apphed. Zoning of the BGO veto modules will not 

improve the continuum sensitivity of IBIS. At a higher veto rate the optimised systems sensitivity 

becomes closer to that of the full veto and if the projected background flux were to increase then 

possibly either zoned 3 or 4 may become feasible. 

6.4 Raising the B G O low-energy t h r e s h o l d 

The second suggested solution to the high dead time problem was to raise the low-energy thresholds 

of the IBIS BGO veto modules. This would lower the count rate within the veto crystals (and so 

reduce the dead time) but would result in an increased background count rate. Once again dezid 

time has to be reduced whilst maintaining sensitivity. In this section the dead time and background 

count rates are compared for 5 different thresholds: 100, 150, 200, 250 and 300 keV. The full veto 

was applied as before and background count rates and veto event rates were obtained from which 

the dead time and sensitivity was calculated. 

6.4.1 Results 

Table 6.5 shows the measured background counting rates and the veto event rates. The background 

count rate is composed of all the events in ISGRI and PICsIT which are unvetoed. This includes 

single site plus Compton event categories. The BGO event rate includes the side and bottom BGO 

crystals and the BGO calibration tagging crystal. Having obtained the background count rates and 

the veto event rates (tab 6.5), the dead time and continuum sensitivity are calculated (table 6.6). 

6.4.2 Conclusion 

The IBIS sensitivity appears to get worse (a higher value) if the low-energy thresholds on the BGO 

veto modules are raised. The higher the low-energy threshold, the larger the background counting 

rate, and the worse the sensitivity. This is an impreictical way to resolve the IBIS decid time problem 

whilst maintaining the sensitivity. However if some small loss in sensitivity is accepted then this 

may be a practical solution. 
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Threshold (keV) Background (cts/s) Veto Event Rate (cts/s) 

100 1849.4 20505 

150 1891.3 19395.8 

200 1947.5 17471.4 

250 2004.3 16589.3 

300 2059.9 15838.2 

Table 6.5: o/ cown^ rg ê am(f Âe ez/en^ m^e /or ZF73', wAen di^erenf 

BGO veto low energy thresholds are applied. 

Threshold Dead time Cont. Sens. Rel. Sens. 

100 0.13802 46.31982 1 

150 0.1335832 46.7215 1.0087 

200 0.1258856 47.20137 1.019 

250 0.1223572 47.7884 1.0317 

300 0.1193528 48.363986 1.0441 

Table 6.6: The threshold, dead time, continuum sensitivity and relative continuum sensitivity for 

various veto thresholds. The thresholds are given in keV, the dead time is a fraction and the relative 

sensitivity is given relative to the 100 keV threshold. 
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Figure 6.4: Comparison of the change in relative continuum sensitivity against dead time for zoned 
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6.5 S u m m a r y 

Two alternatives for solving the high dead time problem within IBIS, whilst maintaining the sen-

sitivity, have been investigated using TIMM to model the background and veto count rates. The 

investigations used different versions of TIMM, with different geometries and output event modes, 

and so the results are not directly comparable, however the relative trends are still valid. It haa been 

shown that neither of the methods can solve the dead time problem whilst maintaining the sensi-

tivity. However, figure 6.4 shows a comparison of these two methods in terms of relative continuum 

sensitivity and dead time. It is clear to see that if some loss of sensitivity could be tolerated then the 

most effective way to reduce the dead time would be to raise the IBIS veto low-energy thresholds. 

The IBIS ICDR gives the veto schemes that the IBIS team are currently planning to use in-
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flight. For PICsIT there are two schemes, one of which hag 5 veto modules per PICsIT module, and 

the second of which has 7.5 veto modules per PICsIT module. Bo th of these work out somewhere 

between the zoned 2 and zoned 5 set-ups, and therefore &om the results presented here, it can be 

predicted that these set-ups will not reduce the dead time while maintaining the sensitivity. 
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Chapter 7 

X - /7 -ray observations of 47 Tuc 

This chapter presents X-/'y-ray observations, using both the Rossi X-ray Timing Explorer (RXTE) 

and BeppoSAX satellites, of the nearby globular cluster 47 Tuc. In the Grst two sections the rationale 

for observing this source is briefly presented, then the historical observations are reviewed, followed 

by the new observations. Section 7.6 discusses the new results and conclusions are drawn in section 

7.7. 

7.1 In t roduc t ion 

The nearby globular cluster 47 Tuc haa previously been surveyed by many X-Z-y-ray satellites looking 

to detect high-energy emission from milhsecond pulsars (MSPs; see section 7.3). Its stellar population 

and dense core have long made it one of the favourite places to look for MSP emission. MSPs, or 

recycled pulsars as they are sometimes called, are generally formed when an old pulsar is spun up 

to a short period via accretion in a binary system (see Bhattacharya & van den Heuvel 1991 for a 

complete review of MSPs). It is the requirement for the pulsar to have been in a binary that makes 

objects such as 47 Tuc the most promising places to look for MSPs. 

In the conventional scenario, a neutron star either captures a main sequence or (sub)giant star 

via tidal interaction or forms a binary via an exchange encounter (Bhattacharya & van den Heuvel 

1991). Either option results in a close binary system. MSPs are assumed to be the end products of 

low mass X-ray binary evolution, where the neutron star is spun up to a nuDisecond period during 
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an accretion phase. Eventually, evaporation of the companion or ionisation of the binary can lead 

to the formation of an isolated MSP (Bhattacharya & van den Heuvel 1991). 

Theoretically therefore, an association such as 47 Tuc should contain many binary and isolated 

MSPs. This expectation has been backed up by radio results that have shown 47 Tuc contains at 

least 20 MSPs (Camilo et al. 2000, Robinson et al. 1995, Manchester et al. 1991; table 7.1). 

7.2 W h y should X- /7 - ray M S P emission be visible from 47 

Tuc? 

In this section hard X-ray/7-ray MSP emission theories are briefly presented, and using the published 

radio observations, the expected X-Z^-ray luminosity of 47 Tuc is calculated. 

7.2.1 Binary M S P emission 

Tavani (1993) estimated the X-/7-ray luminosity of binary MSPs assuming the emission comes from 

a shocked region, where the material evaporated off of the companion star and the wind from the 

pulsar collide. Using this theory, and assuming a power-law index of -2, Ford et al. (1996) calculated 

the X-/7-ray emission from a single binary MSP in 47 Tuc to be ~ 1.3 x 10^^ erg/s. Taking the 

number of binary MSPs from the radio results of Camilo et al. (2000), and the X-/7-ray luminosity 

for a single binary MSP of Ford et al. (1996), one can calculate the expected X-/7-ray luminosity 

from the 47 Tuc binary MSPs to be 1.7 x 10̂ ^ erg/s. 

7.2.2 Isolated M S P emission 

Chen (1991) estimated the emission in hard X-rays/7-rays from an isolated millisecond pulsar, 

assuming that the fast spin periods would balance the weak magnetic fields, and that they were 

therefore similar to younger pulsars like the Crab and Vela (Eqs. 7.1 &: 7.2). 

= 7.8 X lO^^p for p < 14.5 ms (7.1) 

L = 2.4 X lO^^p for p > 14.5 ms (7.2) 
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Source Period (ms) Binary Status Orbital Period (days) 

47 Tuc C 5.756780 No 

4 7 T b c D 5.357573 No 

4 7 T b c E 3.536329 Yes 2.2568 

4 7 T b c F 2.623579 No 

47 Tuc G 4.040379 No 

47TbcH 3.2103 Yes 2.3578 

47 Tuc I 3.484993 Yes 0.2298 

47 Tuc J 2.100633 Yes 0.1207 

47 Tuc L 4.3462 No 

47 Tuc M 3.676644 No 

47 Tuc N 3.053954 No 

47 Tuc 0 2.643343 Yes 0.13597 

47 Tuc P 3.643021 Yes 0.1472 

47 Tuc Q 4.033181 Yes 1.1891 

47 TucR 3.480463 Yes 0.0662 

47 Tuc S 2.83 Yes 1 to several 

47 TucT 7.589 Yes 1 to several 

47 TucU 4.342827 Yes 0.4291 

47 Tuc V 4.81 Yes 

47 Tuc W 2.352344 Yes &133 

Table 7.1: Summary of radio sources detected in J^l Tuc (Camilo et al. (2000); Robinson et al. 1995; 

Manchester et al. 1991). 
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Source Period (ms) Luminosity (erg/s) 

47 Tuc C 5.756780 4.49 X 10̂ ^ 

47 TucD 5.357573 4.18 X 10̂ ^ 

47 TucF 2.623579 2.04 X 10̂ ^ 

47 Tuc G 4.040379 3.15 X 10̂ ^ 

47 Tuc M 3.676644 2.87 X 10̂ ^ 

47 Tuc N 3.053954 2.38 X 10̂ ^ 

Table 7.2: The Periods and Luminosities of the isolated millisecond pulsars in Tuc, as calculated 

/oZZoWng C/ien 

In eqs. 7.1 & 7.2 p is the spin period of the pulsar in milliseconds and Ij is its hard X-/7 ray 

luminosity in erg 8"^. Chen (1991) used this, plus the known pulsar period distribution at that time, 

to estimate the average luminosity of an individual isolated MSP to be ~ 3 x 10®̂  erg s^^. If one 

uses eqs. 7.1 & 7.2 along with the known periods of the 47 Tuc isolated MSPs one gets a luminosity 

of 1.9 X 10̂ ^ erg s"^ (table 7.2). This is approximately the same as if one had used the average 

determined by Chen (1991). 

The total luminosity est imated for the MSPs , using t h e binary M S P luminosity 

of Ford et al. (1996) and the isolated M S P luminosity of C h e n (1991), in 47 Tuc is 

therefore ~ 3.6 x 10̂ ^ erg s"^. 

7.2.3 A cautionary note 

An alternative estimate of isolated MSP emission was given by Rudak & Dyks (1998). Contrary to 

Chen (1991) they have suggested that isolated MSPs will be weak "y-ray emitters. They proposed 

a simpliGed polar cap model where electrons are accelerated in the pulsar magnetic Geld inducing 

cascades of electrons/positrons and photons. The energy of the electrons in the plasma has to be 

above Emin and below the lower of or 

= 1.2 X MeV (7.3) 

Emax = 4.6 X MeV (7.4) 
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Emin = 1.2 X MeV (7.5) 

Emin represents the minimum energy that accelerated electrons require for pair creation. -Bmax 

is the maximum energy the electrons can be accelerated to, determined by curvature cooling in a 

purely dipolar magnetic field. is the absolute maximum energy to which the electrons can be 

accelerated and is determined by the potential drop across the polar cap. A consequence of this 

model is that when < ^min there will be no emission i.e. the pulsar is "dead". 

7.3 Prev ious X- /7 - ray surveys 

7.3.1 Previous soft X-ray observations 

Hertz & Grindlay (1983) observed 47 Tuc as part of a globular cluster survey using both the HRJ 

and IPC instruments on Einstein. These resulted in detections of 47 Tuc with different luminosities. 

The HRI limit is 3.9 x 10̂ ^ erg/s and the IPC limit is 7.1 x 10^^ erg/s, both in the 0.5 - 4.5 keV 

band. Auriere, Koch-Miramond & Ortolani (1989) used recalibrated Einstein IPC data to obtain 

an X-ray spectrum of 47 Tuc and to try to study its variability. Depending on the model fit the 

luminosity (0.2 - 4 keV) is 7-8.7 x 10^^ erg/s. The core source X0021.8-7221 has pulsations at 120.2 

seconds and at 4.58 seconds, which they suggest implies it is a cataclysmic variable. 

Hasinger, Johnston & Verbunt (1994) observed 47 Tuc with the ROSAT HRI. They detected 4 

sources in the core and 4 within 90 arcseconds, as well as finding some evidence for diffuse emission. 

The luminosities they estimate for the core sources are higher than those expected for cataclysmic 

variables and they suggest that the X-ray sources are neutron star binaries. This data haa recently 

been re-analyzed and combined with new data by Verbunt & Hasinger (1998). Five sources are now 

detected in the core with a further four within two arcmins. They also produced light curves for the 

five core sources, two of which (X9 and XIO) show a high degree of variability. They identify the 

source X9 (X0021.8-7221) with a blue variable star and suggest that it is a soft X-ray transient. 

7.3.2 Previous hard X-ray observations 

Barret et al. (1993) used SIGMA to observe 47 Tuc in the energy range 40 - 1200 keV. They found 

no significant emission above the 2a confidence level in any of their nine observations. Similarly, in 
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Energy Range Luminosity (erg/s) Instrument 

0.5 - 2.5 keV 3.5 X 10^3 ROSAT HRI (d) 

0.5 - 4.5 keV 3.9 x 10^4 Einstein HRI (d) 

0.5 - 4.5 keV 7.1 X 10^^ Einstein IPC (d) 

40 - 100 keV 2 X 10^^ SIGMA (u) 

> 100 MeV 1.2 X 10̂ ^ EGRET (u) 

0.75 - 10 MeV 2.67 X 10^5 COMPTEL (u) 

20 - 120 keV 5.8 X 10^^ BATSE (u) 

Table 7.3: Summary of previous X-ray observations (u - upper limits, d - detections). 

the sum of their observations, they detect no flux from 47 Tuc. From their observations a maximum 

2a upper limit, in the 40 - 100 keV band, for the luminosity of 47 Tuc is 2 x 10̂ ® erg/s. 

47 Tuc has been observed with three of the instruments on board the Compton Gamma Ray 

Observatory (CGRO): the Energetic Gamma Ray Experiment Telescope (EGRET) which uses spark 

chambers to provide coverage over the energy range 30 MeV t o 30 GeV; the imaging Compton 

telescope (COMPTEL) which makes use of Compton scattering to image over the energy range 1 

MeV to 30 MeV; and the all-sky monitor BATSE which Is sensitive In the energy remge 20 keV to 1 

MeV. Michelson et al. (1994) used the EGRET all sky survey to search a number of globular clusters 

for emission at > 100 MeV. They found no significant emission f rom 47 Tuc above the 2a confidence 

level and placed an upper limit to the luminosity of 1.2 x 10®̂  erg/s. O'Flaherty et al. (1995) observed 

47 Tuc with COMPTEL. They detected no emission and so set a 2a upper limit to the luminosity 

in the 0.75 - 30 MeV band of 9.63 x 10̂ ® erg/s. They also set an upper limit over the 0.75 - 1 MeV 

band of 2.67 x 10^^ erg s~^ (see table 7.3). Ford et al. (1996) used BATSE to monitor 27 globular 

clusters in the band 20 - 120 keV for 1400 days. They detect no emission (outbursts or persistent) 

from 47 Tuc, and set a 2(7 upper limit of 5.8 x 10̂ '̂  erg s^^. Using a photon spectrum of and 

models by Chen (1991) and Tavani (1993) they set upper limits on the number of isolated MSPs 

and the number of binary MSPs to be 19 and 46 respectively. 
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7.4 R X T E Observat ions 

This section details observations carried out in December 1996 using both the Proportional Counter 

Array (PCA) and the High Energy X-ray Timing Experiment (HEXTE) on board RXTE. A detailed 

description of the RXTE mission is given by Bradt, Rothschild & Swank (1993). The total live time 

accumulated was ~65,000 seconds, which was split over a period of five days. The PCA is an array 

of five proportional counters, covering an energy range of 2 - 60 keV with timing resolution down to 

1 fj,s. The HEXTE instrument consists of two clusters of phoswich detectors, which cover an energy 

range of 15 - 250 keV with timing resolution down to 8 /iS. 

7.4.1 Spectral analysis 

PCA data reduction followed the standard method provided by the Guest Observer Facility (RXTE 

GOF 1998). Lightcurves and spectra were extracted using a Good Time Interval (GTI) to Glter the 

data. The GTI identif es periods of good data e.g. when more than 30 minutes have paased since the 

satellite went through the South Atlantic Anomaly or the elevation is high enough to avoid Earth 

occultation. The PCA detectors have 3 layers of anodes, and extractions were carried out firstly 

over all 3 layers and then over the top-layer only. For low-energy X-rays, the top-layer only data 

are expected to have a higher signal-to-noise ratio. Background &les were generated using the L7 

background models. Both the raw and background files were corrected for dead time, and then the 

appropriate response matrices were generated. 

HEXTE analysis involved separating the data into on-source and off-source files, extracting 

spectra and correcting for dead time. For each of the HEXTE clusters the spectra were combined to 

form a final spectrum. The response matrices were downloaded from the legacy site (legacy 1998). 

The response files used were hexte.97mar20c^pwa.rmf and hexte-97mar20c.pwh013.rmf. 

7.4.2 Timing analysis 

A search was undertaken for periodicities in the range 0.1 milhseconds to 40 kiloseconds. The 

upper limit of 40 kiloseconds was set by the length of the observation, which including dead time 

and before filtering, was ~86,000 seconds. It was therefore not practical to look for periods on a 

longer timescale. This period range was split into two parts which were analysed, for efficiency, in 
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diSerent ways. Firstly, the longer period range (320 - 40,000 s) waa analysed using an epoch folding 

technique. Secondly, the short period range (0.0001 - 320 s) waa analysed using a Fast Fourier 

Transform technique. 

For the long period searches we used standard-2 format PCA data, extracted to form a lightcurve, 

using the same Good Time Interval as for the spectral analysis. Only top-layer detections in the 

range 2 - 1 0 keV were extracted to maximize the signal-to-noise ratio. The background files were the 

same ones used for the spectral analysis, and the extraction criteria were the same as the standard-

2 PCA data. Both raw and background lightcurves were dead time corrected. The background 

lightcurve waa then subtracted from the raw lightcurve, creating the source lightcurve. Barycentric 

correction waa then applied to the source lightcurve. 

For the short period searches, the recipe given by the Guest Observer Facility (RXTE GOF 1998) 

was followed using Goodxenon format PCA data. This was Altered to give continuous cleaned data 

over the energy range 2 - 1 0 keV. A Fast Fourier Transform was then used to search the data for 

periodicities. 

7.4.3 Spectral analysis results 

Fig. 7.1 shows the PCA (top-layer only) and HEXTE data plotted together. A model consisting of 

a 3 keV bremsstrahlung with an absorption column of 2.4 x 10 °̂ Nn/cm^ and a power-law (with the 

same absorption column) of index 1.76 has been fitted. The bremsstrahlung component dominates 

at lower energies (similar to previous X-ray results; Hasinger et al. 1994), whilst the power-law 

dominates at higher ones (as suggested by theory; Tavani 1993). However, the power-law seems to 

be a poor fit to the HEXTE data. The PCA (top-layer only) count rate over the energy range 2 to 

10 keV is 0.826 cts s"^. 

To compare these results with the BATSE observations of Ford et al. (1996), the energy band 

20 - 120 keV is considered. The HEXTE spectrum at these energies shows emission at '̂ 1.4cr. This 

is not significant enough to be classed as a detection of 47 Tuc and so we set a 2a upper limit of 

5.4 X 10̂ ® erg/s. The upper limit on luminosity derived from the model is a factor of 10 lower than 

the previous upper limit from the BATSE survey (Ford et al. 1996). 
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unfolded spectrum 
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Figure 7.1: Combined PCA and apecfrum %c. 
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Frequency (Hz) Period (s) Amplitude (%) Luminosity (erg/s) 

2.5 X 10-^ - 1.02 X 10-^ 39940 - 980 4.68 2.5 X 10^^ 

1.01 X 10-^ - 2.56 X 10-^ 990 - 390 2.98 1.59 X 10̂ ^ 

2.56 X 10-^ - 5.243 390.625 - 0.1907 2.2 1.18 X 10^^ 

5.12 - 5.24288 x 10^ 0.195 - 1.9 X 10-^ 6.0 3.21 X 10^2 

Table 7.4: Summary of the timing analysis upper limits over the 2 - 10 keV region. The upper 

limit in amplitude is given as a percentage of the 2 - 10 keV flux. The corresponding upper limit in 

Luminosity is also shown. 

7.4.4 Timing analysis results 

In both the power spectrum and epoch folding searches, the analysis of Leahy et al. (1983) was 

followed. No peaks at 90% conGdence were found in any of the power spectra or epoch folding 

searches. The upper hmits on pulse amplitudes are summarized in table 7.4. Any periods present 

would have to have amplitudes less than about 6% of the 2 - 1 0 keV flux to have avoided detection. 

7.5 B e p p o S A X Observat ions 

The X-ray satellite SAX, a major program of the Italian Space Agency and the Netherlands Agency 

for Aerospace Programs, was launched on April 30 1996 from Cape Canaveral. After launch it 

was named BeppoSAX in honour of Giuseppe (Beppo) Occhialini. The payload is characterized 

by very wide spectral coverage Arom 0.1 to 300 keV, with well balanced performance from both 

its low and high-energy instrumentation. The payload includes a set of four X-ray concentrators, 

with imaging gas scintillation proportional counter detectors located at their focal planes. One of 

these detectors, the Low Energy Concentrator Spectrometer (LEGS), is sensitive to X-rays in the 

energy range 0.1 - 10 keV (Parmar et al. 1997). The other three, t he Medium Energy Concentrator 

Spectrometers (MEGS 1,2 & 3), cover a narrower energy range 1.3 - 10 keV (Boella et al. 1997). The 

third instrument on board BeppoSAX is the High Pressure Gas Scintillation Proportional Counter 

(HPGSPC). This is a xenon (90%) - helium (10%) gas scintillating proportional counter operated 

at a pressure of Gve atmospheres and sensitive in the energy range 4 - 120 keV (Manzo et al. 1997). 

The fourth instrument, the Phoswich Detection System (PDS), is composed of four actively shielded 
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NaI(Tl)/CsI(Na,) phoswich scintillators and is sensitive over the energy range 15 - 300 keV (Frontera 

et al.l997). 

The observations presented here were carried out between December 20*^-21°* 1997. Data from 

all 4 of the BeppoSAX narrow field instruments was obtained. The exposure length for the LEGS 

instrument was 12919 seconds, and for the MEGS (detectors 2 & 3 only) the exposure was 23661 

seconds. The exposures for the HPGSPG and PDS were 9993 seconds and 9251 seconds, respectively. 

These data were analysed with the SAX analysis software (SAXDAS v2.0.1), using the standard 

procedure given in the cookbook by Fiore, Guainazzi & Grandi (1999). This consisted of generating 

cleaned and linearized event files and good time intervals. For LEGS and MEGS xselect was used 

to extract images and spectra. For spectral analysis, 2 extraction radii have been used, the default 

(8.'5 LEGS and 4' MEGS) and a smaller radii (4' LEGS and 2' MEGS) to account for the faintnesa 

of 47 Tuc. Background spectra were generated using blank sky files from the Science Data Gentre 

(SDG), extracted at the same detector plane coordinates and with the same radii. For both the 

source and background spectra 2 other regions, 20' away from any sources, were extracted. These 

were compared with each other to see if any normalization of the background was necessary. For 

these observations no normalization was needed. The default radii spectra were compared with the 

Supervised Standard Scientific Analysis (S3A) products to validate the data reduction process. For 

PDS the SAXDAS pipeline software was used to create the gain equalized event 61e and the good 

time intervals. The results presented used fixed rise time thresholds (to reduce background) and a 

count rate filter to minimise spikes in the data. Again, for the HPGSPG the event files and good 

time intervals were generated using the SAXDAS pipeline softwcire. From these files a background 

subtracted spectrum waa generated. The results presented are the combination of this analysis and 

the S3A analysis conducted by the SAX SDG. 

7.5.1 Results 

A negative count rate was found in the HPGSPG spectrum suggesting the background had been 

over-subtracted. This could possibly be due to strong ®®Fe and Uranium lines seen in the HPGSPG 

background spectrum. For this reason the HPGSPG results are not considered further. 

Fig. 7.2 shows images obtained over selected energy ranges by the LEGS and MEGS(2,3) instru-

ments taken from the S3A standard analysis. Glearly shown in the centre of the image is 47 Tuc, to 
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47 TUCANAL 0.1-2 keV 47 TUCANAE 2 - 1 0 keV 
SAX LEGS 1997 D«c 20 Exposure: 12919 e SAX MECS 1937 Dec 20 Exposure: 2 

0̂ 20'"! 2=' 0''25''"23' 0''22'"34' 0̂ 9̂ 45' 0''2S'"12̂  o''25"'25' 0̂ 22"'34' oMo 

- 7 r 4 5 ' 0 g 

47 Tuc 

Figure 7.2: LEGS and MEGS images of the 47 Tuc field generated by the S3A analysis. 
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Source Count Rate Error RA Dec a 

(counts/s) (counts/s) 0:2000 <^2000 

LECS 47 Tuc 1.78 X 1 0 - ^ ±1.5 X 10-- 3 00''23"'57.''5 -72°04'23."3 11.8 

F1 6.61 X 10-^ ±1.8 X I Q - - 3 00''23'"30.''0 -72°18'47."6 3.77 

MECS 47 Tuc 1.74 X 10-^ ±1.1 X 10-- 3 00''24"'2.''1 -72°04'50."0 16 

F1 2.03 X 10-^ ±2.2 X 1 0 - - 3 00''23'"24.''0 -72°22'48."8 9.4 

Table 7.5: Sources detected above 3a in the LECS and MECS images. 

the south there is also a prominent Geld source(8). The LECS image is over the energy range 0.1 -

2 keV and the MECS image covers 2 - 1 0 keV. 47 Tuc is detected at ll.Scr (1.8 x 10"^ counts/s) in 

the LECS image and IGcr (1.7 x 10"^ counts/s) in the MECS image (see table 7.5). 

Guhathakurta et al. (1992) give the cluster centre as 00'^24'"5.^83, —72°4'51."4. This is in good 

agreement with the LECS and MECS positions given in table 7.5. 

Spec tra l R e s u l t s 

In Fig. 7.3 LECS and MECS spectra, extracted using the default radii (8.'5 LECS and 4' MECS) 

are shown along with the PDS spectrum. Fitted to the data is a combination of power-law {a = 

-1.58) and bremsstrahlung models, with an absorption column (2.4 x 10^° nn/cm^), and constants 

to normalize between LECS, MECS and PDS instruments (Fiore et al. 1999). Various other models 

were fitted to the data, from which it appears that 2 component models provide the best description 

of 47 Tuc. In particular, the combination of power-law and bremsstrahlung, two bremsstrahlung or 

bremsstrahlung and black body provide the best-fit. The model I prefer, and that which was earlier 

fitted to the RXTE data (Ferguson et al. 1999), is the power-law plus bremsstrahlung model. This is 

preferred to a double bremsstrahlung, and bremsstrahlung plus black body on PDS to MECS ratio 

grounds. In the power-law plus bremsstrahlung model the LECS constant is 1.224 and the MECS 

constant is 1.432, giving a LECS/MECS ratio of ~ 0.85 which is within the accepted Emits. The 

PDS/MECS ratio should be between 0.77-0.93 (Fiore et al. 1999). Unfortunately, it is much higher 

(~ 4). For a double bremsstrahlung model the ratio is ~9.7, and for bremsstrahlung plus black 

body it is about 200. The high PDS/MECS ratio suggests either an error in the data reduction or in 

the model fit and this is discussed in more detail later. Table 7.6 shows the fluxes and luminosities 
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Figure 7.3: The LEGS and MEGS spectra of 4^ Tuc plus the PDS spectrum of the ^7 Tuc field. 
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Energy Band Flux Luminosity 

(keV) (erg/s/cm^) (erg/s) 

0 . 1 - 2 1 . 5 X 1 0 - -12 3 . 8 5 X 10^^ 

0 . 5 - 2 . 5 1 . 3 X 1 0 - -12 3 . 2 2 X 10^^ 

0 . 5 - 4 . 5 1 . 7 X 1 0 - -12 4 . 1 8 X 10^^ 

2 - 1 0 1 . 3 X 1 0 - -12 3 . 4 2 X 10^^ 

2 0 - 1 2 0 1 . 5 X 1 0 - -11 3 . 8 4 X 1 0 ^ ^ 

Table 7.6: Fluxes and luminosities calculated for .^7 Tuc. 

determined from the model. Above 10 keV the total detection is 2.I17. When the smaller extraction 

radii are used the luminosities are less by as much as 20%. The luminosity, in the energy band 20 

- 120 keV, given in the table 7.6 is a factor of 7 higher than the 2cr upper hmit set by Ferguson et 

al. (1999) using RXTE. 

T i m i n g ana lys i s 

Fig. 7.4 shows the hghtcurves generated by the S3A standard analysis. There is no evidence for 

significant variability. A thorough period search has not been conducted because of the small number 

of counts detected. 

7.5.2 Field Source 

Fig. 7.5 shows the combined LEGS and MEGS spectrum of the field source, which has been fitted 

with a power-law. This is not a good fit. There is an excess at 1 keV and at 5 - 6 keV. In the 

LEGS image (Eg 7.2) the Eeld source appears to be more than one object, for ease of reference I 

shall call the Eeld source complex Fl. In the LEGS image there aze three sources, one northerly, 

one south-south-westerly, and a third south-easterly. For ease of reference I will call them Fla , F i b 

and P ic respectively (fig. 7.2). From archival ROSAT PSPC data (Fig. 7.6) F l can be associated 

with the two southerly sources. Krockenberger & Grindlay (1995) at tr ibuted these to a background 

galaxy cluster. 

In the MEGS band the location of the field source appears between F i b and Flc. There is 

also some extension of emission in the northerly direction, which is coincident with Fla, thus I 
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Figure 7.6: Archival ROSAT PSPC image of the ^7 Tuc field taken over the total energy band (0.1 

- key;. 
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Figure 7.7: Combination of LEGS and MECS spectra for F1 and PDS spectra for the whole J^l Tuc 

field. 

associate the MECS source with Fl . GeSert, Auriere & Koch-Miramond (1997) identi^ the X-ray 

source No. 3 of Hasinger et al. (1994) with an unamed faint galaxy at 0:2000 = 00'^23'"30/8 and 

(̂ 2000 = -72°20'44."0. I associate F l with this galaxy. Fig. 7.7 shows a plot of the LEGS and MECS 

spectra from Fl, plus the 47 Tuc Geld spectra from the PDS. To this I fit a spectrum typical of Seyfert 

Fs. Due to the limited quality of the data only one model was tried. The fit is not particularly 

good (reduced = 1.095 with 8 dof), but indicates that it is possible to describe the field source 

complex as a Seyfert I. The fitted model consisted of a constant term (to normalize between the 

instruments), an absorption edge, aji absorption column, an emission line and an exponentially 

absorbed power-law plus Compton reflection component (Magdziarz & Zdziarski 1995). The energy 

of the edge was fixed at 7 keV. The energy and width of the emission line were fixed at 6.4 keV 

and 100 eV, respectively. The constants were arbitrarily set to 0.9,1 and 0.9 (LECS, MECS and 

PDS). The power-law index was frozen at 1.9, with redshift frozen at zero and elemental abundances 

fixed at solar. The remaining seven parameters were allowed to vary freely. The model fit has an 

energy cut-ofiE around 3.2 MeV and an inclination less than 20°. The normalization of the reGection 

component is very high, too high to be due to a physical source, and this is probably due to the 

high PDS to MECS ratio. A Seyfert I spectrum may be possible if this hard X-ray excess could be 

accounted for. 
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There looks to be a further source in the LEGS image at 00^22'"56.''5, -71°58'14". Taking 

into account the LEGS PSLA this could be coincident with XI from Verbunt & Hasinger (1998), 

whose coordinates are given as 00^^22'"45/38, -71°59'8."8. 

7.6 Discussion 

7.6.1 The low-energy band 

The luminosity detected in the 2 - 10, 0.5 - 2.5 and 0.5 - 4.5 keV bands with SAX is lower than the 

RXTE value (Ferguson et al. 1999; Table 7.7). This is to be expected since RXTE had a 1° field of 

view and so includes many background sources (see 6g 7.2 & 7.6). The BeppoSAX luminosity in 

0.5 - 2.5 keV band, 3.2 x 10^^ erg/s, is in good agreement with the luminosity given by Verbunt & 

Hasinger (1998; table 7.3). 

7.6.2 The high-energy band 

Earlier the total luminosity of the millisecond pulsars in the 20 - 120 keV band in 47 Tuc, was 

estimated at 3.6 x 10̂ ^ erg s"^. As can be seen from the table 7.7 the luminosity determined by 

RXTE is incompatible with this prediction. Surprisingly the luminosity observed with BeppoSAX 

is consistent with the prediction. The diEerence between these two observations is surprising, but 

may be explained by the diSerence in power-law index &/or the complex nature of the 47 Tuc field. 

The difference in power-law index probably accounts for a factor of 2 difference in the luminosities 

between the models over the band 20 - 120 keV. I now consider the impact of the Geld source on the 

BeppoSAX results. 

7.6.3 Field Source Complex (F l ) 

The presence of F l poses a question: Do the hard X-rays come solely from 47 Tuc, solely from Fl 

or from a combination of both? In the following discussion these three possibilities are addressed. 

Fig. 7.3 shows the power-law plus bremsstrahlung, with absorption column and constants, fitted 

to the LEGS, MEGS and PDS data. As previously mentioned, the PDS to MEGS ratio is much 

higher than expected. This could be due to 2 effects: 1) improper data reduction, or, 2) use of 

an inappropriate model. When the PDS was analysed, the standard procedure given by Fiore et 
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Energy Band (keV) Luminosity (erg/s) Instrument 

0.5 - 2.5 5.4 X 10^^ RXTE PCA 

0.5 - 2.5 3.2 X 10^^ BeppoSAX 

0.5 - 4.5 7.7 X 10^^ RXTE PCA 

0.5 - 4.5 4.2 X 10^^ BeppoSAX 

2 - 10 5.4 X 10^^ RXTE PCA 

2 - 10 3.4 X 10^3 BeppoSAX 

20 - 120 5.4 X 10^^ RXTE HEXTE (upper limit) 

20 - 120 3.8 X 10^4 BeppoSAX 

20 - 120 1.2 X 10^^ BeppoSAX (fixed PDS/MECS ratio) 

Table 7.7: Summary of the RXTE and BeppoSAX results. 

al. (1999) was followed, and errors are expected to be minimal. Fig. 7.8 shows a plot of the SAX 

data (points in the boxes) and the RXTE data (adapted &om Ferguson et ai. 1999) for 47 Tuc. For 

the SAX spectra the default extraction radii were used. The HEXTE and PDS data agree relatively 

well. This suggests that the PDS to MECS ratio is too high because there is a very real hard X-ray 

excess. It is therefore unlikely that the hard X-rays come solely f rom 47 Tuc. 

Fig. 7.7 shows a Seyfert I model fit to the F1 LEGS and MECS spectra and the PDS spectrum. 

As noted earlier the relative reflection component is rather large and this is indicative of a high PDS 

to MECS ratio. It seems that a Seyfert I model may provide a rough description of the data, if there 

is a further hard X-ray excess. It is therefore unlikely that the hard X-rays come solely from Fl . 

Both 47 Tuc and F l could be best fit if the hard X-rays seen in the PDS were split between 

them. A bremsstrahlung plus power-law (free parameter giving a = -1.42) model fit to the 47 Tuc 

data with the LEGS to MEGS and PDS to MEGS ratios fixed at 0.85, gives a flux in the 20 - 120 

keV band of 4.6 x 10^^^ erg cm"^ This 8ux gives a luminosity of 1.16 x 10̂ ^ erg s"^ which is 

twice the HEXTE luminosity (assuming the distance to 47 Tuc is assumed to be 4.6 kpc). When the 

relative normalization of the reflection component is set to a rezisonable value (e.g. 1) the Gux given 

for F l , in the 20 - 120 keV band, is 1.2 x 10"^^ erg cm~^ s~^. When summed this gives a flux for 

the 47 Tuc field of ~ 5.8 x 10"^^ erg cm~^ s~^. A power-law fit t o the PDS data alone gives a flux 

of 9.92 X 10"^^ erg cm"^ s"^, only a factor of 1.7 higher than the sum of the 47 Tuc and F l fluxes. 
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It is therefore possible that 47 Tuc and F1 dominate the high-energy flux in the 47 Tuc field. 

The hard X-ray/'y-ray excess seen in the 47 Tuc Geld is very likely due to a combination of 47 Tuc, 

F1 and several other weaker sources. When this is taken into account, and a sensible PDS/MECS 

ratio is used in spectral fitting, the luminosity in the 20 - 120 keV band for 47 Tuc is ~ 1.2 x 10^^ 

erg s"^. This is a factor of 2 higher than the HEXTE results, but is compatible when one notes the 

differing photon indexes used. The power-law indexes have been determined as 6ee parameters in a 

best fit process rather than being fixed, hence the difference between the two models. 

7.7 Conclusions 

Using RXTE a 2o- upper limit on the 20 - 120 keV emission from the 47 Tuc 6eld of 5.4 x 10̂ ^ erg 

s"^ has been set. Emission, in the range 20 - 120 keV, &om the 47 Tuc Geld has been detected with 

BeppoSAX at the level of 3.8 x 10̂ ^ erg which would be compatible with expectations if due 

to the MSPs in 47 Tuc. The increase in high-energy luminosity between the RXTE and BeppoSAX 

observations suggests the presence of a variable source within the Seld. 

When physically realistic models were fitted to the low and high-energy emission detected with 

BeppoSAX, the luminosity of 47 Tuc was calculated to be 1.16 x 10^^ erg s~^. Therefore a range of 

luminosity for 47 Tuc in the 20 - 120 keV band, dependant on power-law index, is 5.4 — 11.6 x 10^^ 

erg s"^. This is a factor of 3 below that expected, and is not consistent with the emission theories 

of Chen (1991) and Tavani (1993) and the known MSP population. 

From the BeppoSAX data, the HEXTE data and the model fits, it is probable that there are 

hard X-ray sources other than 47 Tuc in the field of view. The LECS and MECS images clearly show 

the presence of Fl . This field source, which can be crudely fit at low-energies by an AGN spectrum, 

is coincident with a faint galaxy/galaxy cluster. Though the data is not great, it is possible that 

this source may contaminate the high-energy results. 

The model of Chen (1991) appears to over-estimate the luminosity of the isolated millisecond 

pulsars in 47 Tuc. One reason could be a lower than expected efficiency for conversion of spin-down 

luminosity to X-/"y-rays (Zhang and Cheng 1998). An alternative theory for isolated MSP emission 

was suggested by Rudak & Dyks (1998). In tables 7.8, 7.9 and 7.10 the model of Rudak and Dyks 

(1998) is used to estimate î min and -©max for the isolated millisecond pulsars in 47 Tuc. Only 

in the case of 47 Tuc F (with B = 10®G) will i?max be greater than E'min- Therefore, for most 
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Figure 7.8: BeppoS'.A.Y MEC5' and fD5' apectra /or ^7 %c, com;)orej f C% 

and HEXTE spectra adapted from Ferguson et al. (1999). The BeppoSAX data points are shown in 

boxes. 
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P(ms) Em!n(MeV) .Gmax(MeV) 

c 5.76 4.6 X 10'̂  8.8 X 10= 

D 5.36 4.5 X 10^ 8.8 X 10= 

F 2.62 3.6 X 10^ 9.7 X 10= 

G 4.04 4.1 X 10'̂  9.2 X 10= 

M 3.68 4 X 10^ 9.3 X 10= 

N 3.05 3.7 X 10'̂  9.5 X 10= 

Table 7.8: Emin oncf ^max < 

P(ms) 'Bmin(MeV) Emax(MeV) 

C 5.76 2.7 X 10"̂  1.3 X 10^ 

D 5.36 2.6 X 10'̂  1.32 X 10^ 

F 2.62 2.1 X 10^ 1.45 X 10^ 

G 4.04 2.4 X 10^ 1.37 X 10^ 

M 3.68 2.3 X 10^ 1.39 X 10^ 

N 3.05 2.2 X 10'̂  1.42 X 10^ 

Table 7.9: -Bmin and -Bmax calculated using the known period and an assumed magnetic field of 

5 X 108(3. 

reasonable values of B the isolated millisecond pulsars in 47 Tuc would be "dead". This would make 

the expected luminosity of 47 Tuc 1.7 x 10^^ erg/s due to the binary MSPs only. This is more 

compatible with the results, but is still higher than observed. 

The estimated binary MSP luminosity could be reduced to match these observations in a number 

of ways. Firstly, the calculated flux in Ford et al. (1996) is for energies above 20 keV. The calculated 

photon flux above 120 keV is 1.2 x 10~® photons cm~^ s"^, giving a flux in the 20 - 120 keV band of 

5.9 X 10~® photons s~^. This would reduce the luminosity in 47 Tuc for each binary millisecond 

pulsar to ~ 1 X 10®̂  erg s~^. More important is the assumption tha t the fraction of the total shock 

luminosity radiated in this band is close to one for an average ablating millisecond pulsar. In such 

a narrow band aa 20 - 120 keV, the faction of shock luminosity radiated may be signiEcantly lower 

than this. A further assumption is that the spin-down power is ~ 10^^ erg/s. A smaller value, 
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P(ms) ^min (MeV) ^max(MeV) 

c 5.76 2.15 X 10'̂  1.56 X 10'̂  

D 5.36 2.1 X 1 0 ^ 1.57 X 10'̂  

F 2.62 1.65 X 10^ 1.72 X 10'̂  

G 4.04 1.9 X 10'̂  1.63 X 10'̂  

M 3.68 1.85 X 1 0 ^ 1.65 X 10'̂  

N 3.05 1.74 X 10'̂  1.69 X 10'̂  

Table 7.10; ii'min and calculated using the known period and an assumed magnetic field of 

109(3. 

~ 5 X 10^3 erg/s, would make the theoretical predictions of the binary millisecond pulsar model 

(Tavani 1993) compatible with the X-ray observations. The spin-down power is sensitive to age, 

and the old age of the 47 Tuc millisecond pulsars could result in a smaller spin-down power than 

assumed by Ford et al. (1996). In the model it is assumed that the pulsar is enshrouded in the 

material evaporated from the companion, if this were not the case then the emission would be less. 

Naturally if the efficiency of conversion of pulsar wind energy to X-Z-Y-rays is lower than expected 

then the emission would be lower. 

Unsurprisingly, due to the large numbers of super-imposed periods in 47 Tuc and the weakness 

of the X-ray sources, no evidence of millisecond pulsations is seen. A limit on the amplitude of any 

pulsations in the 2 - 1 0 keV band of 3.21 x 10^^ erg/s is set. This fur ther suggests that the isolated 

millisecond pulsars are weak emitters. 

Further observations with the next generation of X-/7-ray satellites is necessary to resolve the 

high-energy emission of 47 Tuc. Emission above 10 keV has been detected at 1.4a by HEXTE and 

at 2.1(7 by the PDS. These have been used to place tighter constraints on emission models and 

suggest that MSPs are weak sources. A definitive result will only be obtained when a more sensitive, 

imaging, instrument is used to study 47 Tuc. The imaging capability is necessary to separate 47 

Tuc from background sources, such as F l , and obtain its true luminosity. 
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