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Abstract

The Polarized Gamma-ray Observer (PoGOLite)
is a balloon-borne experiment designed to study the
polarisation of γ-rays in the 25–80 keV energy range
from point sources, such as pulsars and X-ray bina-
ries. Its main scientific targets are the Crab pulsar
and nebula and Cygnus X-1. The results provided by
PoGOLite will be an important step towards under-
standing the geometry and emission mechanisms of
these sources.

The main part of the detector consists of 61 “phos-
wich detector cells” (PDCs) coupled to photomul-
tiplier tubes (PMTs). The PDCs have 3 parts: a
fast scintillator, where Compton scatterings between
detector cells allow for polarimetric measurements,
sandwiched between a slow scintillator and a bismuth
germanate oxide crystal, used for background rejec-
tion.

In July 2011, PoGOLite undertook its maiden
voyage from Esrange, Kiruna with the aim of a 5 day
flight at 38.5 km altitude. However, during the ascent
a helium leak in the balloon was discovered and the
flight had to be terminated after only ∼ 4 hours. Due
to strong winds the peak impact force upon landing
was 25 g, significantly more than the predicted 10 g.

A number of PDCs were damaged in the land-
ing. After disassembly these were tested along with
19 spare units in order to re-optimise the polarime-
ter. It was known that three PMTs presented “hyper-
activity”, a behaviour that made them unusable for
scientific purposes. These PMTs had to be changed.
In addition, PMTs are very delicate. Thus, the re-
maining were tested to make sure they maintained
their performance level. After testing and optimising
the detector configuration, the detector array was re-
assembled and is now ready for a second flight.
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Chapter 1

X-ray polarimetry

X-ray astronomy is an important tool for studies of the high energy processes
present in compact astrophysical objects, such as pulsars, active galactic nu-
clei (AGNs) or black hole binaries. Not only has X-ray astronomy led to the
discovery of new sources, it has also provided data for the creation of theoreti-
cal models aiming to describe the environment where the X-ray emission takes
place. Traditionally, nearly all studies have concentrated on the energy and
time variations of the observed X-rays [1]. However, the information provided
by these parameters is not enough to constrain the number of possible models,
often resulting in two or three models describing the emission processes for a
particular object.

This problem can be overcome by studying the polarisation of the emission.
The polarisation of an electromagnetic wave is the orientation of its electric
field vector compared to the direction of propagation. If the electric field is
perpendicular to the propagation with a non-time dependant orientation it is
said to be linearly polarised. If the orientation varies during the propagation it
is circularly or elliptically polarised. Polarisation is defined by two parameters:
degree and angle. The degree of polarisation is the percentage of photons
emitted with a certain polarisation angle, which is defined with respect to a
pre-defined direction. A source is said to be unpolarised if the distribution of
the polarisation of the individual photons is completely random.

The study of polarisation provides the possibility of adding two new pa-
rameters to a model [1]. Regarding compact objects, significant polarisation in
the emission is usually expected [2]. This information could allow for the elim-
ination of incorrect models and an improved understanding of the processes
at work.
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CHAPTER 1. X-RAY POLARIMETRY

1.1 Processes leading to polarised photon flux
Polarised X-rays are mainly produced in non-thermal processes far from equi-
librium [2]. An example of an environment fitting this description is the
extreme magnetic fields surrounding rotating compact objects. Some of the
processes which can lead to the emission of a polarised flux of X-ray photons
are:

Compton and inverse Compton scattering
Compton scattering [3] takes place when an incoming photon scatters off an
electron at rest, depositing part of its energy. The electron suffers a recoil and
the photon will experience a change in direction in order for momentum to be
conserved. The interaction is illustrated in Figure 1.1.

Figure 1.1: A schematic representation of a Compton scattering event. The
incoming photon is represented by the blue arrow and has energy E and a
polarisation vector p̄. The photon scatters in a direction θ from its original
trajectory. The azimuthal angle φ corresponds to the angle between the po-
larisation vector and the angle ξ between the scattered photon and the x-axis
[4].

The cross-section for a scattered photon to have a certain polar angle θ
with respect to the direction of the incoming photon and azimuthal angle φ
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1.1. PROCESSES LEADING TO POLARISED PHOTON FLUX

with respect to the projection of its polarisation vector is governed by the
Klein-Nishina formula [5]:
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where re is the classical electron radius and k0 and k are the momenta of the
incoming and scattered photon, respectively. Because of the dependency on θ
and φ it is possible to obtain a beam that is nearly 100% polarised orthogonally
to the trajectory of an incoming unpolarised photon flux.

When a photon scatters it loses some of its energy in the interaction. So,
for a flux of X-ray or γ-ray photons to be observed the scattering of high
energy photons is required. The energy E ′γ of the outgoing photon is given
by:

E ′γ = Eγ

1 + Eγ
mec2 (1 − cosθ)

(1.2)

The energy of the incoming photon is Eγ and the scattering angle is θ.
The mass of the electron is given by me and the speed of light, by c [6].

Inverse Compton scattering is when a low energy photon scatters off a
relativistic electron. As for the regular Compton scattering, the polarisation
of the outcoming particles is described by Equation 1.1.

Bremsstrahlung
Bremsstrahlung emission is produced when a charged particle is accelerated
in the electrostatic field of an ion or an atomic nucleus. The intensity of the
emission is inversely proportional to the mass of the charged particle. Thus,
this form of radiation mainly originates from electrons. It is characteristic of
hot gas formations, for example the Crab nebula, and can be observed if the
gas is optically thin at the corresponding wavelengths. A polarisation degree
of ∼ 80% can be obtained through this mechanism [2].

Cyclotron, synchrotron and curvature radiation
These three processes have been grouped together because they are closely
related. Cyclotron radiation happens when non-relativistic charged particles
move around the field lines of a constant magnetic field. As for bremsstrahlung,
the intensity of the emission is inversely proportional to the mass of the
charged particle. In other words, it can be assumed to come from electrons.
The emission has a dipole form with a minimum parallel to the direction of
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CHAPTER 1. X-RAY POLARIMETRY

the acceleration and a maximum perpendicular to it. To an observer, the
polarisation detected will depend on the angle between the magnetic field line
and the line of sight. The photons will be seen as linearly polarised if the
angle is perpendicular, circularly polarised if it is parallel and a combination
of the two kinds if it lies somewhere in between [2].

Synchrotron radiation comes from relativistic charged particles moving
in a magnetic field [2]. The relativistic motion means that the emission is
beamed in the direction of the particle’s velocity vector. Since the electron
gyrates around the magnetic field line, the velocity vector is orthogonal to the
acceleration vector. This means that the higher the electron energy, the more
focused the beam of photons will be and the more linearly polarised it will
appear to an observer.

Curvature radiation is synchrotron emission in a curved magnetic field.
The characteristics of the emission will differ slightly from the synchrotron
cases. Firstly, the emitted power will be a factor γ greater than for synchrotron
emission. Secondly, the polarisation vector will be parallel to the magnetic
field vector instead of orthogonal [2].

1.2 Polarised X-ray sources in the Universe
There are a number of radiation sources emitting at all wavelengths in the
Universe. These emissions can be produced by both persistent and transient
sources, at local, galactic or cosmic level. By the processes described in the
previous section, hard X-rays can be expected to be produced with some degree
of polarisation. Some examples of sources are introduced in this section.

Pulsars
A pulsar is a rapidly rotating neutron star, whose magnetic field axis is mis-
aligned with its rotational axis. This causes the emission of radiation in the
form of two jets travelling in opposite direction from the magnetic poles. The
emission is observed from Earth as a pulsating signal of two peaks in the
emitted energy interval when the jets point towards the observer. Over 500
pulsars have been found since their discovery in 1967, although most pulsars
emit only in radio frequencies [2]. There are currently three main models [7]
that aim to explain the pulsars with high energy emissions (which includes
the Crab pulsar). These are described briefly below, with the emission regions
shown in Figure 1.2. For each model a specific polarisation behaviour is ex-
pected. The predicted polarisation angle and degree are presented for each
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1.2. POLARISED X-RAY SOURCES IN THE UNIVERSE

case in Figure 1.3. It can be seen that the three models predict similiar light
curves, but pronounced differences in the polarisation parameters.

Figure 1.2: A sketch showing the emission regions of the differens pulsar
models, taken from [11]. The inclination angle of the magnetic axis with
respect to the rotational axis is denoted by α.

The polar cap model. The emission takes place in the magnetic poles of
the pulsar. The acceleration of charged particles in the strong magnetic
fields produces curvature radiation. The high energy photons emitted
interact with the magnetic field and produce electron-positron pairs.
These particles emit synchrotron radiation in the presence of the mag-
netic field lines. This leads to the production of an electromagnetic
cascade and the observed emission [8].

The outer gap model. The acceleration of charged particles is predicted to
occur in a vacuum zone between the open and closed magnetic field
line regions in the outer magnetosphere. A cycle of synchrotron and
curvature radiation followed by inverse Compton scatterings leads to an
electron-positron pair production cascade, which in turn leads to the
observed high energy emissions [9].
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The caustic model. Also called the slot gap model. It is a combination of
the two previous models. It predicts the emission to take place across
both described emission regions [10].

Figure 1.3: A comparison between the light curve, polarisation angle and
polarisation degree expected for the different pulsar models as a function of
the rotation phase. The two selected regions correspond to the two emission
peaks [13].

Gamma Ray Bursts
A gamma ray burst (GRB) is a transient source, meaning they only appear
during brief periods of time. GRBs are extremely bright, with an energy of
around 1044 − 1046 J emitted during a few seconds, momentarily outshining
every other visible gamma ray source [12]. This is followed by a comparatively
long afterglow at longer wavelengths. GRBs are believed to be caused by the
merger of two compact objects or the collapse of a massive star (a collapsar).
Both scenarios lead to the creation of a black hole. Similarly to pulsars, the
emission will depend heavily on the magnetic environment of the source.

GRBs have traditionally been separated into “short” and “long” classes
depending on the duration of the burst. Evidence suggests that long GRBs
tend to be produced by collapsars, whereas short ones are produced by mergers
of some combination of black holes, neutron stars or white dwarfs [2]. However,
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recent discoveries have revealed GRBs not fitting into the categories only based
on duration [14]. Thus, other classification methods have been discussed, but
no consensus has been reached. Hopefully, the added parameters provided by
polarisation measurements could aid in achieving a satisfactory classification.

As in the case of pulsars, there are several models being discussed for the
origin of GRBs. The fireball model claims that the emission is originated from
internal shocks provoked by an expanding shell of relativistic particles over-
taking a slower shell. In these shocks relativistic electrons are produced and
emit X- and γ-rays through synchrotron processes [15]. The electromagnetic
model proposes that energy escapes at the moment of reconnection of high
velocity magnetic lines [16]. A third model, which does not require an ordered
magnetic field, is the cannonball model. It predicts that the high energy radi-
ation is produced by inverse Compton scattering of photons with previously
ejected electrons [17]. The polarisation expected for a GRB depends on both
the dominant emission process and the viewing angle.

The Gamma-Ray Burst Polarimeter (GAP) reported polarisation mea-
surements in prompt γ-ray emission from a GRB. It measured an average
polarisation degree of (27±11)% [18]. However, more polarimetric studies are
needed to be able to use the polarisation parameters to put constraints on the
models.

Active Galactic Nuclei
Active Galactic Nuclei (AGNs) are a form of persistent radiation sources.
These are supermassive black holes located in the centre of galaxies emitting
electromagnetic radiation due to mass accretion [2]. The emission is seen
as two jets perpendicular to the accretion plane and can be observed over
energies ranging from radio to gamma frequencies. Studies in the radio and
optical bands have shown high polarisation, suggesting that these emissions
originate from synchrotron radiation.

When it comes to high energy emission, most theories propose that it orig-
inates from inverse Compton scatterings of low-energy photons with electrons
in either the jets or the accretion disc. The polarisation degree of the radiation
depends on the number of scatterings of the photons before escaping and the
geometry of the source. Nonetheless, the emission is expected to be highly
polarised for all of the considered emission mechanisms [12].

X-ray binaries
A galactic X-ray radiation source, X-ray binaries (XRBs) are, as implied by
their name, two-body systems. They are composed by a compact object and
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a larger companion star. The former can be a black hole, a neutron star or a
white dwarf. When the companion star grows towards the later stages of its
life cycle it overflows its Roche lobe and its mass or stellar wind is drawn by
gravitational force towards the compact object. The mass accretion manifests
itself as a disc due to the conservation of angular momentum. An illustration
of this source is shown in Figure 1.4. The gravitational potential energy of
the absorbed matter is released as X-rays.

Figure 1.4: Artist’s impression of an X-ray binary system (from [19]). The
companion star rotates around a black hole while slowly being devoured by
it. The accretion disc and emission jets at the black hole are shown.

Most XRBs present transitions between a hard and a soft emission state.
It is thought that the different states are dependant on the mass accretion rate
of the system and that changes in this rate lead to the observed transitions
[20].

In the hard state, the accretion rate is low and the inner part of the disc
is geometrically thick, but optically thin [21]. This is shown in Figure 1.5. A
primary unpolarised X-ray emission is expected from various inverse Compton
scatterings of thermal photons by hot electrons inside the thick disc. How-
ever, a noticeable degree of polarisation is expected in the secondary emission
originated from the reflection of primary photons in the outer colder accre-
tion disc. Polarisation measurements would provide valuable data towards
the description of the geometry and processes of emission. They could also
provide means to determine the inclination of systems, which has an effect on
the polarisation degree and is difficult to do by other means [20].

On the other hand, if the accretion rate is high the system is said to be
in the soft state [21]. In this scenario, as shown schematically in Figure 1.6,
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1.2. POLARISED X-RAY SOURCES IN THE UNIVERSE

Figure 1.5: Emission from the black hole of a binary system in the hard spec-
tral state. The emission of reflected photons is expected to present measurable
polarisation [22].

the accretion disc will be geometrically thin, but optically thick and extends
over the whole disc region. The X-ray emission is expected to arise due to
inverse Compton scattering in high energy non-thermal electron distributions
located in the regions just above the accretion disc. Polarisation studies will
help characterise these electron distributions, as well as validate or disprove
the existing theoretical models.

Figure 1.6: Emission from the black hole of a binary system in the soft spectral
state [22]. The emission of photons accelerated by the electron distribution
above the accretion disc is expected to present significant polarisation.

Neutron stars
Polarised high energy radiation is also expected from strongly magnetised
(order of 108 T) neutron stars. The emitted photons originate from matter

9



CHAPTER 1. X-RAY POLARIMETRY

flowing along the magnetic field lines and being accreted onto the poles of the
star. The extreme magnetic fields lead to a linear polarisation of the emitted
radiation. The angle and degree of polarisation will change in time due to
the rotation of the neutron star and with it, the magnetic field. The study of
these variations will give important information concerning the orientation of
the rotation and the magnetic axis of the star [20].

10



Chapter 2

PoGOLite

The Polarized Gamma-ray Observer (PoGOLite) is a balloon-borne polarime-
ter designed to study soft γ-/hard X-rays. The detector has a narrow field
of view (2◦ × 2◦) and is thus designed to look at point sources. This also
means that observations of GRBs, which are transient sources, are very un-
likely. PoGOLite is designed to detect polarisation in photons in the energy
range 25 − 80 keV. Since photons in this energy region will be absorbed by
the Earth’s atmosphere a minimum operational altitude of ∼38.5 km has been
established. The instrument is designed to detect a polarisation degree of 10
percent from a 200 mCrab1 source. The PoGOLite Pathfinder is a smaller ver-
sion of the experiment and can detect a minimum polarisation of 10 percent
from a 1 Crab source.

2.1 Detector design
The detector design of PoGOLite contains 217 tightly packed well-type phoswich
detectors cells (PDCs, described in detail in Chapter 3), coupled to photomul-
tiplier tubes (PMTs, described in detail in Chapter 4). The PDCs consist of
three components: a fast scintillator tightly packed between a slow scintillator
and a bismuth germanate oxide crystal (BGO). The polarisation is measured
from interactions in the fast scintillators, whereas the other components pro-
vide both passive and active background rejection capabilities. A more de-
tailed discussion on how polarisation is measured in PoGOLite is provided in
Chapter 3. The PDC/PMT couples constitute the main part of the detector
and are arranged in a hexagonal configuration, allowing the design to be easily

1Since the luminosity of the unpulsed Crab system is essentially constant in the energy
range from 2 to 10 keV, 1 Crab is taken as a standard unit and is is equal to 15 keV cm−2 s−1.
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CHAPTER 2. POGOLITE

scalable. The PoGOLite Pathfinder is proof of this, as it conserves the same
design and structure but with 61 detector cells.

The detector is surrounded by the side anti-coincidence shield (SAS). In
the PoGOLite Pathfinder the SAS is formed by 30 BGO units that are 60 cm
long and have penthagonal cross-section. The geometry of the system is best
visualized in Figure 2.1. As in the case of the PDCs, each SAS-unit is coupled
to a PMT. In this way any particle entering the detector from the side can be
vetoed to avoid eventual false detections in the main part of the detector.

that
Figure 2.1: A sketch of the 217-unit PoGOLite instrument from the side and
from the top. Thanks to the hexagonal form of the detector cells the model
is scalable to the 61 PDC Pathfinder version. Taken from [13].

Separate from the main detector is the neutron scintillator [22]. Simi-
larly to the PDCs, this is also a “phoswich”-type detector. It consists of a
5 mm thick LiCAlF6 crystal with 2% europium-doping sandwiched between
two BGO crystals. The components are displayed in Figure 2.2. The LiCAlF6
crystal is expected to stop 90% of the passing thermal neutrons. The BGO
pieces serve to stop and detect X-rays and charged particles.

The function of the neutron scintillator is to monitor the neutron back-
ground. Neutrons scattering between detector cells is expected to be the
dominant background at float altitude. The neutrons will mainly originate
from the interaction of cosmic rays in the atmosphere. They can also be pro-
duced in the material surrounding the detector, but this contribution has been
shown to be negligible compared to that from the atmosphere. Obtaining this
data in-flight is important because there are no studies of the atmospheric
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Figure 2.2: The three crystals of the neutron scintillator and their sizes [4].

neutron flux at the altitude and latitude that concern PoGOLite. A detailed
description and simulations of the neutron background are presented in [4].

2.2 Payload
At the operational altitude of PoGOLite the ambient pressure is very low.
To avoid vacuum problems with the detector, the polarimeter is kept inside a
pressure vessel assembly (PVA). A picture of it next to the polarimeter can
be seen in Figure 2.3. The pressure vessel consists of three parts: The top one
houses the PDCs and has the telescope window on top, the middle one has
the PMTs and the neutron scintillator inside it and the bottom part houses
the electronics crate. Also inside the PVA are a polyethylene shield, which
protects the instrument from incoming neutrons, and the cooling plate.

The cooling plate is part of the PoGOLite cooling system [23]. Cooling
fluid (Paratherm LR [24]) is pumped through a radiator and passes through
the plate, which is thermally connected to the PMTs, and the crate housing the
electronics. The pump and an expansion tank are kept outside the PVA in a
separate pressurised container. The radiator is placed outside the gondola and
positioned so that it receives minimal exposure to the Sun during observations.

A second cylinder surrounds the PVA. This is the rotation frame and
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polyethylene shield. Rotation is an essential part of the instrument because
it helps to eliminate systematic bias in the detector. A vertical cross-section
(not to scale) of the PVA and rotation frame is shown in Figure 2.4.

Figure 2.3: The pressure vessel featured next to the polarimeter and rotation
frame, along with their respective heights [22].

The PVA and rotation frame are housed in the gondola shown in Figure 2.5.
The gondola also contains the attitude control system, radiator, solar panels
and an auroral monitoring unit [22]. The balloon is filled with helium and has
a volume of ∼ 106 m3. The complete flight train is shown schematically in
Figure 2.6.

2.3 Photon interactions in the detector
Photons can interact in matter in three ways: photoelectric absorption, Comp-
ton scattering and pair production. The probabilities for the different inter-
actions is highly dependant on the energy of the incoming photon. The mass
attenuation coefficient describes the amount of energy absorbed by a mate-
rial per area density traversed by a photon at a specific wavelength. The

14
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Figure 2.4: A cross-section of the pressure vessel assembly and the rotation
frame [22]. The picture is not to scale.

Figure 2.5: A sketch of the PoGOLite Pathfinder gondola as built for the
maiden flight in 2011. Taken from [22].

dependency of the mass attenuation coefficient on the energy of the incom-
ing photon is plotted in Figure 2.7. It can be seen that in the energy region
in which PoGOLite operates, the main photon interaction in the detector is
going to be Compton scattering. The three interactions are briefly explained
hereafter.
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Figure 2.6: The components of the flight train shown schematically and not
to scale. Taken from [22].

Photoelectric absorption
An incoming photon is absorbed by an atom and its energy transferred to
an electron. If the absorbed energy is higher than the binding energy of the
electron, it is released with a kinetic energy equal to the leftover energy from
the photon. This is known as the photoelectric effect.

Ekinetic = Ephoton − Ebinding

Compton scattering
As explained in Chapter 1, during Compton scattering an incoming photon
scatters of an electron, depositing part of its energy in the scintillator. For
a scattered photon a polar angle between θ = 0◦ and θ = 180◦ is required
for it to scatter into another PDC. This means that for all the detectable
events sin2 θ > 0, with the cross-section from Equation 1.1 having a minimum
when the photon scatters orthogonally to its incoming path. The scattering

16



2.4. MODULATION FACTOR

Figure 2.7: The mass attenuation coefficient for photons interacting in the
fast scintillator [22].

probability for a particular polar angle has a maximum when cos2 φ = 0. In
other words, when the photon scatters with an angle of ±90◦ with respect to
the polarisation vector.

Pair production
In the Coulomb field of an atomic nucleus, it is possible for a high energy
photon to produce an electron-positron pair. Due to the laws of energy con-
servation, a threshold photon energy of 1.022 MeV (corresponding to twice the
electron mass) is required for this process to be possible and several MeV for
it to be the dominating interaction. Since the region of interest for PoGOLite
is 25 − 80 keV, pair production is not taken into account for the detector.

2.4 Modulation factor
In order to determine the polarisation of a source the modulation factor is
obtained. This is done by taking into account the angular dependence on the
polarisation angle of the photon interactions in the detector. In PoGOLite,
the signal from the PMTs is digitized to 12 bit accuracy with a sampling rate
of 37.5 MHz, leaving a window of ∼30 ns for coincidence detections. The
event of interest is a photon Compton scattering in one of the fast scintillators
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and then being photoabsorbed in another one. If such a sequence of events is
detected the angle between the two scintillators that were hit can be obtained.

As was mentioned previously a photon is most likely to scatter perpendicu-
larly to its polarisation angle. Thus, the number of detected photoabsorptions
will have maxima in the ±90◦ directions, with respect to the polarisation angle.
By rotating the detector a sinusoidal curve with period 180◦ can be obtained.
An example of such a modulation curve is given in Figure 2.8.

Figure 2.8: A modulation curve obtained through simulations [22]. A sinu-
soidal function with amplitude A and mean value B has been fitted to the
curve. The azimuthal scattering angle is the angle φ defined in Figure 1.1.

The modulation factor is defined as the ratio between the amplitude and
the average value of the curve. That is:

M = A

B
= Cmax − Cmin
Cmax + Cmin

From this factor, the polarisation degree P is calculated by:

P = M

M100

Where M100 is the modulation factor for a 100% polarised source. This
value has to be individually determined for a specific detector through labo-
ratory tests and Monte Carlo simulations. The polarisation angle is the phase
of the modulation curve. In summary, polarimetry studies come down to
obtaining the modulation curve of the observed emission.

18
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An important parameter to take into consideration is the minimal de-
tectable polarisation (MDP) at significance level nσ, usually taken as 99%
[25]. The MDP sets the limit for the detection capabilities of any polarimeter.
If the polarisation degree from the source is less than the MDP it cannot be
detected. It is defined as:

MDP99% = 4.29
M100RS

(
RS +RB

tobs

)1/2
(2.1)

where RS and RB are source rate and the background rate, respectively and
tobs is the observation time.

2.5 Scientific targets
The main scientific targets of the PoGOLite Pathfinder are the Crab Pulsar
and Cygnus X-1.

The Crab Pulsar
The Crab Pulsar (PSR B0531+21) is a neutron star with a rotation period
of ∼33 ms. It resides in the centre of the Crab Nebula, which is a remnant
of the supernova SN1054. The nebula is located in the Taurus constellation,
around 6500 light years from the Earth. The system emits radiation in the
complete spectrum from radio to gamma frequencies. The pulsar emission is
characterised by two bright pulses with a weaker intermediate “bridge emis-
sion” [12]. The Crab system is one of the most luminous and most studied
objects in astronomy. However, there have not been many experiments look-
ing to measure the polarisation of the Crab X-ray emission. In 1976, the
polarisation degree of 2.6 keV and 5.2 keV photons was measured by OSO-8
(Orbital Solar Observatory 8) as (19.2±1.0)% and (19.5±2.8)%, respectively
[26, 27].

A more recent experiment is the INTEGRAL mission [28]. The satellite
contains two segmented detectors that have been used for polarimetry, al-
though that is not their main task. The IBIS detector made observations in
the energy range 200–800 keV and obtained results for the off-peak regions.
The polarisation angle was measured to be (122.0 ± 7.7)◦. A polarisation de-
gree >72% was observed between the second and first pulse and >88% when
taking into account both of the off-peak regions. The other detector is called
SPI [29]. It made observations in the region 100–1000 keV and measured a
polarisation angle of (123.0 ± 11)◦ and a degree of (46 ± 10)%.
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Determining the polarisation at X-ray energies will lead to a better under-
standing of the processes at work, not only in the Crab Pulsar, but pulsars in
general.

Cygnus X-1
Cygnus X-1 is a black hole candidate, in an XRB, expected to emit radia-
tion through the absorption of matter from an accretion disc [22]. For this
target polarisation measurements are expected to provide a new window of
observation into the high energy processes at work in X-ray binary systems.

Polarisation measurements for γ-rays from Cygnus X-1 have been made
by the INTEGRAL/IBIS telescope [30]. In the energy range 250–400 keV the
emission was found to be weakly polarised, with an upper limit of 20% for
the polarisation degree. However, for energies above this band up to 2 MeV,
a polarisation degree of (67 ± 30)% was measured.

2.6 2011 flight
The PoGOLite Pathfinder took off for its maiden flight at midnight on July 7,
2011 from Esrange outside Kiruna, Sweden. The flight was scheduled for five
days and planned to be terminated over Victoria Island, Canada. However,
due to the strong winds during the launch, a rip was made in the balloon.
This lead to a leak of helium which prevented the balloon from reaching float
altitude and the realisation that the instrument would not reach its final des-
tination. Thus, the flight was terminated after around 4 hours before reaching
the Norwegian border. The altitude profile can be seen in Figure 2.9. No
scientific measurements of the main targets was possible. However, some im-
portant bakground data was obtained [4].

The instrument was built with the aim of withstanding a force of 10 g
at the moment of landing. However, due to the strong winds and unlucky
landing spot the peak impact force surpassed 25 g. A plot of the total impact
force at the moment of landing is shown in Figure 2.10.

A picture of the Pathfinder after its landing can be seen in Figure 2.11.
The detector was inspected visually upon retrieval and some apparent damage
could be observed in a number of detector cells. The SAS-units, on the other
hand, presented no indications of damage and it was decided the scintillators
of the anti-coincidence shield would be kept untouched. In addition, PMTs
are quite delicate and all the photomultipliers were considered to need testing
to make sure they were still in good condition. The testing and sorting of the
the PDCs and PMTs to optimise the performance of the detector, followed by
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Figure 2.9: The altitude profile of the PoGOLite maiden flight. Due to the
leak the instrument never reached its planned float altitude of ∼ 38.5 km.

their re-insertion, ahead of the Pathfinder’s second flight constitute the main
tasks of this Master’s thesis.

Figure 2.10: The recorded total force at the moment of impact for the
Pathfinder’s landing. Courtesy of SSC Esrange.
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Figure 2.11: A picture taken at the recovery of the instrument after the land-
ing. Courtesy of SSC Esrange.

22



Chapter 3

Tests of the Phoswich Detector Cells

3.1 Theory

The term phoswich comes from “phosphor sandwich” and describes a detec-
tor consisting of two or more scintillators with different decay times pressed
together and optically coupled to a common PMT [31]. A scintillator is a ma-
terial which absorbs energy from a traversing particle and re-emits this energy
as photons that can be detected by a PMT. The PDCs used for PoGOLite
are of hexagonal cross section and consist of a solid fast scintillator (EJ-204)
pressed between a hollow slow scintillator (EJ-240) and a bismuth germanate
oxide crystal. They are glued together with a transparent polyurethane-based
adhesive [32]. The dimensions of the components of the PDCs are shown in
Figure 3.1.

Both the fast and slow scintillators (ELJEN Technologies [33, 34]) are plas-
tic scintillators. Incoming radiation excites electrons in the material. When
these de-excite, radiation in the ultraviolet and visual energy range is emitted
and collected by the coupled PMT. The terms “fast” and “slow” refer to the
decay time of the respective scintillation light. The decay time is the time
required for the scintillation emission to decrease to e−1 of its maximum [35].
The slow scintillator has a decay time of 285 ns. It acts as an active collimator
by vetoing any photon that deposits energy in its walls. The fast scintillator
has a decay time of 1.8 ns. The polarisation measurements are made based
on the Compton scatterings and photoabsorptions in this component.

The plastic scintillators are wrapped in VM2000, a material with high
reflectivity that prevents the scintillation photons from escaping through the
surface. The slow scintillator is also wrapped in tin and lead foil. The lead
acts as a passive collimator against charged particles, whereas the tin provides
protection from the characteristic X-rays emitted by lead [22].
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Figure 3.1: The scintillator components of a phoswich detector cell with their
respective dimensions [22].

The bismuth germanate oxide (BGO) is an inorganic scintillator manufac-
tured by The Nikolaev Institute of Inorganic Chemistry in Novosibirsk [36].
It has a decay time of 300 ns. When compared to other commercially avail-
able scintillators, it has the highest probability of photoabsorption of gamma
rays per unit volume, due to its high density (7.13 g/cm3) and atomic number
(83). However, it has a relatively low light yield and a high refraction index,
making the light collection difficult. These characteristics lead to BGO being
useful for applications where the counting of gamma rays is important [13].
The BGO crystals used for the PDCs have a changing cross-section in order
to guide the light from the hexagonal components onto the round glass of the
PMT. They are covered with a layer of BaSO4 to increase reflectivity. The
BGO provides shielding against background photons and charged particles
hitting the instrument from behind.

The shape of the pulse obtained from the PMT after an event is dependant
on the decay time of the scintillator material. The difference in the pulse
shapes can be visualised in Figure 3.2. By taking advantage of this, a pulse
shape discriminator can be used to distinguish between events from the fast
and slow components of the PDC. This allows for active collimation, since
a signal in the slow scintillator is easily distinguished from a signal in the
fast scintillator. In the same way, a background event in the BGO can be
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identified and separated [22]. In Figure 3.3 the different possible events (valid
and non-valid) are displayed.

For PoGOLite, only the events consisting of a single Compton scattering
followed by a photoabsorption are selected for polarisation studies. The angle
between the centre of the PDCs where the two interactions are detected is
taken as the scattering angle φ from Equation 1.1.

Figure 3.2: The difference in pulse shape of the signals from the slow and fast
components allows for the selection of true detections [22].

3.2 Post-flight status
During the “landing” of the Pathfinder some of the PDCs received apparent
damage, an example of which can be seen in Figure 3.4. Careful visual inspec-
tion indicated that the damage was located in the glue joint between the fast
scintillator and the BGO. At the moment of inspection it was unclear whether
the performance of the damaged PDCs had decreased. The positions of the
PDCs had been optimised depending on the light yield from the fast and slow
scintillators [22]. Thus, it was decided that all the detector cells should be
taken out and re-tested to make sure that the instrument was still optimised
to get an even response and a clear modulation signal. The 61 flight PDCs
were carefully extracted from the pressure vessel in order to make thorough
characterisation possible. The test also included 19 detector cells that had
not flown, but been kept as spares.
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Figure 3.3: Some possible events and how they are handled. The valid events
are those that are fully contained and consist of one Compton scattering fol-
lowed by a photoabsorption [22].

(a) An example of the damage seen in
some PDCs.

(b) An undamaged PDC.

Figure 3.4: An image of a damaged and an undamaged PDC, seen from the
bottom of the BGO.

3.3 Experimental setup
The measurements were performed inside of the dark box shown in Figure 3.6.
The box was optimal for this experiment because it was light tight and had
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previously been equipped with a flight model PMT. The voltages for the PMT
were provided by an external power supply. The reference voltage was set to
12 V and the control voltage, which regulates the gain of the PMT, to 4.10 V.
The signal first passed through an amplifier (Canberra Model 2026 [37]) with
the input capacitance set to 200 pF, a positive Gaussian polarity and 0.5 µs
shaping time. The gain was chosen as 200 for the fast scintillator and 50 for
the slow components.

The amplified signal was digitized into 4096 channels by an analog-to-
digital converter (ADC) and then treated by a multi channel analyzer (Pock-
etMCA [38]), allowing for the number of hits per channel number to be plotted.
The channels correspond to the energy detected for each event and a higher
channel number means a higher energy. The ADMCA 2.0 Display and Acqui-
sition Software allowed for real-time visualisation of the signal. Nevertheless,
the bulk of the analysis was performed in ROOT using a macro.

Different radioactive sources were used for each component. The slow
scintillator was irradiated using 90Sr at three points by attaching the source
directly on the PDC: at 5 cm, 30 cm and 55 cm from the fast scintillator. 90Sr
decays into 90Y through β-decay, emitting an electron that deposits an energy
of around 800 keV when it traverses the walls of the scintillator [22].

For the fast scintillator a source of 241Am was used. It was positioned
above the fast scintillator at a distance of 4 cm from the slow scintillator.
This Americium isotope decays via α-decay to an excited state of 237Np, which
then emits the 59.5 keV photon that is detected. For the BGO, 137Cs, with
characteristic emission at 662 keV, was used. The source was positioned di-
rectly above the hexagonal part of the component. The setup is illustrated in
Figure 3.5.

Figure 3.5: A schematic picture of a PDC connected to the PMT with the
respective position of each source is shown.
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Figure 3.6: The dark box used for the measurements.

The procedure for these measurements was established as follows:

1. Optical grease was smeared on the bottom of the BGO to allow for a
smooth coupling to the PMT. The refractive index of the grease matches
that of the BGO, as to not disturb the outgoing light.

2. By pressing a spring between the top of the PDC and the wall of the dark
box in Figure 3.6, good and reproducible optical contact was ensured
between the BGO and PMT.

3. The radioactive sources were positioned one at the time, as described in
the text and in Figure 3.5.

4. Each measurement was performed for 120 seconds.

The figure of merit when analysing the results is the position (channel
number) of the photoabsorption peak, since a higher channel number indicates
a higher light yield. This signifies better detection capabilities, which is to be
desired.

3.4 Analysis
As mentioned in the previous section, a ROOT macro was used to perform
the analysis. After obtaining the pulse height spectrum, a Gaussian function
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was fitted to the relevant peak:

G(x) = p0 · e
− 1

2

(
x−p1
p2

)2

(3.1)
where x is the channel number and the fitting parameters p0, p1 and p2 cor-
respond respectively to the amplitude, mean value and standard deviation of
the function.

The value of the peak position of the fitted function was registered as the
position of the photoabsorption peak. Examples of the obtained plots for a
PDC are given in Figures 3.7–3.9, with the fitted function in red and p1 being
the fitting parameter of interest.

Figure 3.7: An example of the pulse height spectrum when irradiating the fast
scintillator with 241Am. The red curve is the Gaussian fit produced for the
peak. The fitting parameters are displayed in the box.

In order to determine the position of each PDC in the detector config-
uration they were first sorted based on the combined performances of their
different components. For the fast scintillator and the BGO, these were simply
ranked according to the peak channel number of the respective measurement.
The highest peak channel number was ranked number 1 and so on. Thus, a
“fast” list and a “BGO” list were obtained.

For the slow scintillator, all three measurement points were taken into
consideration by first ranking the PDCs according to the peak position for each
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Figure 3.8: An example of the pulse height spectrum when irradiating the
BGO with 137Cs. The red curve is the Gaussian fit produced for the peak.
The fitting parameters are displayed in the box. The small bump to the right
of the peak is due to the geometry of the BGO piece. This has been shown in
[25].

point. Afterwards, they were re-sorted based on the sum of these rankings.
Thus forming the “slow” list. Finally, the PDCs were sorted based on the
total sum of the ranking in each list and the 61 units with the lowest sums
were selected for flight and the rest were kept as spares.

As mentioned in Chapter 1, the relevant interaction processes for the mea-
surement of polarisation are Compton scattering and photoabsorption in the
fast scintillators. The number of valid events detected will be higher in the
central units than in those further out. Moreover, for the last PDC ring the
performance of the slow scintillator is more important than for the inner ones
because it provides additional anti-coincidence detection capabilities. In order
to optimise each section of the detector according to its needs, the PDCs were
sorted based on the performances of the fast and slow scintillators.

The 61 selected PDCs were separated into two different lists depending
on if they had a higher fast or slow ranking. This sorting went on until the
required 24 PDCs for the outer ring had been picked. The remaining PDCs
were added to those selected for the inner rings.

The PDCs chosen for the inner rings were spiralled outwards from the
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(a) The slow scintillator at 5 cm. (b) The slow scintillator at 30 cm.

(c) The slow scintillator at 55 cm.

Figure 3.9: The pulse height spectra obtained when irradiating the slow scin-
tillator of the PDC Ken with 90Sr at 5 cm, 30 cm and 55 cm. The fitted
Gaussians are drawn in red. The value recorded as the peak position is the
fitting parameter p1.

centre going from best to worst fast scintillator. Those on the outer ring were
pseudo-randomized [terminology from [22]] by being positioned depending on
their production date, starting clockwise from Hirotaka1. This was done in
order to get unbiased shielding for each side. The final configuration can be
seen in Figure 3.10. Also displayed, in Figure 3.11, is the configuration ahead
of the 2011 flight. The PDCs that were changed for spares are marked in red.

1The PDCs were given their names by M. Kiss after movie stars, video game characters
or colleagues in alphabetical order based on the order of production.
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3.5 Re-insertion

The detector cells were re-inserted inside the pressure vessel according to the
order described in the previous section. The PDCs were fixed in position by
two steel wires that run along its length and act like a spring when tensioned,
keeping the assembly pressed towards the PMT. The wires were then secured
at the top with small conical metal lugs, which were steered into a faceplate
to ensure that the PDCs are kept parallel. Exocentric screws were used to
secure the whole PDC assembly at the geometric centre of the instrument.
Figure 3.12 shows what the instrument looked like halfway through the inser-
tion stage. In Figure 3.13 the (almost) finished assembly can be seen. The
faceplate is in place, its position fixed using the aforementioned exocentric
screws.

3.6 Discussion

It is possible an improvement could be made to the ranking procedure of the
PDCs. One should probably not give the same importance to the ranking
based on the BGO peak channel number as to those based on the plastic scin-
tillators. This is because it is only used for anti-coincidence and these events
are easily identified, since the particles interacting deposit a large energy and
BGO has high light yield. To have a satisfactory performance it should be
enough to see a clear peak in the spectrum (as in Figure 3.8). A suggestion
is to have a “go-no go” test for the BGO pieces. Then the categorising of the
PDCs can be made solely based on the performances of the fast and slow scin-
tillators. This is something to consider for any future disassembly/reassembly
of the PoGOLite Pathfinder or for the eventual construction of the full PoGO-
Lite.

In total, 14 PDCs were exchanged for spare ones. When comparing to the
positions of the detector cells for the first flight, 30 PDCs remained in the
same ring, 12 were moved to a ring further out and five were sorted closer to
the centre. One interesting detail is that only 12.5 % of the PDCs in the outer
ring had to be exchanged for spares, whereas that number is 30 % for those
in the inner rings.
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Figure 3.10: The final arrangement of the PDCs.
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Figure 3.11: The arrangement of the PDCs before the 2011 flight. The 14
PDCs that were changed for spares are marked in red.
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Figure 3.12: Inserting the PDCs spiralling outwards. Observe the wires and
the lugs.

Figure 3.13: The faceplate is in position and the PDCs are aligned. Observe
the exocentric screws securing the detector in the geometric centre of the
instrument.

35





Chapter 4

Tests of the Photomultiplier Tubes

Each PDC and SAS unit is optically coupled to a photomultiplier tube (PMT).
A total of 92 PMTs are used in the PoGOLite Pathfinder. Of these, 61 are
used for the PDCs, 30 for the SAS and one for the neutron scintillator.

4.1 Theory
A PMT takes advantage of the photoelectric effect to transform incoming pho-
tons into an electrical signal. The photocathode is hit by a photon and if the
energy of the photon is higher than the electron’s binding energy it is emitted
from the surface. The electron is then accelerated by a large voltage through
the vacuum in the tube. At each dynode more electrons are emitted, increas-
ing by a factor of ∼5. At the last dynode an electric pulse is collected. For
each photoelectron emitted around 107 electrons are produced. This process
is shown schematically in Figure 4.1. The electric pulse is sampled by a flash
analog-to-digital converter (FADC).

The three components of the PDCs have different peak emission wave-
lengths. The slow scintillator has its peak at 435 nm, the fast scintillator at
408 nm and the BGO at 480 nm [33, 34, 13]. An essential property of the
PMT in a phoswich setup is that it is sensitive to the peak wavelengths of
the scintillators used. The PMT model (Hamamatsu R7899 [39]) chosen for
PoGOLite uses a bialkali photocathode. This material is often used for scin-
tillation counters because it has well matched sensitivity to the emission of
many common scintillators. In fact, the R7899 model has optimal efficiency
at 420 nm, which matches the emission wavelengths of the PDC components
nicely.

Another important feature of the PMTs is that the noise level is low. The
instrument needs to be able to detect the Compton scattering of a 25 keV
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Figure 4.1: A sketch of a PMT and its components [40].

photon. Using Equation 1.2 for the energy of the scattered photon, it is
straightforward to calculate the maximum energy such a photon can deposit
in the scintillator as EDep ≈ 2.27 keV. In other words, the energy deposited in
the scintillators is small, in the order of 1 keV.

The PMTs are operated with a main voltage of 12 V and a control voltage
of maximum 5 V. The main voltage is always kept constant, but by raising
the control voltage the gain of the photomultiplier tube can be increased.

Due to the thermal distribution of the electrons at the photocathode, oc-
casionally an electron is going to have a higher energy than its binding energy
and be spontaneaously emitted. This constitutes part of the “dark current”
and is a property of the PMT itself [40]. The signal appears in a spectrum as
the single photoelectron peak. This is the lowest signal a PMT can give with
physical meaning and it is a measure of the intrinsic gain of the photomulti-
plier.

4.2 Post-flight status
During the original development of the Pathfinder some PMTs presented what
could best be described as “hyperactivity”. The origin of this behaviour is
unknown, but it manifested itself as an unwanted and unexpected drastic
increase in the number of events registered over the whole energy spectrum.
An example of such an event can be seen in Figure 4.6b. Three PMTs were
known to present this behaviour and it was decided they would be exchanged.

In the original configuration, the PMTs had been positioned in a way
that would allow the instrument to have equal sensitivity for each PDC/PMT
couple [22]. This is desirable for every flight PoGOLite makes. Thus, tests
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were planned to characterise the PMTs and optimise their position ahead of
the re-insertion. The same strategy as before was used, while also taking into
account the new PMTs that were to replace the hyperactive ones.

A shipment of 13 new PMTs was ordered. However, upon arrival it was
seen that these were not potted, meaning they were not safe for eventual
vacuum usage if there were a loss of pressure in the PVA. Thus, they were
deemed fit to fly and only the five PMTs that had been kept in the lab, three as
spares and two in test assemblies, were considered as candidates for replacing
the hyperactive PMTs.

The PMT of the neutron scintillator was not considered for these tests since
it had been carefully packed and would not be disassembled unless absolutely
necessary. Careful tests showed that the assembly was still working at a
satisfactory level,1 so it was maintained unmodified. See [22] for a thourough
review on the neutron scintillator.

4.3 Single electron peak characterisation
The position of the single electron peak in the corresponding spectrum is
commonly used as a parameter of quality of a PMT. In order to optimise the
new layout for the detector, tests were carried out to compare this parameter
for the flight-PMTs and the 5 spare PMTs, from which 3 were to be selected
for the new flight. The results from these measurements are described below
and were used to characterise the PMTs and determine their optimal positions
in the detector.

4.3.1 Flight PMTs
In the flight configuration the PMTs were grouped together depending on the
FADC board to which they were connected. The experimental setup to test
their post flight performance was as follows. One bunch of PMTs (consisting
of 6, 7 or 8 units depending on the FADC) was selected and put in a black
bag, in turn wrapped in a black plastic bag to create an environment that
was as dark as possible. The voltages were provided by an external power
supply: the main voltage of 12 V and the control voltage chosen at 4.90 V.
The signal processing setup was the same as for the PDC tests except for the
gain, which was increased to 500. The PocketMCA software was used with an
acquisition time of 120 s, a threshold of 50 and 4096 channels. Any events in
the channel numbers below the threshold will be discarded. This is important

1Tests proposed by H. Takahashi and performed by M. Kiss. Results presented in an
internal collaboration document by M. Kiss.
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because in the lower numbers the noise increases greatly, dominating the signal
and increasing the dead time. The spike beginning around channel number
50 in Figure 4.2 is due to noise and it can be seen how it is cut off. The
threshold should be chosen so that it eliminates the noise without cutting
out any physical feature. The figure of merit is the channel number of the
photoabsorption peak.

Figure 4.2: An example of the pulse height spectrum of the single electron
peak in the PMT corresponding to the Ken PDC in the flight configuration.
The fitted Gaussian is shown in red. The peak starting to appear to the left
is due to noise.

For each spectrum obtained, a Gaussian function was fitted to the photo-
peak. This is shown in Figure 4.2. The fitting parameter p1 was recorded as
the value of the peak position. After the measurements had been performed on
all 91 PMTs, the 88 non-hyperactive were ranked from best to worst according
to this parameter.

4.3.2 Spare PMTs
Three PMTs were known to exhibit hyperactive behaviour. Since the 13 new
PMTs were not fit for flight the old spares had to be tested. There were three
unused PMTs in the lab. Along with these, two more PMTs had previously
been integrated in assemblies for lab testing and were evaluated as well.
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The experimental setup was the same as previously, except for the thresh-
old that had to be changed from channel number 50 to 5 for any observable
signal to arise. As a first attempt, the measurements had been made with
the same threshold as for the flight PMTs. However, the spectrums obtained
looked like the one shown in Figure 4.3 and were deemed inconclusive. In
order to be able to visualise as much as possible of the single photoelectron
peak the threshold was modified as mentioned for the measurements of the
spare PMTs.

Figure 4.3: An example of the resulting plot of the single electron peak in the
PMT corresponding to one of the previously unused spare PMTs. It can be
seen that the peak is not visible in its entirety. The curve has been zoomed
in for clarity.

An example of the obtained plots is shown in Figure 4.4a. However, com-
paring it to Figure 4.2 makes it clear that, even with the lower threshold,
the form of the single electron peak does not give satisfactory evidence of the
reliability of the spare PMTs. For this reason another test was designed where
a piece of BGO was coupled to the PMT. The scintillator was then irradiated
with 137Cs. If this were to generate a clear signal, it would confirm that the
PMTs were of high enough standard for the SAS to conserve its background
rejection capabilities. A representative result for this test is the spectrum
obtained for the PMT ZN1935 shown in Figure 4.4b.
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(a) Single electron peak of a spare PMT. (b) Irradiation of 137Cs on BGO coupled to a
spare PMT.

Figure 4.4: Figure 4.4a shows an inconclusive spectrum where the single pho-
toelectron peak cannot be seen clearly. On the other hand, Figure 4.4b gives
satisfactory evidence that the quality is high enough for the anti-coincidence
shield detector units.

The measurement performed with the BGO attached to the PMT gives a
clear and distinguishable signal. Thus, the three best spare PMTs were added
to the bottom of the PMT ranking. As long as these photomultipliers were
not hyperactive this would complete the list of PMTs for the new detector
configuration.

4.4 Hyperactivity tests
The selected spare PMTs had not been tested for hyperactivity before. Al-
though not completely understood, the tendency was for hyperactivity to man-
ifest itself with high temperature and high control voltage. To provoke this
behaviour the untested PMTs were put inside a black bag together with the
old Lisa-PMT (ZL6482, known to be hyperactive) and the other seven PMTs
that were connected to the same FADC board (FADC #6). The setup for
the electronics was kept unchanged, including the gain (500) and the control
voltage (4.90 V). Voltages were applied to all of the PMTs and two spectra
were generated. One immediately after turning on the power and one after
24 hours. After this time any signs of hyperactivity were expected to have
appeared, due to the heat produced in the confined space of the bag. These
spectra were then compared to the hyperactive spectrum from the Lisa-PMT
and their own spectra from the previous day.

Some examples of the resulting spectra are shown in Figure 4.6. It can be
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seen that the behaviour of the Lisa-PMT changed dramatically. The number
of events increased greatly across all channels. It can be concluded that this
PMT is hyperactive. The rest of the flight PMTs tested conserved their general
features. More importantly, the rate did not change dramatically. This can be
confirmed through an analysis of the live time of the electronics. In Figure 4.5
the ratio of the live time of the first measurement with that of the second
measurement is displayed. The change in the hyperactive PMT is clearly
much larger than that of the rest. Thus, one can conclude that the propensity
for hyperactivity in the spare units is low.

Figure 4.5: The ratio of the live time of the before and after measurements
of the tested PMTs. For a PMT behaving normally the resulting ratio should
be close to 1. It is clear that unit 8 (Lisa) is hyperactive.
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(a) “Before” measurement for PMT ZL6482
(previously connected to the Lisa PDC).

(b) “After” measurement for PMT ZL6482.

(c) “Before” measurement for PMT ZL6940
(previously connected to the Felix PDC).

(d) “After” measurement for PMT ZL6940.

(e) “Before” measurement for PMT ZN1932
(previously an unused spare).

(f) “After” measurement for PMT ZN1932.

Figure 4.6: Three distinct kinds of spectra recorded during the hyperactivity
measurements. The hyperactive behaviour in the top measurements is evident.
The middle spectra are typical from the rest of the PMTs connected to the
same FADC. Finally, the lower pair show the behaviour of the unused spare
PMTs.

44



4.5. RE-INSERTION

4.5 Re-insertion
The PMTs had been ranked according to their peak channel number and
were to be distributed with the goal of optimising the detector’s polarimetric
capabilities. First, the top 37 PMTs were selected for the inner list of the
PDCs and positioned so they spiralled outwards from the centre from worst
to best, i.e. pairing the best PMT with the worst PDC. This was done with the
goal of having the inner rings of the detector give a uniform response. Second,
the next 24 PMTs in the list were selected for the outer PDC ring with the
same method; worst PMT to best PDC. However, in this case the procedure
was based on the slow scintillator of the PDCs. Finally, the 27 lowest ranked
photomultipliers were assigned to the SAS units. Since the energy deposited
by the background particles in the BGO is very high, this does not pose a
problem. The final configuration of the assembly can be seen in Figure 4.7.

As mentioned previously, the PMTs were grouped together depending on
which FADC they belonged to. This was done in a petal configuration de-
signed by M. Jackson [41] with the goal of suffering a minimum reduction in
performance if a FADC board failed and is shown in Figure 4.8. One board
can process up to 8 PMT signals. In total 12 boards are used, 8 for the PDCs
and 4 for the SAS and the neutron scintillator. For simplicity when working
with the instrument, the PMTs are “named” after the component they are
coupled to (i.e. Ichiro or SAS12). To determine in which position (1 to 8)
a specific PMT is connected to the FADC they were sorted alphabetically.
The position is used both for signal analysis and supplying the voltages. By
careful calibration of the control voltages an even response is expected across
the whole detector.

After the re-configuration of the detector array the PMTs could be inserted
to complete the detector setup. Careful attention was put into cleaning the
PMT window and applying optical grease and a silicon cookie to ensure good
optical coupling and to give protection to the PMT. The PMTs are fixated
using two metal rods positioned under each PDC and SAS unit. Spring plates
in the lower part of the PMT push it up towards the BGO to prevent the
pressure at the contact point being lost. The neutron scintillator was attached
to one of the supporting rods of the cooling plate. Its position is displayed in
Figure 4.9.

An important step towards succesful re-insertion of the PMTs was the
re-assignment of FADC boards depending on their position in the detector
array. For the grounding and voltage supply, a 25 pin cable had been used to
connect the PMTs to their respective FADC board. However, with the new
configuration, these cables had to be changed. To this end, they were cut and
carefully spliced together according to the new configuration.
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Figure 4.7: The final configuration of the detector array. The PDCs and
SAS-units are coupled to their respective PMT. The numbers correspond to
the ranking of the PMTs according to the position of the single photoelectron
peak.

Finally, in the base of each PMT an aluminium cooling rod is located. The
rods were connected to the PoGOLite cooling system [23] through ∼5 cm long
copper braids which were attached to the cooling plate. There, cooling fluid
transports the produced heat to a radiator. The situation after attaching the
cooling plate is shown in Figure 4.10.
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Figure 4.8: The petal configuration used for the PMTs [41].

4.6 Calibration
After the succesful re-assembly of the instrument, the next step in the opti-
misation of the detector array was the calibration of the control voltages of
the PMTs. The requirements for the PMTs coupled to the PDCs are different
from those coupled to the SAS-units, since the latter only have a slow com-
ponent. The two procedures used for the calibration of the detector ahead of
the maiden flight were re-adopted here [22].

The fast scintillator has an energy resolution of around 50% [42]. It is im-
portant that the complete energy range of interest for PoGOLite (25–80 keV)
can be read out properly. This means that an energy of 120 keV should cor-
respond to the channel number where the electronics saturate (∼ch. 2800).

For the measurements, a 241Am source was used, placed directly above the
top of the corresponding PDC. The photons emitted were of energy 59.5 keV,
which should correspond to channel number (59.5/120) × 2800 ≈ 1388. The
voltage was set to 4.58 V as a starting point and then manually manipulated
until the photoabsorption peak was located at the desired channel. If the
maximum allowed voltage (5 V) was not sufficient for the peak to reach channel
1388, the PMT was kept at 5 V.
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Figure 4.9: The neutron scintillator, identified by the label NS, is attached to
a supporting rod of the cooling plate. Vulcanising tape is used to give stability
and to make sure the detector is light tight.

For the BGO shield, the requirements are less rigid because of its function
and the higher energies involved, but the 511 keV peak from electron-positron
annihilation should be visible to allow for in-flight calibration [22]. A source
of 137Cs, emitting at 662 keV, was chosen as more suitable for this part. For
simplicity, a linear calibration was made with a one-to-one correspondance
between the channel number and the energy in keV. In other words, the peak
at 662 keV was positioned at channel number 662. This allows for a maximum
distinguishable energy deposition of ∼ 2.8 MeV.

4.7 Effect of magnetic fields on the PMTs
A photomultiplier tube is extremely sensitive to external magnetic fields. Due
to the fact that a photomultiplier tube involves low-energy charged particles
(electrons) moving in a vacuum, one can expect the trajectory of the electron
to vary noticeably when a field is applied. This leads to the photoelectrons not
being focused correctly on the first dynode. In fact, a field of 0.1 mT can lead
to a reduction in anode sensitivity of 50% [40]. Even the Earth’s magnetic
field is strong enough to have a negative effect on the signal collection. To
protect a PMT, it is kept inside a casing of µ-metal, a material with high
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Figure 4.10: The PMTs are installed and the copper braids connecting the
cooling rods to the cooling plate can be seen.

magnetic permeability. The shielding effect S for a housing case is defined as:

S = Hout

Hin

= 3tµ
4r (4.1)

where Hout and Hin are the magnetic fields outside and inside the case, respec-
tively, t is the thickness, µ is the magnetic permeability and r is the radius of
the case [40].

By keeping the PMTs inside a case it is possible to greatly reduce the
magnetic field for fields perpendicular to the length axis of the PMT. In the
z-direction (orthogonal to the photocathode surface) the field is only reduced
by having the housing tube extend beyond the window. This is due to the
magnetic field strength being the same at the opening of the tube as outside
of it. This phenomenon is called the edge effect [40]. The recommendation
is for the edge of the metal case to be at a distance of at least the radius of
the window. An illustration of the shielding effect and the reduction of the
magnetic field through this method can be seen in Figure 4.11.

The fact that the polarimeter telescope is going to be pointed in different
elevations implies that the PMTs are going to be positioned in different direc-
tions in the Earth’s magnetic field. It was desirable to investigate if this led
to any measurable change in the signal.
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Figure 4.11: An illustration showing the need for the housing case to extend
beyond the edge of the PMT. The magnetic field is reduced by a factor of 103

in the middle section, but much less close to the edges [40].

4.7.1 Experimental setup

At the moment of this experiment the polarimeter was already installed and
functioning inside the pressure vessel and rotation frame. It was being pre-
pared for pointing tests to align the telescope with the star trackers at DST
Control, Linköping. The instrument was hanging from a wooden frame and
had degrees of freedom in the polar angle θ and azimuthal angle φ. A pic-
ture of the setup is shown in Figure 4.12. Measurements were made in the
configurations shown in Table 4.1.

A flight calibrated PMT from the outer circle (Ken) was chosen for these
measurements, taking into consideration that the interior rings will have addi-
tional shielding from the surrounding µ-metal casings. The studied parameter
was the position of the single photoelectron peak. The interior of the instru-
ment was light tight and the flight software and electronics were used. For
each position, ten measurements of 60 s were performed. The control voltage
was set to 4.94 V.
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Figure 4.12: The instrument hanging from the wooden frame at DST Control,
Linköping for integration of the attitude control system and pointing tests.

4.7.2 Results

To analyse the data, the average channel number of the single photoelectron
peak was calculated for each position. The peak value was obtained through
the fitting parameters of a Gaussian fit in ROOT in the same manner as
before.

The results are presented in Figure 4.13. As can be observed, the fluctu-
ations in the average peak positions are very small. In fact, all the measure-
ments were within 1.6% of the average channel number, 37.8. Thus, it can be

Conf. θ φ

1 0◦ 0◦
2 90◦ 0◦
3 90◦ 30◦
4 90◦ 60◦
5 90◦ 90◦
6 0◦ 90◦

Table 4.1: The combinations of polar angle θ and azimuthal angle φ at which
the measurements were performed.
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concluded that the PMTs have good enough shielding and the measurements
will not be distorted by the terrestrial magnetic field.

Figure 4.13: The obtained average peak channel number for each measure-
ment. The numbers on the x-axis correspond to the configurations mentioned
in Table 4.1. The error bars come from uncertainties in the Gaussian fit.
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Chapter 5

Discussion and conclusion

The PoGOLite Pathfinder is a balloon-borne polarimeter designed to detect
a minimum polarisation of 10% from a 1 Crab source. It has a narrow field
of view and is designed to look at point sources. The main targets of interest
are the Crab Pulsar and Cygnus X-1. The former is a fast spinning neutron
star located in the Crab Nebula which pulsates with a period of 33 ms. The
latter is an X-ray binary, a system composed of a compact object and a large
companion star. Successful polarisation measurements are expected to shed
light on the high energy processes at work in these extreme environments.

On July 7, 2011 the Pathfinder undertook its maiden voyage. The plan was
for the 5-day flight to be terminated over Canada. However, due to a leakage
in the balloon the operational altitude was never reached. The mission was
terminated after ∼ 4 hours, before the instrument crossed the Norwegian
border. This time window was too short to be able to make any measurement
on the main targets. Because of the winds and an unlucky landing spot, the
force of the landing impact was much stronger than had been predicted. The
gondola was built to withstand a 10 g impact, but the peak measured force
was over 25 g.

Ahead of the flight the detector layout had been carefully optimised to
obtain the best possible modulation curve from the observations. It was de-
termined that the instrument would be disassembled for inspection of its com-
ponents to make sure that it conserved its scientific capabilities. It was noted
that several of the PDCs presented visible damage. Since the position of the
PDCs had been carefully chosen to optimise the detector, it was decided that
they would be extracted and re-tested. Also tested were 19 spare units that
had been kept in the lab.

The “phoswich detector cells" have three parts: A long, hollow slow plastic
scintillator, a shorter, solid fast plastic scintillator and a small piece of BGO.
The slow scintillator and the BGO are used for collimation and background
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reduction. The fast scintillator is used for the polarisation measurements.
Each part was tested and taken into consideration when deciding on the opti-
mal configuration of the detector, with focus on sensitivity in the centre and
background reduction in the outer ring. Once this was done the PDCs were
re-inserted and secured in the geometric centre of the instrument.

In addition to the PDCs, the photomultiplier tubes needed to be tested. It
was known that three PMTs exhibited a strange behaviour, which was named
“hyperactivity", that made them unusable for data collection. Those units
had to be exchanged. Also, the PMTs are very delicate instruments and could
have been damaged in the landing. Thus, the rest of the flight PMTs were
tested to make sure that they were still performing at the required level.

The “hyperactive" PMTs were replaced by spare PMTs that had been kept
in the lab. However, they needed to be tested so they did not suffer from
the same behaviour. This was done and they were cleared for flight. The
photomultipliers were then classified according to the position of the single
photo electron peak to determine their positions in the detector layout. The
main goal when pairing them with the PDCs was for each couple to be equally
sensitive.

The re-insertion of the PMTs was more cumbersome than the PDCs. This
was mainly due to the fact that they had originally been connected in bunches
of 6, 7 or 8 to one of the 12 FADC boards through a 25 pin connector. The
bunches were determined by the position of the PMTs in the detector layout,
using the setup shown in Figure 4.8. Since the positions had changed, the
original cables had to be cut and those from the new PMTs spliced on.

The re-assembly of the instrument continued with the connection of the
cooling plate, putting together the PVA and the insertion of the electronics.
Then, the PVA was put in the rotation frame and the instrument was moved
to DST, Linköping for the integration of the ACS. There, work began on the
calibration of the PMTs. This was done on one PMT at a time by manually
changing the control voltage after each measurement.

An additional test was designed to make sure that the performance of the
PMTs would not change when pointing in different directions with respect to
the terrestrial magnetic field. Even a small field would worsen the sensitivity
of an unprotected PMT. For this reason they are housed in a metal case of
high magnetic permeability, which should keep them protected. As hoped,
the results obtained show that any effect from the Earth’s magnetic field is
negligeable.

The work described in this Master’s thesis was made ahead of PoGOLite’s
second flight, planned for July, 2012. As it turns out, due to excessively strong
surface winds the launch was never made possible. However, the detector is
still flight ready and there is no reason to disassemble it again. This means
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that the efforts of the collaboration can be focused on the scientific goals of
the experiment. Now, all eyes are looking towards a successful (circumpolar!)
flight in the summer of 2013.
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Results of PDC tests

The numeric results from the tests of the PDC components are displayed in
Table A.1. The ranking and positioning of the PDCs was made based on
these values. The first column displays the current position of each PDC in
the detector array. The positions are numbered starting from 1 and spiraling
clock-wise outwards starting from the line between Hirotaka and Barret for
each ring. Numbers 1–37 correspond to the inner rings, whereas 38–61 are
located in the outmost ring.

The fast scintillator was irradiated by a source of 241Am. For the slow scin-
tillator a source of 90Sr was used, positioned at a distance of 5 cm, 30 cm and
55 cm from the fast scintillator. The BGO was irradiated by 137Cs. The val-
ues displayed are the mean of the Gaussian fit applied to the photoabsorption
peak for each measurement.

Peak position [channel number]
Position PDC Slow 5 cm Slow 30 cm Slow 55 cm Fast BGO

1 Barret 1385.4 547 315.7 1164.7 1362.8
2 Angela 1222.9 531 400.7 1157.4 1227.7
3 Yngve 1411.3 520.9 300 1156.9 1282.4
4 Jiro 1377.5 573.6 439.4 1156 1093.6
5 Persephone 1273.4 390.9 222.9 1152.9 1377.1
6 Hicks 1435.1 500.7 276 1150 1278
7 Sara 1346.3 435.7 269 1146.9 1374.5
8 Barbie 1342 549.1 364.6 1135.2 1151
9 Carolina 1265.6 433.9 262.9 1116.4 1350.7
10 Sophia 1301.7 478.6 328 1115.6 1323.5
11 Yukari 1279.2 579.6 457.2 1106.1 1225.8

57



APPENDIX A. RESULTS OF PDC TESTS

Peak position [channel number]
Position PDC Slow 5 cm Slow 30 cm Slow 55 cm Fast BGO

12 Cecilia 1132.9 512.8 438.5 1094.1 1203.5
13 Ingrid 1378.1 507.5 312.8 1089.3 1241.9
14 Wall-e 1324.4 486.4 295.1 1080.3 1276.1
15 Niobe 1301.8 466.5 269.7 1074 1279.7
16 Kyle 1333.8 533.3 362.2 1065.4 1028
17 Johnny 1295.4 525.2 354.2 1050.5 1019.1
18 Tomi 1320.6 493.7 293.5 1044.1 1587.4
19 Oracle 1392.4 529 331.9 1041.5 1028
20 Q-bert 1238.9 511.5 349.1 1030.4 1025.4
21 Rebeka 1242.7 428.4 282.1 1022.2 1272.1
22 Priscilla 1245.3 521.8 322.5 1019.2 1061.2
23 Aeris 1282 514.4 344.4 1011.9 1180.5
24 Joe 1297.2 516.6 358.3 1007.9 1464.6
25 Oidipus 1306.4 487.4 324.6 994.2 1043.4
26 Xena 1150.6 511.2 332.8 984.8 1322
27 Ursula 1295.8 479.2 315.1 983.3 1283.3
28 Qui-Gon 1218.8 520.3 380.4 980.9 990.2
29 Xavier 1182.9 510.8 336.7 976.1 1075.7
30 Zelda 1016.4 354.7 232.6 968.4 1649.7
31 Erik 1233.4 488.8 335.5 966.2 931.9
32 Tune 1225.6 503.9 360.9 960.1 1104
33 Beelzebub 1316.1 476.9 285.3 957.2 1012.7
34 Masaru 1242.7 500.1 351.7 953.9 1139.8
35 Ulrika 1191.1 450.2 300.5 942.4 1069.9
36 Drake 1301.4 548.8 353.1 914.8 1128.1
37 Dilbert 1145.3 541 369.2 899.1 1215.2
38 Hirotaka 1540.9 693.6 538.3 1091.6 1184.5
39 Ichiro 1705.6 973.4 801.8 1134.4 1269.7
40 Ken 1507.9 814.5 647.7 1150.9 1261.9
41 Lucy 1413.9 806.6 608.8 1000.5 1903
42 Makoto 1515.3 758 528.3 1136 1166.4
43 Naomi 1382.9 667.9 526.2 1025.8 979.7
44 Ojiro 1271.8 559.6 415.8 973.2 1090.2
45 Qtaro 1219.4 548.7 381.2 908 1517.7
46 Roger 1310.9 584.1 430 841.4 1392.2
47 Shigeru 1239.3 479.8 351.6 883.5 1570.9
48 Hemingway 1376.8 553.7 363.3 1025.6 937.1
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Peak position [channel number]
Position PDC Slow 5 cm Slow 30 cm Slow 55 cm Fast BGO

49 Lisa 1354.5 567 403.1 995.6 992.2
50 Trinity 1326.3 511.3 308.2 930.8 1206
51 Xerxes 1298.3 570.9 377.4 934.8 1119.9
52 Annette 1426.6 632.4 413.2 996.6 990.6
53 Ishimura 1249.9 546 377.8 894.4 1463.3
54 Linn 1637.1 684 411.6 1136 1191.3
55 Vega 1672.1 673.8 466.6 1103.6 1103.6
56 Yoshi 1617.2 701.2 472 1089.9 1084.8
57 Zack 1498.6 639.8 427.2 1083.3 1126
58 Cloud 1273.5 592.8 396.7 898.4 1145
59 Felix 1480 588.3 364.4 1109.5 1044.8
60 Gargamel 1355.2 578 386.8 971.5 996.9
61 Iggy 1276.4 555.1 353.2 867.7 1095.1

Spare Daniel 1189.9 478.2 295.6 932 954.4
Spare E-type 1039.8 443.8 347 751.4 1459.5
Spare Epona (broken) 1247.5 473 291 875.3 1473.5
Spare Freddy 1111 411.9 276.9 899.4 1317.9
Spare Freud 1170.8 530.4 355.7 837 1050.3
Spare Ganon 1179.2 449.9 306.8 833.1 997.4
Spare Guile 986.7 370.9 225.6 734.2 1521.8
Spare Hugo 1041.8 388.2 244.1 815.6 507.3
Spare Kratos 973.9 334.1 208.7 900 1475.9
Spare Morpheus 1148.9 477.3 329.1 921.5 1177.1
Spare Neo 1201.3 486.5 329.3 899.8 1066.8
Spare Peter 1149.7 453.2 304.9 863.9 1521.8
Spare Rambo 910.4 386 228.4 664.7 1361.8
Spare Ubuntu 927.6 364.3 249.8 712.2 1389.1
Spare Viktor 1056.1 404.5 263.3 899.8 1361.7
Spare Vincent 1180 482.9 291.1 884.1 1170.3
Spare Wily 962.9 449.5 313.7 709.2 1487.6
Spare Wolfgang (broken) 976 440.6 317.9 1130.4 2189.3
Spare Zorro 1266.3 524 344.5 890 978.6

Table A.1: The results used for the ranking of the PDCs. The slow scintillator
was irradiated by 90Sr at three positions. The fast scintillator was irradiated
by 241Am. For the BGO, a source of 137Cs was used.
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Results of PMT tests

The results of the single photoelectron peak measurements are displayed in
Table B.1. These are the values used for the ranking and positioning of the
PMTs in the detector array. The peak position is the mean value of the
Gaussian fitted to the peak during the analysis. The PDC or SAS-unit that
each photomultipliers is coupled to is also given. The final three PMTs are
the spares that were added to the list after the main ranking and pairing had
been performed.

Rank Partner Serial number Peak position [ch. n.]

1 Dilbert ZL6491 791.9
2 Drake ZL6945 709.7
3 Ulrika ZL6557 685.3
4 Masaru ZL6568 653.1
5 Beelzebub ZL6506 650.2
6 Tune ZL6563 577.2
7 Erik ZL6936 564.6
8 Zelda ZL6486 562.1
9 Xavier ZL6485 560.6
10 Qui-gon ZL6488 556.7
11 Ursula ZL6574 538.6
12 Xena ZL6427 524.5
13 Oidipus ZL6493 522.9
14 Joe ZL6560 502.5
15 Aeris ZL6556 493.3
16 Priscilla ZL6944 465.6
17 Rebeka ZL6514 460.0
18 Q-bert ZL6954 455.7
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Rank Partner Serial number Peak position [ch. n.]

19 Oracle ZL6956 450.7
20 Tomi ZL6950 444.7
21 Johnny ZL7216 443.6
22 Kyle ZL6441 441.9
23 Niobe ZL6946 439.8
24 Wall-e ZL6570 439.2
25 Ingrid ZL6942 436.2
26 Cecilia ZL6538 435.9
27 Yukari ZL7226 431.0
28 Sophia ZN1964 393.6
29 Carolina ZL6952 389.9
30 Barbie ZL7242 387.7
31 Sara ZL6569 373.8
32 Hicks ZL6558 368.8
33 Persephone ZL7406 361.6
34 Jiro ZL7223 343.4
35 Yngve ZN1953 340.3
36 Angela ZL7404 339.6
37 Barret ZL7541 337.2
38 Shigeru ZL7545 332.1
39 Trinity ZL7540 324.1
40 Qtaro ZL6468 320.1
41 Ishimura ZN1952 320.0
42 Iggy ZL6940 313.1
43 Xerxes ZL7224 308.8
44 Ojiro ZL7515 303.6
45 Cloud ZN1949 300.6
46 Hemingway ZN2068 300.1
47 Lisa ZL6547 299.8
48 Gargamel ZL6545 295.6
49 Roger ZL7437 296.1
50 Felix ZN1951 293.5
51 Annette ZL7237 285.8
52 Zack ZL6516 285.6
53 Naomi ZL7516 281.4
54 Linn ZL7402 280.2
55 Hirotaka ZL6546 278.9
56 Yoshi ZL6555 278.4
57 Makoto ZL7530 272.4
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Rank Partner Serial number Peak position [ch. n.]

58 Vega ZL6961 268.6
59 Lucy ZL6948 267.4
60 Ken ZN1958 266.4
61 Ichiro ZL7233 257.5
62 SAS3 ZN1965 256.1
63 SAS4 ZN1960 255.5
64 SAS10 ZL7528 252.3
65 SAS5 ZL6947 251.2
66 SAS11 ZL7548 249.9
67 SAS6 ZN1955 247.3
68 SASX ZL7546 247.0
69 SAS19 ZL7405 245.1
70 SAS9 ZL6543 244.1
71 SAS21 ZN1957 241.4
72 SAS18 ZL7220 238.3
73 SAS22 ZL7517 230.0
74 SAS15 ZL7218 223.6
75 SAS2 ZL6458 223.4
76 SAS20 ZN2041 219.0
77 SAS16 ZN1937 211.9
78 SAS29 ZN2066 209.6
79 SAS30 ZL7494 208.2
80 SAS31 ZN1936 205.5
81 SAS27 ZL7422 201.5
82 SAS32 ZN1956 195.7
83 SAS17 ZN2078 186.9
84 SAS33 ZL7464 186.0
85 SAS28 ZL7538 185.8
86 SAS7 ZN1934 185.7
87 SAS14 ZN2069 171.8
88 SAS25 ZN1959 160.5
89 SAS8 ZL7433 44
90 SAS34 ZN1935 36.2
91 SAS13 ZL6544 202.2

Table B.1: The results for the single photoelectron peak characterisation of
the PMTs. The bottom PMT had been used in the lab in a test assembly and
the two before that are the previously unused spares.
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