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Isp Specific impulse [s]

ṁ Mass flow rate [kg/s]

F Thrust [N]

g0 Gravity acceleration
[
m/s2

]
τe Confinement time [s]

W Volumetric plasma energy
[
J/m3

]
Ploss Volumetric plasma energy loss rate

[
W/m3

]
n Plasma number density

[
m−3

]
kB Boltzmann’s constant [J/K]

T Temperature [K]

σ Reaction cross section
[
m2
]

v Velocity magnitude [m/s]

v Velocity vector [m/s]

Ech Energy of reaction products [J]

G Fusion energy gain [−]

Efusion Power produced in fusion [W]

Eheat External power input [W]
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ρ Density
[
kg/m3

]
vx Velocity along x direction [m/s]

vy Velocity along y direction [m/s]

V Volume
[
m3
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U Vector of conservative variables
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Ẽ Total volume specific energy of fluid
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]

ix



Symbols and Abbreviations
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Abstract

The goal of this thesis is to study SN2014 and search for possible produced
positrons. These should emerge during the decay of 56Co. Using a post-
explosion time window of almost 5 months, data from a gamma-ray telescope
called INTEGRAL has been analysed, after applying a background model de-
veloped for this purpose.

A possible positron detection in SN2014 can provide further information about
the production sites of this anti-particle and can lead to further investigation
on this area. For example, a goal of future works can be calculating the fraction
of positrons found in the center of the galaxy coming exclusively from Type Ia
supernovae.
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1. Introduction

On the 21th of January 2014 S.J Fossey and four undergraduate English stu-
dents in London noticed a bright star in the neighbouring Galaxy Messier82
they did not expect to see. Comparing the new images with archival im-
ages proved that this ’new star’ was actually a supernova, which got baptized
’SN2014J’, as it was already the 10th supernova spotted in this year.

The shortly after obtained early spectra classified this supernova, which is lo-
cated at a distance of 11.5 ± 0.8 light-years (3.5 ± 0.3 Mpc), as a Type Ia
supernova. The closest for more than 40 years!

A major product of explosive nucleosynthesis in type Ia supernova explosions
is 56Ni. This radioactive isotope, with a relatively short half-life of 8.8 days
decays to 56Co. The cobalt-isotope has a half-life of 111.3 days and can decay
(with a 19% probability) via β+-decay to 56Fe. A β+-decay takes place when
a positron-rich nuclei converts a proton into a neutron. In order to keep the
charge in balance, a positron e+ is emitted.

A positron is according to the standard model the antiparticle of an electron.
Both leptons share the same rest mass of 511kev, but differ in the charge, since
electrons are negative charged and positrons are positive charged particles.

Positrons, which are produced during the β+-channel of Cobalt decay, collide
inelastically inside the supernova ejecta cloud lose their kinetic energy and form
an bound state with electrons, called the positronium.

A positronium is similar to a hydrogen atom. Instead of having the heavy
proton as the positive counterpart, a positronium has an positron forming an
exotic atom. This bound state is quite unstable and annihilates in less than
one nanosecond to produce two or three gamma-ray photons, depending on
the relative spin of the particles. The positron and the electron combine for a
total mass energy of 1022kev, two times 511kev. Thus, the photons produced
from the annihilation share 1022kev and if only two gamma-ray photons are
produced, each of them carries an energy of 511keV.

1
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1. Introduction

Since the news, that a supernova in the neighbourhood has illuminated the sky,
have been spread, most astronomic observations tools on earth and in orbit,
including INTEGRAL (Interantional Gamma Ray Astrophysics Laboratory),
turned their telescope towards this rare celestial event. INTEGRAL is an ESA
satellite operating since 2002. Despite it been initially planned to operate till
2007, it is still orbiting our earth nowadays, providing the astrophysical society
with data. This satellite carries two major instruments on board, including
a gamma-ray spectrometer, called SPI, which measures high energy photons
in an energy range of a few keV up to 20MeV, producing a wide gamma-ray
energy spectrum.

Due to the fact that gamma-ray spectrometers are enormously background-
dominated, a very accurate background model has to be developed, in order
to distinguish the celestial sources from the background. The main idea behind
it lies in the use of spectral information and detector properties over time.

The main goal of this thesis is to investigate the supernovae’s spectrum, then
understand and eventually use the background model and finally detect the
511-keV line, which correlates with the positron yield in the supernova.

Chapter 2 discusses the evolution and explosion of type Ia Supernovae and
takes a closer look into SN2014 discussing its characteristics, abnormalities
and assumptions. The high energetic gamma-rays, their production methods,
sites and the way they interact with matter are discussed in chapter 3. In
chapter 4, a short overview of ESA’s satellite, INTEGRAL, as well as its ob-
serving spectrometer, SPI, is given. The background model used for getting
the actual SN2014J spectrum is discussed in chapter 5. Chapter 6 presents the
data evaluation results and the discussion and finally, chapter 7 summarizes
the thesis and discusses the results of chapter 6.

.
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2. Stellar Explosions

2.1. Type Ia supernovae

Type-Ia supernovae are generally understood to result from binary systems
consisting of one carbon-oxygen white dwarf and a companion, with a wide
range of different properties. The matter accreting from the companion to
the white dwarf causes the latter to reach a stability mass limit, the so called
Chandrasekhar mass, which is around 1.44M�, ultimately exceed it and
ignite carbon fusion located in the centre of the white dwarf. This ignition in
the degenerate matter inside the white dwarf releases large amounts of energy,
enough to overcome the binding energy of it and leads to the thermonuclear
runaway.

2.1.1. General Properties

The most easy way to distinguish type Ia supernova explosions from other types
of explosions, e.g. type II supernova, is the absence of hydrogen absorptions
lines. In addition to that, most of type Ia supernovae show a remarkable simi-
larity, of it it has been taken advantage for many years.

In Supernovae’s early optical spectra intermediate mass element-lines of Si,
Ca, Mg, S and O can be found, indicating their presence in the outer layers
of the ejecta. Iron-group element lines are initially absent, since the SN Ia re-
mains opaque for several days. However, within several weeks, more and more
from the 56Ni lines, powering the light curve can be detected. Due to the fact
that 56Ni has a short half-life before decaying to 56Co, it is actually 56Co that
maximizes the light curve 70-100 days after the explosion. Afterwards, the in-
tensity of the light-curve declines, as 56Co, with a half-life of 108.8 days, decays.

In terms of nucleosynthesis, its is general consensus that type Ia supernovae
are the major production sites for 56Ni and therefore for most of the iron-
group elements. Typical 56Ni masses extracted from bolometric light curves
are between 0.3M� and 0.9M�. Typically, a Type Ia supernova produces

3
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2. Stellar Explosions

around 0.5M� of 56Ni. Ten times more than a core-collapse supernova does.

2.1.2. Progenitor Models

Type Ia supernovae have always played an important role in astrophysics. For
many years their relative homogeneity made them usable as distance indica-
tors for cosmology and for determining the expansion history of the Universe.
However, more recent observations showed diverging properties among them.
Hence, the simple model of a Chandrasekhar-mass white dwarf exploding must
get upgraded with more progenitor scenarios, in order to explain this diversity
in the explosions.

Nevertheless, the progenitor system of SNe type Ia remains a unsolved problem.
It is safe to say that these explosions happen due to thermonuclear explsions
of white dwarfs, mostly consisting of carbon and oxygen. As said before, white
dwarfs are unconditionally stable, so only an interaction with another star may
force them to explode.

Throughout the years, two major binary progenitor systems have been estab-
lished. On the one hand the traditional single-denerate progenitor system,
composing a white dwarf and a main-sequence supergiant star. On the other
hand the novel double degenerate scenario with the merge of two white
dwarfs.

The single-degenerate scenario (SD) contains a white dwarf and a main-sequence
supergiant star. The latter transfers matter, mostly its hydrogen envelope, in
a stable manner to the companion, increasing its mass, density and tempera-
ture. When the critical conditions, for carbon-burning, have been achieved, the
energy getting freed leads to a thermonuclear explosion, destroying the white
dwarf entirely and blowing the companion star away.
Some alternations of this scenario have been developed as well, including a
’Helium-donator’ instead of a ’hydrogen-donator’ or a so called double deto-
nation-scenario, which suggests that it is not necessary for the white dwarf to
reach the Chandrasekhar-mass to explode. The main idea behind it lies in a
early detonation in the helium-layer that may detonate under the right physical
conditions, which leads to a second detonation inside the white dwarf and thus
to the actual SN Ia explosion.

The other leading progenitor scenario is the double degenerate (DD) scenario.

4
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2.1. Type Ia supernovae

In this case two carbon-oxygen white dwarfs merge and exceed the Chan-
drasekhar limit. This scenario matches very well with theoretical birth rate
calculations, population-synthesis models and is able to explain the SN Ia rates.
The main idea behind the merge of two white dwarfs lies in the oscillating mass
transfer from one white dwarf to the other, depending on which has the higher
mass. At last, a common envelope is evolved and the merger is unavoidable.
However, the double degenerate scenario has received a lot of criticism, as
many scientists doubt the likelihood of this kind of thermonuclear explosion
or e.g. the production of sufficient 56Ni. Other assume that this kind of mass
accretion would cause outer layer burning and maybe to a transformation into
an oxygen-neon-magnesium white dwarf instead of a thermonuclear explosion.

2.1.3. White dwarfs

A white dwarf refers to a compact stellar remnant composed of electron-
degenerate matter. These compact objects with a mass similar to the mass of
the sun and a volume comparable to that of the earth are the most common
final stage in the evolution of stars. Characteristically, all stars which are not
massive enough (≤ 8 M�) to explode via type II supernovae and form either
neutron-stars or black holes, form white dwarfs.

Depending on the initial mass of a low or medium mass main-sequence star, a
star reaches its last burning stage, which can either be the hydrogen burning,
for very low mass stars, helium burning, carbon burning and oxygen burning
for more massive ones or even neon burning. This last burning product piles
up in the centre of the star, but the local densities and temperatures are not
high enough to start the fusion of it. When it has consumed all of its fuel, the
star loses its last source of energy and only force to counter the gravitational
force, sheds its outer layers and starts contracting under its own weight. At
last the contraction stops as electrons become degenerate at very high densities

(ρ = 106 g

cm3
).

The result of this contraction is a very stable and dense stellar remnant, called
white dwarf. Most white dwarfs are composed of carbon and oxygen. Never-
theless also helium white dwarfs and oxygen-neon-magnesium dwarfs may form.

Despite them been the final stage of low mass stars and not being able to
fuse further elements, white dwarfs still undergo evolution. At the very begin
of their ’life’ they have high luminosities, but in the course of several million

5
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2. Stellar Explosions

years they cool down and fade away into invisibility.

White dwarfs are in general stable objects. However, if accompanied by a bi-
nary companion, like a main-sequence star, matter can accrete from the com-
panion star to the white dwarf and increase the mass of it.
If a certain critical mass, the Chandrasekhar mass with around 1.44M� is
reached, the density and the temperature in the centre of the white dwarf
become so high, that the previously unfused element in the center of it -mostly
carbon- starts fusing. This fusion reactions ignited inside the degenerate matter
of such a dense object releases large amounts of energy, enough to overcome the
binding energy of it and thus causes a supernova explosion, which is classified
as the type Ia supernova explosion.

2.1.4. Type II supernovae

Massive stars over ∼ 8M� do not form white dwarfs, but may explode and
leave neutron-stars or black-hole behind, as a supernova remnant.

These stars are massive enough to go through all burning stages and start pil-
ing up iron in their core. Iron, is the element with the highest binding energy
and thus the most stable element, as it can not produce energy by fusing. The
iron core in the centre of the star remains initially stable by the electron de-
generacy pressure. If however a critical mass, which can be associated with the
Chandrasekhar-mass of the white dwarfs, but depends on the electron fraction
in the core Ye, is reached, the iron core implodes, causing the outer layers to
collapse towards the center of the star. This produces peak temperatures of
100 billion Kelvin and causes the Iron elements to photodisintegrate into free
protons and neutrons forming a so called Proton-neutron star PNS. At
last, the collapse is halted by the neutron degeneracy pressure and bounces
back towards outwards. Pushing the collapsing outer layers to the opposite
directions causes the shock to lose its energy and thus it finally stalls.

In the last years theories(e.g.Woosley et al.2002, Sukhbold et al. 2016) sug-
gested that inside the proton-neutron star, neutrinos are being produced, while
protons convert to neutrons by β+-decay. If these high energy neutrinos de-
posit a fraction of their kinetic energy to the stalled shock, the latter may revive
and lead to the successful explosion of the star, which is classified as a type-II
supernova or called ’core-collapse’ supernovae.

6
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2.2. SN2014J

Nevertheless, not all of the massive stars are able to explode. Stellar collapses
that fail to create a strong outwoard moving shock may implode and form black
holes. Black holes can also be created in successful explosions that experience
a large amount of fallback.

Depending on several characteristics of the progenitor star, like rotation, initial
mass, final mass cut etc, either a neutron-star, a very massive compact object
consisting of neutrons, or a black hole will be left behind as a stellar remnant.

Observations (Özel & Freire 2016) constrain the gravitational mass of a neutron
star between 1.0M� and 1.8M� and this of a black hole 5M� and 20M�
(Wiktorowicz 2014).

(In the formulation described in Eq. ??)

2.2. SN2014J

As mentioned before SN2014J was discovered on January 22,2014 in the nearby
starburst galaxy Mossey82 (Fossey et al.2014) at a distance of 3.5 Mpc and with
galactic coordinates (l,b)=(141.427◦, 40.558◦). It was immediately classified as
a type Ia supernova. Zheng et al. (2014) calculated the explosion date as the
14 January, UT 14.75. The brightness of the 56Ni lines indicates, that about
0.5M� were produced, which is a very characteristic value for type Ia super-
novae. In many ways it appears to be a ’standard’ type Ia supernova.

Nonetheless, Diehl et al. (2014) observed some abnormalities concerning the
timing in which 56Ni-lines were observed. This abnormalities may lead to major
refinements to the current supernova type Ia models.

To become more specific, INTEGRAL, the International Gamma-ray Astro-
physics Laboratory started observing SN2014J on 31 January 2014, 16.6 days
after the inferred explosion date. It would be to late to search for 56Ni on the
surface of the ejecta, where it is generally believed to be less abundant than
deep in the expanding supernova cloud. Integral data however, clearly show the
characteristic nickel decay lines at 158keV and 812keV, which indicate, that a
rather significant ammount, close to 10% of the total mas, of 56Ni was located
near the surface.

Due to this fact, novel progenitor scenarios have been hypothesised. A merger
of two white dwarfs could possibly explain the observation of 56Ni in the outer
layers of the supernova. The most favorable scenario, according to Diehl et

7
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2. Stellar Explosions

al. (2014), speaks of an ’explosion that might have been triggered by a surface
helium explosion from a helium belt that has built up rapidly from matter
accreted from the companion star’. This scenario differs from the classical
single degenerate scenario, since the donator star transfers helium to the white
dwarf instead of hydrogen. Thus, the progenitor system of SN2014J can be
imagined as a intermediate between a white dwarf and a main-sequence star
binary (single degenerate) and two white dwarfs (double degenerate). This
scenario fits well with the population synthesis models for a starburst galaxy
like M82. A double detonation explosion scenario can be ruled out, as it would
produce broad gamma-ray emission lines, which was not the case for SN2014,
as narrow lines have been detected.

8
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3. Gamma rays

Gamma rays are a form of high-energy electromagnetic radiation consisting of
high-energy photons. They were discovered in the beginning of the 20th cen-
tury by the French chemist Paul Villard, who studied the radiation of Radium.
As a matter of fact, he observed the radiation coming from the de-excitation of
Radium from a high energy state to a lower energy state. Ernest Rutherford,
who discovered himself alpha and beta rays, named these forms of electromag-
netic radiation gamma rays.

Nowadays, gamma rays are a key tool for studying and understanding nuclear
astrophysics. Their advantage is that they trace nuclear processes directly,
as gamma-rays originate from nuclear decays, de-excitation and high-energy
collisions.

Comparing gamma-rays with other forms of radiation (Radio, IR, opt, UV),
gamma rays differ only in the order of magnitude of their energy, since they
are the most energetic form of radiation known till today. They cover a big
part of the energy spectrum ranging from a few keV to TeV.

3.1. Gamma ray production

Generally, gamma rays can be produced by a large variety of phenomena, both
nuclear and non-nuclear.

3.1.1. Radioactive decay (gamma decay)

A radioactive decay is probably the most common production mechanism of
gamma rays. This form of decay takes place when an excited nucleus decays
to a lower energy state, emitting a gamma ray photon of the respective energy.
It usually occurs after an α- or a β-decay, since both leave the nucleus mostly
in an excited state. Other possibilities that can trigger a gamma decay are
neutron capture, electron capture, a nuclear fusion or a nuclear fission.

9



3. Gamma rays

A characteristic example for a radioactive decay is the beta-decay of 60Co to
excited 60Ni, which then decays to the ground state by emitting gamma rays.
To become more specific, unstable 60Co decays via β−-decay to an excited state
of 60Ni (Jπ=4+). In less than a picosecond, and with a probability of 99.88%,
the excited nucleus decays to the ground state by emitting back to back photons
of 1.17 MeV and 1.33 MeV. The number of photons emitted depends on the
nucleus and reveals that a series of nuclear energy levels exist.

3.1.2. Matter-antimatter annihilation

Another important gamma ray source, which also plays a fundamental role in
this bachelor thesis, is the matter annihilation. According to the Standard
Model in particle physics, every particle has a respective antiparticle.
For instance, the antiparticle of a proton, is called ’anti-proton’ with the same
rest mass like its antiparticle, but a opposite charge of the same order.
Also electrons, the most common negative leptons, have positive antiparticles
of the same mass, called positrons.
A matter annihilation takes place when a particle and its anti-particle col-
lide and annihilate in two, or three photons. These photons share an energy
equivalent to the rest masses of the particles that annihilated.
In the case of the positron-electron pair there are more than one path that
leads to the annihilation. They can either annihilate immediately and produce
two photons, each carrying an energy ammount of 511keV, or they can build
an unstable exotic atom, called the positronium. In this bound state, an
electron and a positron orbit around their common centre of mass.

A positronium, like the hydrogen atom, has two possible configurations of its
ground state, depending on the relative orientations of the spins of the parti-
cles, called the para-positronium and the ortho-positronium.

The para-positronium is the singlet state (S=0, Ms=0), where the particles
have antiparallel spins. It decays mostly within 125 picoseconds in an even
number of photons, preferably into two.

The more durable ortho-positronium , is the triplet state (S=1, Ms=-1,0,1),
as both particles have parallel spins. This configuration has a mean lifetime
of 142 nanoseconds and decays into an uneven number of photons, preferably
into three, dividing its energy onto them and producing tje ortho-positronium-
continuum.

10
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3.2. Production sites

Combining all three variations of the electron-positron-annihilation, a charac-
teristic spectrum is obtained.

3.1.3. Other production mechanisms

In addition to the radioactive decay and the matter annihilation, gamma rays
can be produces by various particle-photon interactions or by particle decay.

For instance, the π0-Meson, with a rest mass of 135.0
Mev

c2
can decay in two

photos via the electromagnetic force. Other examples are the synchrotron
radiation, which occurs when charged particles in synchrotrons are accelerated
radially using magnetic fields and the so called ’bremsstrahlung’, produced by
the deceleration of charged particles approaching a coulomb field.

3.2. Production sites

There are many different sites, where energetic events produce gamma rays.
Most of them can be found far away from our planet and its protective at-
mosphere, not excluding however that also our earth is a possible gamma ray
producer.

A major source of gamma-rays are so called pulsars, fast rotating neutron stars
with vast magnetic fields. They produce focused beams of high relativistic
charged particles, which then emit gamma rays via bremsstrahlung as they are
passing through gas nebula.

Also simple neutron stars are potential sources of gamma-rays. These super-
nova remnants accrete material from their environment, which gets excited and
emits photons in the gamma-regime.

Some of the most powerful gamma-ray photons come from quasars, the center
of active galactic nuclei (AGN). The radiation coming from an AGN is thought
to come from the accretion of matter by supermassive black holes in the center
of active galaxies. They produce charged particles into beams, which again
interact with their environment (gas, dust) and produce amongst other types
of radiation also gamma-ray radiation.

The most energetic, but at the same time rare, sources of gamma rays are
Gamma-ray bursts (GRB). They realise vast amounts of energy in the same
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3. Gamma rays

order of magnitude as supernova explosions and last approximately for two sec-
onds. It is believed that a GRB occurs, when two neutron-stars or a neutron-
star and a black hole merge.

Also our Earth can host events that produce gamma radiation. For instance,
terrestrial thunderstorms produce accelerating electrons which interact with
the surrounding atmosphere and produce gamma rays by bremsstrahlung.

(In Eq. ??,)

(in the works presented in [25], [24] and [35]. )

3.3. Interaction of Gamma-rays with matter

As mentioned before, the gamma-ray energy spectrum ranges from a few keV
to TeV. Photons with such high energies are able to interact with matter i.e.
with the telescopes used for detecting them. This interaction of gamma-rays
with matter is welcomed, since it is the only way to detect gamma-photons.
Therefore, it is important to list and summarize the three principal interactions:
the photoelectric effect, the Compton effect and the pair-production.

3.3.1. Photoelectric effect

The lower edge of the gamma-ray energy range is dominated by the photoelec-
tric effect. In this effect, an incoming photon transfers all its electromagnetic
energy Eγ to an atomic electron and is absorbed. If the energy transferred from
the photon to the electron is more than the energy needed for the electron to
overcome the Coulomb potential of the atom, the electron is kicked out of it,
and its kinetic energy can be calculated as the difference of the photon energy
and the work function.

3.3.2. Compton effect

Photons with an energy around 500keV interact with matter via the Compton
effect that dominates around these energies. The main idea behind it is the
inelastic scattering of a photon by a charged particle, causing the photon to
lose some energy and change its direction. The scattering angle θ depends on
the energy loss of the photon, providing information about the direction of the
photon.
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3.3. Interaction of Gamma-rays with matter

3.3.3. Pair production

For energies higher than 1022keV (two times 511keV), the possibility of the
reverse process of the matter annihilation, the pair production, is available.
Pair production is the creation of an elementary particle and its respective an-
tiparticle, usually a proton and a positron pair, from a photon in the presence
of a charged particle. For photons at MeV scale, pair production is the dom-
inant mode of photon interaction with matter. The presence of a nucleus is
important in order to satisfy conservation of momentum.
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4. INTEGRAL and SPI

In the previous chapter the production mechanisms and creation sites of gamma-
radiation have been discussed. In order to understand cosmic phenomena and
improve our view of the universe, it is crucial to construct telescopes that are
able to detect these gamma-ray fluxes.

However, detecting gamma-rays is associated with fundamental problems. To
begin with, it is impossible to detect them on Earth, due to the opaqueness of
the atmosphere, absorbing most of the gamma-ray flux heading for our planet.

Secondly, being so energetic, cosmic gamma-ray fluxes are very low. A cosmic
event that produces a certain amount of energy needs much fewer gamma-ray
photons than e.g. optical photons to transport away its produced energy.

In addition to the low gamma-ray fluxes, the high penetrable nature of gamma-
rays make their collimation by mirrors impossible. Thus, the only way to
observe gamma-rays is by detecting them not directly but rather indirectly by
the produced particles.

Still the biggest and most fundamental problem while dealing with photons
from the upper end of the electromagnetic energy scale is the domination of
the intrinsic background in the observed spectra.

Astrophysicists have been able to bypass most of these problems. In order
to dodge the opaqueness of the atmosphere, gamma-ray telescopes have been
mounted on satellites, orbiting the Earth or on balloons, to avoid most of the
Earth’s atmosphere.

To counteract the low gamma-ray fluxes, it is necessary to built telescopes with
large effective areas and let the observation times in one particular direction
(pointing) be long enough (≥ 30 min).

In order to distinguish the intrinsic background from the actual celestial sources,
a precise background model, that can predict the background sources accu-
rately, must be developed. The background model used for INTEGRAL and
SPI is discussed in chapter 5.

Finally, as mentioned before, the detection of gamma-rays conceals difficulties.
The idea of detecting these particles and the methods used are discussed in
this chapter.
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4. INTEGRAL and SPI

4.1. Detecting methods

One of the most fundamental problems of gamma-rays is that they are very
penetrable. Thus, it is impossible to collimate them with mirrors. Since they
can not be detected directly, this must be done indirectly by detecting the
produced charged particles.

In modern high energy spectroscopy two different detector types are preferred,
scintillation detectors and semiconductor (solid-state) detectors.

4.1.1. Scintillation detectors

Scintillation detectors is one opportunity to detect gamma-rays. They can be
subdivided in organic and inorganic detectors, depending on the material the
scintillator is made of.

The main idea behind a scintillation detector is the following: When a high
energy photon meets a scintillator, an organic or inorganic material, it excites
an electron from the valence band into the conduction band. Depending on
the material used as a scintillator, this electron will return to the valence band
producing a low energy photon.

In order to produce photons in the energy range of visible light and make the
recombination more probable, the initially pure scintillator is doped. Scintil-
lation photons produce a weak signal and must therefore be transferred into
a detectable electronic signal using photomultiplier tubes (PMT) or avalanche
photodiodes (APD).

Photomultiplier tubes are able to multiply the signal produced by scintillation
photons enough to become easily detectable by e.g. oscilloscopes. PMTs used
for detection of gamma rays consist of a photocathode, where the incident
photons strike and produce, via the photoelectric effect, free electrons. They
are navigated toward various electrodes, called dynodes, were more electrons
are freed. After passing many dynodes a large number of electrons reaches the
negative charged anode producing a easily detectable sharp current pulse.

A second option for multiplying a weak signal are avalanche photodiodes. APDs
are superconductors modified by applying a reverse bias. By this way, incoming
photons gain on the way to the cathode more kinetic energy, enough to free
further electrons that do they same and cause an electron avalanche easily
detectable.

Scintillation detectors have fast response times but relatively low energy reso-
lution, due to the large band gap. Organic scintillators also bear a low density
that makes them not suitable as gamma-ray detectors, since an interaction with

16
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gamma-rays becomes improbable. On the other hand, inorganic scintillators
have fast response times, making them suitable as anticoincidence shields. In
order to achieve high energy resolutions for gamma-ray spectroscopy, though,
semiconductor detectors are the first option of gamma telescope manufac-
tures.

4.1.2. Semiconductror (Solid state) detectors

The main idea behind semiconductor detectors is to place a semiconductor
material, like Germanium or Silicon, between two electrodes, an anode and a
cathode.

Incoming gamma-ray photons interact with the semiconductor by setting elec-
trons free and thereby creating holes. The number of free electrons and created
holes is proportional to the energy of the incoming photon, the more energetic
the photon, the more electrons it frees. Electrons and holes travel toward the
electrodes creating a weak signal. In order to strengthen this signal a reverse
bias has to be applied. This can happen simply by implanting Lithium at the
inner surface of the detector, producing a n-type diode.

Semiconductor detectors are much denser than scintillation detectors. Besides,
they are relatively small and have fast response times making them suitable
for gamma-ray detection. In addition, their smaller band gap (Germanium has
e.g. a band gap of 0.67eV at room temperature, whereas scintillators one of
several eV) leads to a higher probability of excitations and recombinations and
therefore to a better energy resolution. On the other hand, such a small band
gap requires a cooling system, since even at room temperature electron-hole
pairs can be built by thermal excitation.

Choosing the right combination of detectors for building and protecting the in-
struments of INTEGRAL requires therefore careful consideration. The actually
used detector types are discussed bellow.

4.2. The INTEGRAL mission

INTEGRAL (International Gamma Ray Astrophysics Laboratory), the tele-
scope designed for fine spectroscopy and imaging of celestial gamma-ray emis-
sion sources (Winkler et al.2013), was launched on the 17th of October 2002
from Baikonur/Kazakhstan.
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4. INTEGRAL and SPI

The European Space Agency (ESA) designed this mission as a follow-up mis-
sion for the Compton Gamma Ray Observatory (CGRO), that would last for
maximum 5 years. Surprisingly, INTEGRAL still orbits the Earth and contin-
ues to deliver gamma-ray data till today.
INTEGRAL carries four coaligned instruments on board, two major telescopes,
SPI and IBIS, and two rather complimentary instruments, OMC and JEM-X.
Most of them are using the coded mask system.

4.2.1. Coded mask system

The main idea behind a coded mask system, is to place a mask, consisting of
several transparent and opaque blocks, in front of the detector array. These
blocks create a known shadow pattern on the detectors. By doing so, some de-
tectors are completely overshadowed, some are partly overshadowed and some
not overshadowed at all. Changing slightly the viewing position of the satellite
causes the shadow pattern to cast its shadow on different detectors. Using
complex computer-based deconvolution algorithms (Caroli et al. 1987), it is
thereby possible to determine the location of the source.
Coded-mask systems have a wide ’fully coded field of view’ (FCFV). This is
defined as comprising all directions for which the recorded flux is completely
modulated by the mask. The ’partially coded field of view’ (PCFV) on the
other hand is defined as ’comprising al the directions for which only a fraction
of the detected flux is coded by the mask’ (Caroli et al. 1987).
The coded mask system has turned out to be a very successful tool for deter-
mining the location of the incoming photons, and was therefore used in every
instrument on INTEGRAL lacking a spatial resolution.

4.2.2. INTEGRALS’ instruments

Spectrometer SPI, the high spectral resolution gamma-ray telescope of INTE-
GRAL, is able to detect photons with an energy between 20keV and 8MeV. It
consists of 19 high purity Germanium detectors and in order to provide spa-
tial information about the incoming photons it operates in conjunction with a
coded-mask system. Since SPI is the only instrument used for the data eval-
uation, a more detailed description of its function can be found in the next
subsection.
Imager IBIS on the other hand is a Compton telescope and observes gamma-
rays in the energy range between 15keV and 10MeV. It uses a coded-mask-
system like SPI to gain information about the direction of the photons and
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consists of two layers of detector arrays. IBIS uses a larger number of less
massive detectors than SPI in order to provide a better spatial resolution (12
arcmin), but lacks high energy resolution (∼ 10 %). Being a telescope with
high spatial resolution and decent energy resolution, it focuses more on point
sources, complementing by this way SPI, which focuses more on exact energy
values.

The Joint European X-Ray Monitor (JEM-X) is one of the complementary
instruments installed on INTEGRAL. It is a X-ray monitor with an angular
resolution of 3 arcmin, an effective area of 500cm2 and a FCFV of 10◦. It con-
sists of two coaligned telescopes, both with an individual coded mask, recording
spectra in the energy range between 3 and 35keV.

The second complementary instrument on INTEGRAL is the Optical Monitor-
ing Camera (OMC), a classical camera observing the optical emission for the
same sources the other instruments focus on.

4.2.3. Orbit

The orbit of INTEGRAL had to be chosen very carefully in order to avoid the
radiation damage caused by the Van Allen radiation belt. This belt consists
of two main regions with intense radiation that is held around the Earth due
to Earth’s magnetic field.

The inner Van Allen belt is located 1.000-6.000km above the earth and contains
high concentrations of energetic protons and electrons, trapped by its strong
magnetic fields.

The outer Van Allen belt contains mostly high energy electrons and is found
at altitudes between 13.000km and 60.000 km. It has been observed, that its
width and particle density can fluctuate, depending on the activity of the Sun.

In order to avoid the damage that these radiation belts can cause to all instru-
ments mounted on INTEGRAL, a highly eccentric orbit with an inclination of
52.5◦ to Earth’s rotational axis has been chosen.

With a perigee height of only 9.000km and the apogee height almost 154.000km,
it takes 3 days for the satellite to orbit the Earth.

Since this orbit cannot avoid the radiation belts completely, INTEGRAL’s
observation hold on for a specific time, while the satellite is located near the
earth.

To be more specific, scientific observations start at an altitude of 40.000km
leaving the Van Allen radiation belts and stop at 60.000km approaching them,
losing only 10% of observation time.
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Generally, the performance tests of INTEGRAL lasted approximately nine
months after launch. Only after assuring that the satellite works reasonably,
did the satellite start delivering data.

4.3. SPI

4.3.1. Main detector array

As mentioned previously, INTEGRAL’s spectrometer SPI is the only instru-
ment used for the data evaluation. Since it has been designed for fine gamma-
ray spectroscopy, a solid state detector type has been chosen. This consists of
19 high purity Germanium (HPGe) detectors ordered in a hexagonal structure,
covering a geometrical area of 508cm2 and is able to detect photons with an
energy between 20keV and 8MeV. In order to create a detectable signal, the
detector array has been placed on an Aluminium capsule and a high-voltage of
4kV across the detectors has been chosen, transferring the initially pure Ger-
manium blocks into reverse-biased n-type diodes. The spectral resolution of
them is between 2.5keV and 3keV, depending on the energy bin.

Like most of the instruments on INTEGRAL, SPI operates in conjunction with
a coded-mask system, placed 1.71m above the detector array. The coded mask
consists of 127 hexagonal elements accumulating a diameter of 720mm, provid-
ing a FCFV of 16◦ and a PCFV of 31◦. 63 elements, made of thick tungsten,
are opaque for gamma-rays and 64 let them through. A coded-mask with 127
’pixels’ in conjunction with a detector array containing 19 Germanium detec-
tors (’pixels’) with the aforementioned dimensions result a spatial resolution of
2.5◦.

4.3.2. Anticoincidence systems

As previously stated, background lines and continuum dominate the energy
spectrum in the gamma-ray regime.
Nevertheless, there have been several efforts to reduce it and therefore several
different background-reducing components have been installed on SPI.
The most important one is the heavy hexagonal anticoincidence shield (ACS).
It is made of 91 bismuth germanate (chemical formula: Bi4(GeO4)3) crystals
surrounding SPI from almost every direction, yielding an additional mass of
512kg to the satellite. As it is made of an inorganic scintillator (BGO), astro-
physicists can rely on its fast response times in order to trigger a veto signal,

20



4.3. SPI

every time a photon comes from the wrong direction.
The anticoincidence shield managed to reduce the background by a factor of 25
(Jean et al.,2003), creating however some additional unavoidable BGO back-
ground lines.

4.3.3. Cooling system

The relatively small band gap of Germanium (0.67 ev at room temperature)
provides on the one hand many benefits and requires on the other hand spe-
cial treatment, since it is much easier to create electron-hole pairs by thermal
excitation.
For this reason, the detector array must be permanently cooled down to approx.
90K. The cooling system of SPI, contains four Stirling machines located inside
a beryllium shell, called the Cold Box. Despite, using once again background
reducing precautions, the Cold Box is contributing significantly with its own
characteristic lines to the background spectrum.

4.3.4. After launch observations

INTEGRAL was launched on the 17th of October 2002 from Baikonur/Kazakhstan
and it took nine months of performance tests and other kinds of checks, like
the determination of the imaging response function, to begin recording celestial
data.
As expected, cosmic radiation and the passage through the Van Allen radia-
tion belt caused serious damage on the detectors, worsening their resolution
dramatically. Luckily, this has been awaited and in consequence, SPI has been
programmed to heat its detectors twice a year to 105◦C, purging them of all
defects caused by cosmic radiation or possible micrometeorites.
Unfortunately, four detectors have received irrevocable damage during various
perigee passages and ceased recording data. For this reason, detector 2, failed
in December 2003, detector 17 in July 2004, detector 5 in September 2009 and
detector 1 in May 2010 have not been used in the data evaluation of this thesis.
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5. Instrumental Background

A fiducial parameter, which is present when taking gamma-ray data with tele-
scopes situated far away from Earth’s protective atmosphere, is the high in-
trinsic background.

Cosmic rays hit gamma-ray telescopes orbiting the earth, like INTEGRAL, ion-
ize and excite every material on it and produce unwanted gamma-ray photons.
Almost every material on INTEGRAL is a potential background source: the
solar cells, cables, background shields, other instruments, even the detectors
themselves.

As discussed before, background photons outweigh celestial photons by a factor
which is very close to 100. For this reason, gamma-ray astronomers need to
develop background models in order to to ’filter’ it out and retain the actual
celestial spectrum.

This bachelor thesis used an already available background model for INTE-
GRAL, called spimodfit, developed many years ago, lastly modified in 2014
by Siegert and will investigate the dependence of the data in respect to the
time, sun activity, detector location e.t.c.

5.1. What is a background model?

The task of a background model is to estimate precisely the number of back-
ground photons for every energy range, detector and pointing, without count-
ing in sky photons. In order to separate mathematically these photons, the
following formula is needed:

Dijk =
∑
m,n

Rmnijk

NS∑
s

αsS
mn
s +

∑
t

NB∑
b

βb,tBb,ijk (5.1)

Equation 5.1 distinguishes cosmic photons from background photons. Dijk de-
scribes the photon counts in one energy bin i, one certain detector j and one
pointing k. It contains photons from both sources. The first part of the sum
refers to celestial counts and the second part to background counts. Smns are
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5. Instrumental Background

the sky sources, Bb,ijk the background sources and Rmnijk refers to the instru-
mental response function. Since only celestial photons pass through the coded
mask system and cast a shadow on the detector array, the response function
is relevant only for them. The sums over the celestial and background sources
indicate that several of these sources are present. In the following subsections
it will be proved that the background is time/revolution-dependent, thus the
background sources require a summation over the time. The galactic longi-
tude and latitude are thereby described with the indices m and n respectively.
Finally, parameters αs and βb,t describe the intensity of their respective type
of source. They are obtained after fitting an expected background model and
an expected sky model to the measured counts. Especially αs is of vital im-
portance, since it describes the intensity of a celestial source. Before fitting a
model to the data though, it must be decided, which data is meaningful and
which must be rejected.

5.2. Factors that influence the spectra

First of all, it is important to filter raw data and leave out data that looks
unpromising. For example, even though INTEGRAL observations stop when
approaching the Van Allen radiation belts, it has been proved that they still
influence the events rate. For this reason the program ’spimodfit’ reduces
further the observing time, by filtering out data recorded in the proximity of
the radiation belt. In addition to this, the following chapter discusses how
natural cosmic influences, like the activity of the Sun and the effects on its
environment, affect the spectra. Finally, it is important to note the time-
dependence of the detectors degradation.
All this parameters have to be taken into account in order to keep merely useful
data, which can be used for data evaluation.

5.2.1. Solar flares

A factor that causes trouble to INTEGRAL’s instruments are solar flares. Solar
flares are sudden flashes of light on the surface of the Sun, emitting great
amounts of energy. It is believed that solar flares occur, when a phenomenon
called ’magnetic recollection’ takes place. The Sun’s surface contains numerous
loops of magnetic lines, always connected with the Sun. If such a line escapes
the Sun’s surface, it releases a great amount of energy and charged particles
forming a coronal mass ejection. These charged particles hit INTEGRAL and
mostly interact with the protective shields of SPI, like the anti-coincidence
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5.2. Factors that influence the spectra

shield (ACS). Still, these solar flares are a potential candidate for additional
background and therefore data recorded during a solar flare must be excluded.

5.2.2. Solar Cycle

The solar activity is a term that describes the behaviour of the Sun, considering
the strength of solar radiation, ejection of mass, number of sunspots, solar flares
and others. Throughout the centuries it has been observed that this activity
follows a characteristic periodic cycle. To be more specific, it has been observed
that solar cycles last approximately 11 years, within them the solar activity
reaches a minimum and a maximum.

While dealing with data from INTEGRAL, the solar cycle must be studied and
analysed as a indirect potential source of additional background photons.

For instance, when the solar activity reaches its maximum, the Sun produces
a stronger magnetic field protecting its surroundings - and thereby the Earth
along with the other inner planets and INTEGRAL - from cosmic flux. This
causes the count rates of both the protective shields and the detectors to go
down. On the other hand, when the Sun activity is around its minimum, like
in the end of 2009, INTEGRAL is exposed to a higher cosmic flux, causing the
detectors to measure a higher background.
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Figure 5.1.: Count rate per revolution

Figure 5.1a,b prove the anti-correlation of the detector count rate for the
438keV- and the positron-line with the solar activity. INTEGRAL was launched
in 2002, as the Sun’s activity was close to its maximum. Figure 21a,b shows
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characteristically, that around revolution 850, which refers to the end of the
year 2009, the count rate reached a maximum, as the Sun went through a very
quiet phase. While this thesis is written, the Sun just passed a solar maximum
and starts calming down. Thus, it is expected that in the following revolutions
the count rate will start rising again.

5.2.3. Detector Degradation

As mentioned before, the pure crystalline structure of the Germanium detec-
tors gets damaged through cosmic radiation, causing a detector degradation.
This degradation affects the spectra and especially spectral lines. Instead of
ideal gauss-shaped lines SPI starts representing them in combination with an
exponential tail function, causing a spectral line to have a higher Fully Width
Half Maximum (FWHM) over time. This can be seen in the following plot:
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Figure 5.2.: FWHM per revolution

Figure 5.2a,b shows the FWHM of the 438keV-line and the positron-line per
orbit. The FWHM is a way to observe the energy resolution and degradation
of the Germanium detectors through the revolutions. It is noticeable that the
energy resolution worsens, until it is restored back to an acceptable value. This
process, called ’Annealing’, takes places twice a year, where the detectors are
heated to approx. 105 ◦C in order to purge the structure of the detectors. Of
course, even after Annealings, it is impossible to fix the detectors completely,
so a trend towards higher FWHM and thereby worse energy resolution is visible
throughout the years. Even here, one might state, that a sun activity pattern
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can be suggested, as since approx. revolution 800 the degradation has remained
constant or even gives way. This suggestion can be confirmed in the following
years, if the overall degradation starts rising again.

5.3. Background models for INTEGRAL

There have been several different approaches to build a background model for
INTEGRAL. A very gross estimate is to observe an area with no celestial
sources, for example for latitudes b > ±30◦. By this way, it is possible to
identify lines coming from background sources. However, in the previous sub-
sections it has been proved that the background sources change from revolution
to revolution and in addition to this, the photon counts show a great variation
even from pointing to pointing. For this reason, it is inconsistent to use this
fairly simple idea to predict the background counts.

A fairly good background model was developed by Wang et al. in 2007. and
used independent measurements of different instrumental parameters. In a
matter of fact, they used PSAC(plastic scintillator anti-coincidence shield, de-
signed to reduce the background around the 511keV line) rate for predicting
the background around a specific energy range. Despite some successes of this
background models, it has been suggested that it over-fits the spectra and
therefore it is also fitting noise.

5.3.1. Current background model

The most recent and in the same time accurate background model of INTE-
GRAL was developed by Thomas Siegert in 2014. It exploits spectral informa-
tion in broad energy regions, information about long-term detector response
change and bases on two major hypotheses. First, the relative intensities of
the detectors (=¿ detector ratios) are constant for one epoch. Second, the
spectral lines do not vary from pointing to pointing but rather from revolution
to revolution.

In other words, detectors always measure the same intensity in respect to other
detectors, as long as the number of functioning detectors stay the same. If a
detector gets destroyed, this ratio has to be determined once more. In addition,
background counts do not change significantly within one revolution, since the
detector degradation/damage takes mostly place while passing the Earth’s ra-
diation belts.
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5. Instrumental Background

This bachelor thesis will investigate the properties of detector ratios and discuss
whether they can contribute in distinguishing pure background sources from
lines that include a celestial signal. In addition, it will be analysed how detector
pattern can help locating background sources on the INTEGRAL spacecraft.

5.3.2. Detector Ratios

Detector ratios are defined as the relative intensity of one detector in respect
to all the other detectors. This relative intensity can originate either from a
line, the continuum of a specific energy range or the total spectrum.
Ideally, without any background contribution, this ratio should only depend
on the shadow of the coded mask and on the direction of the celestial sources,
which would cause some detectors to measure photons and some not. Since the
whole satellite produces background photons, all detectors measure photons,
which do not depend on the coded mask system. It can even be suggested, that
the majority of background sources emit very homogeneous radiation, thus ev-
ery detector should measure roughly the same intensity.

Siegert(2014) calculated the total intensity of the 450-640keV region and found
out that this is true. The total intensity depends primarily on the weight of
every detector. What happens however if individual spectral lines are stud-
ied? Siegert showed that the relative intensities for single spectral lines deviate
significantly from the average and followed interesting patterns.
Is it hence possible to dig out a celestial signal from such background domi-
nated data? The main ideas of using detector ratios to analyse the background
are the following:

To begin with, it is possible to use detector ratios to suggest possible back-
ground sources and their location in the spacecraft. For example, if the inner
detectors 1-6 have a higher relative intensity in respect to the outer detectors,
it can suggested that a background source is situated very near to the detector
array. As a matter of fact, Siegert showed that the 1779keV 28Al-line has a
higher relative intensity for inner detectors in respect to the outer detectors,
which can be easily explained, as the Germanium detectors are mounted on
Aluminium capsules.
On the other side, the opposite can be argued for the 1764keV line of radioac-
tive Bismuth coming from the anti-coincidence shield (ACS). In this case it
is hypothesised that the outer detectors should measure a higher intensity in
respect to the inner detectors.
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5.3. Background models for INTEGRAL

This bachelor thesis calculated the relative intensities in the 3rd epoch (after
losing detector 2 and 17) for four different lines, 438keV, 511keV, 570keV and
574keV. The lines are approximated by a Gaussian function with four param-
eters.

G(E) = A0exp(−
(E − E0)2

2σ2
) (5.2)

A0 is the amplitude of the line, E0 the energy corresponding to the peak of
the line, σ2 is variance, a parameter describing the width of the line and τ
which is not used in this formula, symbolizes an exponential tail function, due
to the fact that the degradation of the detectors moves lines towards lower
energies. This factor complicates the formula and is not needed for calculating
the intensity of the line. In order to do that, a simple formula is needed.

I(A0, σ) =
√

2πA0σ (5.3)

Using equation 5.3, which is actually the integral over the whole energy range
of the line, it is possible to calculate the intensity of a line.
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Figure 5.3.: Detector ratios for the 438keV-line
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Figure 5.4.: Detector ratios for the positron-line

0 5 10 15
0.6

0.8

1.0

1.2

1.4

0 5 10 15
Detector ID

0.6

0.8

1.0

1.2

1.4

R
el

at
iv

e 
in

te
ns

ity
 n

or
m

al
iz

ed

Averaged detector ratio
Detector ratio variation per revolution
Line centroid:       570.16622keV

Figure 5.5.: Detector ratios for the 570keV-line
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Figure 5.6.: Detector ratios for the 574keV-line

Figures 5.3-5.6 present the detector ratios for the three most significant lines
of the energy range between 420keV and 620keV. These are 438keV-, 511keV-
and 574keV- and the smaller 570keV-line. The horizontal red line stands for
the averaged detector ratio and the small blue lines show this intensity in the
course of the revolutions of the 3rd epoch, building a smaller time-scale on the
red line.

For the 438keV and 574keV lines the inner detectors 1-6 have a higher rela-
tive intensity in respect to the outer detectors, indicating a background source
coming from the detector array itself. The very low deviation of the relative
intensities confirm the assumption that instrumental lines variate little during
one epoch. For the 574keV line, there is even a difference between detectors
located at the edge of the detector array 7,9,11,13,15 and the ones located at
the corners 8,10,12,14,16,18.

The positron line does not show a symmetric pattern. It can be suggested, that
adjacent detectors mostly measure the same intensity and that some detectors
located at the left side of the camera, as seen in figure 121 all measure a lower
intensity. Still the reasons for this specific pattern are questionable.

The 570keV line is a less intensive line and therefore the variation per revolution
is higher. However, this case is showed, since the detector ratios follow the
opposite pattern of the detector ratios for 438 and 578keV. In this case, the
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5. Instrumental Background

outer detectors 7-18 have a higher relative intensity indicating a background
source coming from the ACS shield or another material that encompasses the
detector array.
Instrumental lines, especially the most dominant, change only slightly in the
time scale of one epoch. If such a line shows a higher variation per revolution,
it can indicate a possible celestial signal.
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6. Results

The primary goal of this thesis is to detect the positron 511keV line in the
SN2014, by applying the background model discussed in the previous section.
For the data evaluation the energy spectrum between 420keV and 630keV was
used. This does not look promising in a first look, since it is entirely background
dominated [6].
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Figure 6.1.: Counts per second for the energy range between 420keV and
630keV for the entire INTEGRAL mission

Figure 6.1 shows the counts per second for the entire INTEGRAL mission.
It contains five very dominant lines, three of them, the 438keV, 511keV and
574keV-lines, discussed as detector ratio-examples. Due to the background
domination of the data, the background model discussed in the previous sec-
tion, must be used to obtain the actual celestial signal.
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6. Results

Before doing so, the adequacy of the background model must be tested on an
already known and multiple times observed sky source, e.g. the ’Crab’. If the
results match well with literature values, it indicates a compatible background
model that can be used for the SN2014J data evaluation.

6.1. The ’Crab’

The Crab Nebula is a supernova remnant, located at a distance of approx.
2kpc in the constellation of Taurus. It was first observed by early Chinese
astronomers in 1054 and nowadays it is believed to belong to the low energy
branch of core-collapse supernovae (Nomoto et al. 1982). In the center of
the nebula a pulsar, a fast rotating neutron star, can be found. The Crab
Nebula has been studied, observed and modelled multiple times by various
astronomers and telescopes. Even INTEGRAL and SPI observes it regularly
and its data has been analysed by various observing teams (Jourdain et al.
2009). This bachelorthesis used data from four early revolutions, 43-46, in
order to constitute its spectrum.

The gamma ray energy spectrum of the Crab Nebula (galactic coordinates: l
= 184.6◦, b = 5.8◦) can be described by a powerlaw function:

f(E) = AEk (6.1)

This indicates, that the Crab Nebula spectrum in the gamma ray regime can
be described precisely by two parameters.

Figures 6.2a,b plot the gamma-ray spectrum between 422keV and 630keV of
the Crab Nebula. The left plot is the original spectrum with the counts per
second per surface area for every energy bin of 0.5keV. The right plot sums up
424 energy bins of 0.5keV in only 8 energy bins of 53keV in order to receive
a clearer spectrum and reduce the error bars in the flux. In both plots the
tendency to a powerlaw function is perceptible.

Fitting the spectrum with IDL’s procedure curvefit delivered values for both
parameters. Since the parameters depend on the initial guess, one parameter
has been fixed to a value suggested by Jourdain et al 2009 and finally both
variations have been compared with the values of Jourdain et al 2009.

Comparing the two fits with the literature values provided by Jourdain et al.
(2009), it is clear that there roughly no difference between them. Most data
points are in a distance of one σ within the literature values. This indicates
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6.1. The ’Crab’
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Figure 6.2.: Gamma ray spectrum of the Crab Nebula with two different rebin-
ning factors

Table 6.1.: Crab Nebula Parameters

Parameters A k

best fit (red) A = 2.05−5 ± 1.12−6 k = −2.66± 0.43

fixed slope (green) A = 2.09−5 ± 1.02−6 k = −2.24± 0.00

literature values (blue) A = 6.45−4 ± 0.00 k = −2.24± 0.00

that the background model applied works well and can be used for the study
of SN2014J.
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6. Results

6.2. SN2014J

Since the background model is able to describe satisfactorily the Crab Nebula,
it was applied for the SN2014J. INTEGRAL observed it from revolution 1380
till revolution 1428. SN2014J is located in the M82 galaxy at the galactic coor-
dinates l=141◦ and b=40◦. Inserting the correct data into spimodfit produces
the following spectra.
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Figure 6.3.: Gamma ray spectrum of SN2014J, energy bins: 0.5keV

Figure 6.3 presents the actual spectrum for the entire observing time window.
It does not look promising at the beginning, due to the scattering of the counts.
However, if single energy bins are summed up, a clear positron signal can be
seen. Figures 6.4, 6.5 and 6.5 present the same plot as figure 6.3 with different
rebinning factors.
The spectrum has been described by a constant line C, representing the con-
tinuum and a Gaussian function in the position of the positron line:

p(E) = C +Aexp(− (E − E0)2

2σ2
) (6.2)

In the same way as for the crab, the final fit depends on the initial guesses
given for the parameters. The red slope portraits the best fit for parameters
thought to be suitable to the spectrum.
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6.2. SN2014J
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Figure 6.4.: Gamma ray spectrum of SN2014J, energy bins: 15keV
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Figure 6.5.: Gamma ray spectrum of SN2014J, energy bins: 17.5keV

For the orange slope, parameter σ has been set to a fixed value, using infor-
mation about the spread velocity of 56Co. As discussed in a previous chapter,
56Co is the direct producer of positrons. Since it is moving out, it causes a

37

roland_diehl
Cross-Out

roland_diehl
Inserted Text
spectral line model



6. Results
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Figure 6.6.: Gamma ray spectrum of SN2014J, energy bins: 30keV

broadening of the positron line, known as Doppler broadening. The breadth of
the positron line, FWHM, proportional to σ, depends therefore on the spread
velocity of Cobalt and on the energy resolution of the instrument, SPI (equation
6.3). Using the spread velocity of Cobalt in a time window between 66.3 and
99.1 days after the explosion from Diehl et al. (2014) and with the following
formulas, a fixed σ can be set.

v =
c

E0

√
FWHMsource − FWHMresolution (6.3)

FWHMsource = 2
√

2ln2σ (6.4)

Inserting for E0=511keV, for c the speed of light and 2.5keV as SPI’s energy
resolution, results for σsource:

σsource = 5.33 (6.5)

For the orange fit, this value has been inserted as a fixed parameter.
As can be seen in table 6.2, fixing a certain parameter influences the other
parameters, as well as the errors.

Nonetheless, both fits deliver similar results. As an indicator of the quality of
the fit, χ2-test can be carried out.
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6.3. Line flux

Table 6.2.: SN Parameters

Parameters C A E0 σ

red fit 5.62 · 10−7 2.87 · 10−6 525.11 14.94

σredfit ±4.27 · 10−7 ±1.89 · 10−6 ±9.12 ±8.76

orange fit 6.44 · 10−7 4.91 · 10−6 521.84 5.33

σorangefit ±4.24 · 10−7 ±1.90 · 10−6 ±3.25 ±0.00

χ2 is actually understood as the difference between the model used for fitting
and the actual data:

χ2 =
∑
i

(Di −Mi)
2

σ2 (6.6)

The χ-square-test for the red fit delivers 444.8, while the for the orange fit
441.6, showing that both fits are almost equally suitable.

Table 6.3.: fitproperties

Parameters χ2 total line intensity

red fit 444.8 1, 08 · 10−4 ± 9.49 · 10−5

orange fit 441.6 6.56 · 10−5 ± 2.54 · 10−5

Table 6.3 shows, that although both fits are almost equally good, reducing σ
to a fixed value has an impact on the total line intensity. In this case, the
intensity was reduced by 40%.

6.3. Line flux

The last task was to calculate the line flux, first for the entire observing time
and then for four different periods, the same chosen by Diehl et al. (2014),
in order to determine the creation time of the positrons and see how well it
correlates with the line flux of 56Co. (Fig.4 on their paper). In addition, the
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6. Results

line flux was compared with three different explosion models, discussed and
analysed in The et al. (2014).

6.3.1. SN2014 explosion models

The et al (2014) modelled explosions with 15 different explosion models for this
supernova.(reference) Three of them seem to fit well with the observations of
SN2014J and will be compared with the positron line flux calculated in this
thesis:

W7 (Nomoto, Thielemann, Yokio (1984), a standard Type Ia explosion model
that includes deflagrations and has explosions properties typical for type Ia
SNe. hed8 (Hoeflich et al. 1996), a sub-Chandrasekhar helium detonation
explosion model, that is favoured by Diehl et al., as it fits well with their ob-
servations and finally a pulsating delayed detonation explosion model pdd54,
developed by Hoeflich et al. (1995). This model uses slow deflagration to in-
duce pulsation before detonation.

The characteristics of these explosion models can be viewed in the following
table 6.4:

Table 6.4.: Explosion model Characteristics

Model Total Mass in M�
56Ni Mass in M� Explosion Energy in 1051erg

W7 1.38 0.56 1.3

hed8 0.96 0.51 1.03

pdd54 1.38 0.17 1.02

However, it has been suggested by both my supervisor, Thomas Siegert and
Prof. Roland Diehl, that The et al. (2014) overlooked a factor of 2 in their line
fluxes. For this reason, the line fluxes for the three models have been multiplied
by this factor.

40



6.3. Line flux

0 50 100 150 200
−5×10−5

0

5×10−5

1×10−4

0 50 100 150 200
time [days]

−5×10−5

0

5×10−5

1×10−4

51
1k

eV
 li

ne
 fl

ux
 [p

ho
to

ns
/s

/c
m

2 ]

W7 (Chandrasekhar−Deflagration)
He−Detonation
Pulsating Delayed Detonation

Figure 6.7.: Line flux of the positron line for four different epochs and three
different fits

6.3.2. Light curve

Figure 6.9 plots the line flux of the positron line. In order to plot it like a
light curve, the observations have been subdivided into four epochs of post-
explosion days. The first epoch covers 16.3-41.3 days after the explosion, the
second 41.3-66.3, the third 66.3-99.1 and the forth 134.8-164.0. In the last
epoch the supernova should already be transparent.

As mentioned previously, all three models have been multiplied by a factor of
2. Three different fits have been used (black, red, blue). The black fit uses the
parameters calculated by curvefit for the line intensity. The red fit, has a fixed
σ = 5.33 like the orange fit in figures 6.3-6.6 and the blue fit has also a fixed
position of the peak at E0 = 521.84.

While studying figure 6.7, it becames clear that the pulsating delayed detona-
tion model does not fit with the data. On the other hand, the other two models,
W7, hed8, fit well with the line fluxes calculated and the multiplication with
the factor 2 looks reasonable.

The helium detonation model, especially, suggested by Diehl et al.(2014) as
a very likely progenitor model fits exceptionally well with the last two data
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6. Results

points. For the first two epochs, INTEGRAL could barely detect a positron
signal, suggesting that the positron annihilation rate at these times was low.
All three fits follow the same trend. The positron flux rises till day 90 were it
reaches a maximum and then slowly starts dropping, matching well with the
56Co abundances in the supernova cloud.
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7. Conclusion

The purpose of this work was to simulate a fusion plasma thruster and to inves-
tigate the modeling of the physical effects when using the ideal MHD equations.
Fusion thrusters make use of the kinetic energy released during fusion processes
by redirecting the ion products for the generation of thrust. The potential use
of fusion thrusters in future interstellar missions calls for the presence of dif-
ferent techniques which can be used for their simulation.

Based on existing works which utilized different physical and numerical models
(PIC, hybrid, SPH), typical initialization parameters of the plasma properties
can be derived. Since the processes of ignition and hydrodynamic expansion
after the fusion reaction do not belong to the topic of this work, conditions with
macroscopic plasma expansion are chosen as initial conditions for the simula-
tion. For the applications considered, the plasma properties are characterized
by very high speeds resulting from the fusion process.

In order to compare the simulations with literature, the plasma properties
have to be modified to suit the ideal MHD model without compromising the
physical integrity of the problem. However it is found that certain parame-
ters like the charge of the ions lack sufficient modeling in the ideal MHD case
and hence could alter the underlying physical principles. On the other hand,
thermodynamic properties which do not require modeling in particle methods,
need special treatment in the case of ideal MHD. A disadvantage of the chosen
model lies in the representation of the vacuum conditions in a way that does
not induce numerical instabilities but still does not affect the integral quantities.

With the modified initial conditions, results for the expansion of the plasma in
the present of a constant magnetic field can be obtained. The influence of the
magnetic field strength on the efficiency of the nozzle is examined and shows
that an increased field strength also improves the thrust performance. Simi-
lar results yield from the examination of a coil magnetic field, where a time
dependent increase in the efficiency is observed and quantified. The model of
MHD also captures the movement of plasmas for a wider range of velocities
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7. Conclusion

and demonstrates better results in the case of lower speeds.

Due to the fact that the plasma is modeled as a fluid, the presence of waves is
unavoidable when examining solutions with a strong external magnetic field.
Although these waves represent physical phenomena which are existent in plas-
mas satisfying the MHD assumptions, their resolution triggers numerical insta-
bilities. Moreover, the 1st order FVM which was implemented for the calcula-
tions is the one with the highest stability due to its dissipative nature but still
cannot avoid all numerical problems. It is expected that higher order schemes
would lead to even higher instabilities.

It is also evident, that physical structures and regions with high magnetic field
gradients like the conductor coils used in magnetic nozzles, require special treat-
ment to moderate the solution in their vicinity. Although efforts were made
to diminish these unwanted effects, no results could be obtained for the thrust
performance for larger time scales.

Ideal MHD is an attractive modeling tool for plasma applications due to its
relatively simple formulation. It is shown to provide qualitatively correct so-
lutions in the case of fusion thruster modeling as far as redirecting the plasma
in the magnetic nozzle is concerned. However, due to the induced complexity
resulting from the wave propagation and extreme pressure rarefactions in the
presence of high speeds and magnetic field strengths, its effectiveness is con-
sidered to be less than in the case of particle-based and hybrid methods.

Since most presented disadvantages are connected to numerical issues, special
treatments of the strong gradients could pose a suitable solution without the
need of changing the underlying physics. Another possible suggestion would be
to extend the model to include viscous effects (resistive MHD) and to examine
which effects can be subsided with this formulation. In general, the physical
description of the problem is sufficient in the case of MHD and is able to pro-
vide results for smaller speeds and time scales, which implies that with proper
treatment of the numerical issues, a complete description of variable plasma
thruster configurations could be achieved.
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A. 1D Simulation of velocity discontinuity

In Section 3.2, the effect of a uniform disc initialization was examined. It
was mentioned that according to Toro [34], a numerical vacuum condition is
obtained at the origin of the velocity discontinuity. Specifically, Toro performs
a shock tube simulation with different gas dynamic conditions for the fluid at
right and left parts of the domain as described in Table A.1.

Table A.1.: Initial Conditions defined in [34]

Property Left Right

Velocity -0.2 0.2

Pressure 0.4 0.4

Density 1.0 1.0

The results of the simulation after 0.15 time units are shown in Fig. A.1.

Figure A.1.: Density and pressure plots for 1-D gas dynamic shock tube simu-
lation [34]

In order to verify the process for the values used in Section 3.2, a 1D simulation
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A. 1D Simulation of velocity discontinuity

was set up with the initialization shown in Fig. A.2

Figure A.2.: Initial conditions of the 1-D Simulation

The solution of the 1D shock tube expasion problem lead to a sharp decrease in
the pressure and density as illustrated in Fig. A.3. The values of the thermody-
namic properties close to the origin are close to zero and therefore the numerical
issues triggered by this type of initialization are clearly demonstrated.
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Figure A.3.: Density, pressure and velocity plots for 1D gas dynamic shock tube
simulation after 2 µs and 4 µs
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A. 1D Simulation of velocity discontinuity
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B. Calculation of efficiency for constant field

In Section 6.1, the efficiency of the nozzle was examined in the case of a con-
stant magnetic field. In the case of an isotropic expansion and a uniform
magnetic field, the net impulse in the x direction (the desired thrust direction)
becomes zero. For that reason, only half of the domain was examined in order
to quanitfy the compression that the magnetic field causes.

The net impulse in the x direction is hence positive even in the case of a uniform
expansion in the absence of an external field. The value of this equivalent
efficiency for the isotropic case is easily obtained by taking into account the
sketch in Fig. B.1.

Figure B.1.: Isotropic expansion and velocity vectors

The velocity of each element can be described by the vector (vx, vy)T = (v ·
cos(θ), v · sin(θ))T . The magnitude of the velocity is v =

√
v2x + v2y. Since only

the region for x > 0 is of concern, θ takes values between −π/2 and π/2. The
efficiency according to Eq. ?? becomes
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B. Calculation of efficiency for constant field

ηnozzle =

∫
ρvx dV∫
ρv dV

=
r2/2

∫ π
2

−π
2
ρv cos(θ) dθ

r2/2
∫ π

2
−π

2
ρv dθ

=
2

π
≈ 0.63662 (B.1)

It is therefore expected that a magnetic field along the positive x direction will
always provide values for this equivalent efficiency higher than 0.63662.
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C. Meshes

The domain used in the simulations consisted of a stretched mesh as shown in
Fig. C.1 and Fig. C.2. The depicted mesh consists of 100 nodes in each direc-
tion whereas the mesh used throughout the simulations was made up of 800
nodes in each direction. The dimensions of the mesh were chosen to be 10x10
meters in the cases without external field. For the simulations with external
magnetic field, the dimensions of the mesh were changed to 20x20 meters as ex-
plained in Section ?? and the number of elements along each direction was also
doubled leading to 1600x1600, whereas the stretch parameters were kept equal.
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C. Meshes

Figure C.1.: Stretched mesh with 100x100 elements
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Figure C.2.: Zoom of the stretched mesh with 100x100 elements
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