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Abstract

The Polarized Gamma-ray Observer (PoGOLite) is a balloon-borne instrument
capable of measuring as low as 10% polarization from a 200 mCrab source in a six-
hour flight. A wide array of sources can be studied, including pulsars, neutron stars,
accretion discs and jets from active galactic nuclei. The two new observational
parameters provided by such measurements, polarization angle and degree, will
allow these objects to be studied in a completely new way, providing information
both about the emission mechanisms and the geometries of the emitting objects.

The instrument measures anisotropies in azimuthal scattering angles of gamma-
rays with a close-packed array of 217 well-type phoswich detector cells (PDCs) by
coincident detection of Compton scattering and photoelectric absorption. Each
PDC comprises a “slow” plastic scintillator tube, a “fast” plastic scintillator rod
and a BGO crystal. The fast scintillator is the main detector component, whereas
the slow scintillator and the BGO crystal act as an active collimator and a bottom
anticoincidence shield, respectively. The three parts are viewed by a single photo-
multiplier tube (PMT) and pulse shape discrimination is used to identify signals
from each part.

The detector array is surrounded by a 54-segment side anticoincidence shield
(SAS) made of BGO crystals. Each segment is 60 cm long and consists of three
crystals. A total of 187 crystals have been procured and tested for light yield,
energy resolution, dimensions and surface finish. All crystals have been found to be
of excellent quality and measured characteristics have been within specified limits.

The performance of the instrument has also been evaluated in several beam
tests with polarized synchrotron photons irradiating a prototype detector array.
Front-end electronics have been tested and a modulation in the observed scattering
angles has been observed in line with expectations.

Geant4-based Monte Carlo simulations of the instrument performance have
shown that a 10 cm thick polyethylene shield is required around the detector array
in order to sufficiently reduce the background from atmospheric neutrons. To val-
idate these simulations, a simple detector array with four plastic scintillators and
three BGO crystals was irradiated with 14 MeV neutrons. The array was shielded
with polyethylene, mimicking the PoGOLite instrument design. Measured results
could be accurately recreated in Geant4 simulations, demonstrating that the treat-
ment of neutron interaction processes in Geant4 is reliable.
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Introduction

X-ray and gamma-ray astronomy have long been central to observational astronomy.
The emitting astronomical sources are numerous on both hemispheres and recently
launched instruments, as well as currently planned ones, will continue to expand
this field. There are many competing models and theories describing the high-
energy emission from these objects but often, the information at hand, such as
light-curves and energy spectra, is consistent with several models and thus cannot
solve this ambiguity.

Polarimetry is expected to provide decisive information – photons are charac-
terized not only by their energy, direction and time of detection, but also by their
polarization. Measuring polarization in the X-ray and gamma-ray band has proven
to be a significant challenge due to the high levels of measurement background,
but since polarization provides two new parameters, polarization angle and degree,
such measurements could potentially open a whole new observational window on
the universe.

PoGOLite is a balloon-borne Compton-based polarimeter. Thanks to the excel-
lent background rejection capabilities of the instrument, which are achieved using
a combination of both active and passive systems, PoGOLite will be able to mea-
sure the polarization from a wide variety of astronomical objects. The instrument,
which is currently under development, will be the topic of this thesis.

Outline

This thesis will describe several aspects of the PoGOLite polarimeter. An overview
of the instrument and a discussion of its scientific potential are given in Chapter 1.
Chapter 2 will focus on describing the tests of the inorganic scintillator crystals,
which constitute a key component of the instrument. Several photon beam tests
have been carried out with a prototype detector array. A description of these can
be found in Chapter 3, whereas Chapter 4 details a neutron-based beam test of the
instrument and the simulations there-of. Finally, some conclusions and an outlook
are given in Chapter 5.
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2 Contents

Author’s contribution

After the completion of my Master of Science thesis, which was based on work with
the PoGOLite instrument and prototype carried out at the Stanford Linear Ac-
celerator Center between September 2005 and February 2006, I continued working
with the PoGOLite instrument as a PhD student, starting at the Royal Institute
of Technology in May 2006. I quickly became heavily involved with the testing and
characterization of the BGO crystals used for the side anticoincidence shield (SAS).
Around this time, the requirements for the flight-version crystals were just being
finalized and most of the specifications ended up being based on my test results
from the first set of prototype crystals.

In order to fully understand the characteristics of the crystals and the measured
light yield spectra, I spent a lot of time studying the reproducibility of the measure-
ments, the collimation of the photon beam from the radioactive source, the effects
of voltage fluctuations in the photomultiplier tube, the changes in light yield when
using optical grease from different suppliers and the properties of different reflector
materials. Once the SAS BGO crystals started arriving, I assumed full responsibil-
ity for the testing of these. Each of the 187 crystals has been individually inspected,
energy spectra have been recorded for five irradiation points on each crystal, the
light yield and energy resolution have been calculated for each irradiation point and
linear dimensions have also been measured.

The first photon beam test I participated in took place at the KEK “Photon
Factory” in Japan in December 2005. I was actively involved in preparing and
testing the prototype instrument used during this test, and in running the data
acquisition system during some of these measurements. Although I spent some
time analyzing the acquired data, I ended up writing my Master’s thesis about the
tests carried out at the Stanford Linear Accelerator Center. This test gave me good
experience with the PoGOLite electronics and data acquisition system, as well as
with the extreme working hours that come with participation in a beam test.

The next KEK beam test was in March 2007. This was the first beam test in-
volving a segment of the side anticoincidence shield, which required new electronics
to be developed, but also allowed some aspects of the instrument and the vetoing
system to be studied for the first time. I was heavily involved in the measurements
relating to this anticoincidence unit and the data analysis that followed.

The latest beam test at was carried out in February 2008. I participated in
preparations for this test at the Tokyo Institute of Technology and also worked
with the data acquisition during the beam test. The analysis of the acquired data
is currently ongoing and I expect to increase my involvement in this work after the
completion of my licentiate thesis.

For the neutron tests which took place in November 2007 at the Nuclear En-
gineering Department at the Chalmers University of Technology in Gothenburg, I
was responsible for the preparation of the SAS BGO units. During the tests, my
responsibility for the data acquisition and analysis gradually increased and by the
completion of the test, I had assumed full responsibility for the analysis. As for
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the simulation of these tests, I inherited the detector geometry and a basic simula-
tion framework from Masaru Ueno from the Tokyo Institute of Technology. During
my visit to Japan in December 2008, I spent much time modifying the simulation
to separate between interactions caused by different particles. I re-ran all simula-
tions and could then individually include quenching for the particles in my analysis,
which enabled me to obtain an excellent agreement between the simulated and the
measured data. The analysis and simulation of the neutron beam test presented
here is entirely my work.

The work presented here is also discussed in the the following publications, of
which I am the author or co-author:

• M. Kiss, M. Pearce, “PoGOLite: Opening a new window on the universe with
polarized gamma-rays”. Nuclear Instruments and Methods A 580/2 (2007)
876–879.

• M. Kiss, “The PoGOLite balloon-borne soft gamma-ray polarimeter”. Pro-
ceedings for the 10th International Conference on Advanced Technology and
Particle Physics (ICATPP), Como, Italy, Oct. 8–12, 2007. Published by
World Scientific. Available at
http://villaolmo.mib.infn.it/Conference2007.html

• T. Kamae et al., “PoGOLite – A High Sensitivity Balloon-Borne Soft Gamma-
ray Polarimeter”. submitted to Astroparticle Physics.
Preprint: arXiv:0709.1278v2 [astro-ph] 22 Apr 2008.

• M. Kiss, “The PoGOLite balloon-borne soft gamma-ray polarimeter”. Pro-
ceedings for the conference Cool Discs, Hot Flows: The Varying Faces of
Accreting Compact Objects, Funäsdalen, Sweden, Mar. 25–30, 2008. To be
published in the American Institute of Physics Proceedings series.

The beam test at KEK in 2005, where I participated in the preparations, mea-
surements and analysis, is described in the following publication:

• Y. Kanai, et al., “Beam test of a prototype phoswich detector assembly for the
PoGOLite astronomical soft gamma-ray polarimeter”. Nuclear Instruments
and Methods A 570 (2007) 61–71.

Other PoGOLite publications can be found at
http://www.particle.kth.se/pogolite



4



Chapter 1

The PoGOLite experiment

1.1 Overview of the PoGOLite instrument

1.1.1 The PoGOLite detector array

PoGOLite, the Polarized Gamma-ray Observer, is a balloon-borne instrument that
will measure the polarization of hard X-rays/soft gamma-rays from a variety of
astronomical sources, including pulsars, accretion discs and jets from active galactic
nuclei. The energy range of the instrument is 25–80 keV.1 Extending this range as
low as to 25 keV is a crucial feature of the instrument, since the X-ray flux from
observed sources follows an inverse power-law (see e.g. [1]). PoGOLite is optimized
for point-sources, having a narrow field of view of only ∼1.25 msr (2.0◦ × 2.0◦),
and it is designed to be able to measure a polarization degree as low as 10% from a
200 mCrab source in a six-hour flight [2]. The project is operated at an international
level, involving institutes and universities from Sweden2, the United States3, Japan4

and France5.

The “Lite” in “PoGOLite” is for “light-weight version”. Originally, the in-
strument was foreseen to consist of 397 detector cells [3], but design studies, cost
estimations, prototype tests and Monte Carlo simulations demonstrated that a
comparable performance could be achieved using a smaller instrument, consisting
of 217 units instead. Such a low-weight instrument can reach a higher float alti-
tude, 41–42 km with a one million m3 balloon, where the atmospheric overburden
is lower, about 4 g/cm2.

1The name “Gamma-ray Observer” is used mainly for historical reasons and it is debatable
whether the instrument should be called “PoXOLite” instead, for “X-ray Observer”.

2Royal Institute of Technology (KTH), Stockholm University (SU)
3Stanford Linear Accelerator Center (SLAC), Kavli Institute for Particle Astrophysics and

Cosmology (KIPAC), University of Hawaii
4Tokyo Institute of Technology, Hiroshima University, Yamagata University, Japan Aerospace

Exploration Agency (JAXA)
5Ecole Polytechnique

5



6 Chapter 1. The PoGOLite experiment

The PoGOLite instrument uses an array of plastic scintillators to measure polar-
ization based on the Compton scattering process. This is done by tracking individ-
ual photons through coincident detection of Compton scattering and photoelectric
absorption in a segmented detector volume, comprising 217 phoswich detector cells
(PDCs) [4; 5], surrounded by 54-segment side anticoincidence shield (SAS) [6] made
of BGO crystals. A sketch of the detector array is shown in Figure 1.1.

Figure 1.1. Sketch of the 217-unit PoGOLite instrument. For clarity, only part of
the side anticoincidence system is shown.

The Compton scattering process is governed by the Klein-Nishina formula [7],
which gives the differential cross-section for a photon to scatter at a polar angle θ

relative to the incident direction and an azimuthal angle φ relative to the polariza-
tion vector:

dσ

dΩ
=

1

2
re

2
k2

k0
2

( k

k0

+
k0

k
− 2 sin2 θ cos2 φ

)

(1.1)

where re is the classical electron radius, k0 is the momentum of the incident photon
and k is the momentum of the scattered photon. The angular dependence of the
scattering cross-section relative to the polarization vector is the foundation for X-
ray polarimetry. According to this formula, photons have a higher probability to
scatter perpendicularly to the polarization vector, since the negative term decreases
as φ → 90◦ (and even vanishes at φ = 90◦). Thus, the azimuthal scattering angles
of photons in a polarized beam will be modulated, and the higher the polarization
degree is, the more pronounced the modulation will be. Figure 1.2 shows an example
of how the count rate as a function of the azimuthal scattering angle in a segmented
detector is modulated by the polarization of the incident photons.
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Figure 1.2. Modulation of scattering angles in a segmented detector. The ampli-
tude (A) and mean value (B) of the modulation curve have been indicated.

The modulation is characterized by the modulation factor M , defined as the
ratio between the amplitude A and the mean value B of the modulation curve:

M =
A

B
=

Cmax − Cmin

Cmax + Cmin

(1.2)

Both the polarization angle and polarization degree can be deduced from the
modulation curve. The polarization degree P is obtained as

P =
M

M100

(1.3)

where M is the observed modulation factor and M100 is the modulation factor for
a 100% polarized beam, obtained either through simulations of the instrument or
by measuring the modulation factor of a beam with a known polarization degree.
The polarization angle is simply the phase of the modulation curve. Thus, due
to the nature of the Compton scattering process, illustrated by Equation 1.1, the
task of determining the polarization becomes that of measuring the distribution of
azimuthal scattering angles. In PoGOLite, this is done with the phoswich detector
cells. Each of these cells consists of three different scintillating components: a hol-
low “slow” plastic scintillator [4] (60 cm long), a solid “fast” plastic scintillator [4]
(20 cm) and a BGO (bismuth germanate oxide, Bi4Ge3O12) crystal [4] (4 cm). The
three components are glued together using an optically transparent polyurethane-
based adhesive [8]. A sketch of a PDC, along with pictures of the three scintillating
components, is shown in Figure 1.3.
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Figure 1.3. A phoswich detector cell (PDC), consisting of three scintillating com-
ponents that are glued together, forming one 84 cm long unit.

The slow scintillator tube, which is at the top of the unit, acts as an active
collimator. Photons have to pass through this collimator without interacting in the
walls, in order to reach the fast scintillator, which is the active detector component,
where Compton scatterings and photoelectric absorptions are registered. The BGO
crystal, in the bottom of each unit, acts as an anticoincidence shield by detecting
photons and charged particles entering the instrument from the bottom. Both the
fast and the slow scintillator are covered with VM2000 [9], a reflective material that
minimizes the amount of scintillation light that is lost through the surfaces of the
scintillators. Thin foils of lead and tin, 50 µm, surround the slow scintillator and
provide additional passive collimation. The BGO crystal is coated with a thin layer
of barium sulphate (BaSO4), which enhances the internal reflectivity.

“Phoswich” (in “phoswich detector cell”, PDC) stands for “phosphor sandwich”
and implies that the active detector (the fast plastic scintillator) is “sandwiched”
between two active vetoing components (the slow plastic scintillator and the bottom
BGO crystal). All three components are viewed by a single photomultiplier tube
(PMT). Due to the different scintillation decay times of the materials, ∼2 ns for
the fast plastic scintillator, 285 ns for the slow plastic scintillator and 300 ns for
the BGO crystal (see [4]), pulse shape discrimination (PSD) can be used to identify
signals from the different components. The event selection will be described in
Section 1.1.2.
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A simplified sketch of the PoGOLite detector array is shown in Figure 1.4. The
Side Anticoincidence Shield (SAS), which is used to detect charged particles and
photons incident on the instrument from the side, is also shown.

Figure 1.4. Simplified sketch of the PoGOLite detector array (not to scale, all units
not shown) and different kinds of events.

When the detector array is aimed at an astronomical source, photons pass
through the slow scintillator tubes without interacting and reach the fast scintilla-
tors, where they are either absorbed, scattered into another detector cell or escape
the detector array entirely. Off-axis photons will deposit energy in the side anti-
coincidence shield, bottom BGO crystal or slow scintillator and are rejected. The
events of interest are from photons that only deposit energy in the fast scintillators
(“fully contained events” in Figure 1.4). By studying the relative energy deposi-
tions in the involved detector cells, the path of such photons can be reconstructed
and the azimuthal scattering angle of each photon can be calculated.6 Since a pho-
ton deposits more energy when it is absorbed than upon scattering, these events
can clearly be distinguished ([10], Section 4.2.1), despite the poor intrinsic energy
resolution often associated with plastic scintillators.

6The polar scattering angle is not measured, as it is not needed for the polarimetry. It is,
however, limited to about 90◦ ± 30◦ perpendicularly to the incident photon due to the length of
the fast scintillators and the detector geometry.
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The mass attenuation coefficient of photons in a plastic scintillator, correspond-
ing to the cross-sections of the photon interactions, is shown in Figure 1.5.

Figure 1.5. Mass attenuation coefficient of photons in a plastic scintillator. Pho-
toelectric effect and Compton scattering dominate at low and intermediate energies,
respectively. At high energies, outside the PoGOLite energy range, pair production
becomes dominant. Plot generated based on data from [11].

In the PoGOLite energy range, the cross-section is dominated by Compton
scattering. The choice to use plastic scintillators both for scattering and absorption
is therefore a compromise. It is motivated by the fact that it makes the detector
array scalable in a straight-forward way, which would not be the case with an array
consisting of several detector types. Plastic scintillators are also cheap, making
it reasonable to produce a large detector array, and light-weight, which makes it
possible for the instrument to reach a high float altitude with a low atmospheric
overburden. Furthermore, the instrument must be able to detect very low energy
depositions: the energy of a photon undergoing a Compton scattering at an angle θ

relative to the incident direction is given by the formula [12]

E ′
γ =

Eγ

1 +
Eγ

mec2 (1 − cos θ)
(1.4)

where Eγ is the energy of the incident photon, me is the rest mass of the electron
and c is the speed of light. Thus, a photon with an energy of 25 keV will deposit just
above 1 keV in a detector cell upon scattering at θ = 90◦. The plastic scintillators in
the PoGOLite instrument must therefore not only be able do detect both Compton
scatterings and photoelectric absorptions with good efficiency, but also be able to
measure energy depositions of the order of 1 keV. Both beam test results and
simulations confirm, however, that the modulation in scattering angles can reliably
be measured at photon energies as low as 25 keV (see [13], Chapter 4 and [14],
Chapter 4).
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1.1.2 The PoGOLite electronics and event selection

Signals from each photomultiplier tube are sent via charge-sensitive amplifiers
(CSAs) to FADC boards (flash-analog digital converter boards), where they are
digitized to 12 bit accuracy with a sampling rate of 24 MHz, which corresponds to
about 40 ns between sampling points. Each FADC board is equipped with field-
programmable gate arrays (FPGAs), which are used to set the threshold levels of the
connected photomultiplier tubes and to monitor the sampled waveforms. If a signal
exceeding the threshold level is detected, a data capture trigger is issued. When
this occurs, 50 samples surrounding the trigger are stored, starting 20 samples be-
fore the trigger and ending 30 samples after the trigger. With a 24 MHz sampling
rate, this corresponds to storing a waveform with a duration of about 2 µs, starting
approximately 0.8 µs before the trigger and ending around 1.2 µs after the trigger.
By storing pre-trigger data, it is possible to correct for baseline offsets from preced-
ing signals, caused, for example, by large signals from cosmic rays (see Figure 1.6).

Figure 1.6. Baseline offset due to a large signal by a cosmic ray [15]. The storing
of pre-trigger data allows the true pulse height to be reconstructed.

The recorded waveforms are examined in an off-line analysis. When the an-
ticoincidence system is active, events can be rejected if a data capture trigger is
received in conjunction with a vetoing signal caused either by waveforms exceeding
an upper detection threshold or by activity in the anticoincidence system. In order
to monitor background, such data may be stored as well, in which case vetoing can
be applied in the off-line analysis instead. Detailed descriptions of the PoGOLite
electronics and event selection logic can be found in [15].

Due to the difference in the scintillation decay times of the three detector com-
ponents in the PDCs, the output from the charge-sensitive amplifier has different
rise times – short (∼0.1 µs) for signals in the fast scintillator and longer (∼0.3 µs)
for signals from the slow scintillators or the bottom BGO crystals (see Figure 1.7).
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Figure 1.7. Output from the charge-sensitive amplifier (shown with a negative
polarity) [15]. The rise time is shorter for a signal in from the fast plastic scintillator
than for one from the slow scintillator or BGO crystal.

Quantitatively, the distinction is made by calculating the difference between the
sampled pulse heights separated by 2 samples (the “fast” output) and separated
by 20 samples (the “slow” output) and then locating the maximum difference for
both of these:

“Fast” output: max
1≤i≤48

{

v[i + 2] − v[i]
}

(1.5)

and

“Slow” output: max
1≤i≤30

{

v[i + 20] − v[i]
}

(1.6)

where v[i] is the pulse height in the i:th sample point and 1 ≤ i ≤ 50.7 These
“outputs” are thus not output signals from the electronics, but rather mathematical
“outputs” calculated from the signals from the charge-sensitive amplifier using the
two equations above.

For signals originating from the slow scintillator or the BGO crystal, the “slow”
output will be significantly greater than the “fast” output, whereas the two outputs
are approximately equal for signals from the fast scintillator. The difference is
illustrated in Figure 1.8.

7For the “fast” output, the maximum value is only calculated for i up to 48 since i + 2 would
otherwise be outside the range of the recorded waveform. Analogously, for the “slow” output, the
maximum is only taken for i up to 30.
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(a) Signal from the fast scintillator. The “fast” and “slow” outputs are approx-
imately equal.

(b) Signal from the slow scintillator. The “slow” output is greater than the
“fast” output.

Figure 1.8. Waveforms for the fast and the slow scintillator. 50 samples are
recorded for each trigger. A signal in the fast scintillator gives a shorter rise time
than a signal in the slow scintillator or the BGO crystal. If a photon is scattered in
one component in absorbed in another, the waveform will be a superposition of the
individual waveforms.
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The difference becomes clear when the fast and the slow outputs of each detected
event are plotted in a two-dimensional histogram, as the one in Figure 1.9.

Figure 1.9. “Fast” and “slow” shaping output of one detector cell, calculated us-
ing Equations 1.5 and 1.6. Each point corresponds to one recorded event. Two
“branches” can clearly be seen: one corresponding to events in the fast scintillator
and one for the events in the slow scintillator or bottom BGO crystal. The region
between the branches contains events from photons that are scattered in one compo-
nent and absorbed in another. Such events are excluded by selecting only the “fast
branch”, i.e. the region indicated with parallel lines.

Since the difference between the scintillation decay times of the slow scintillator
and the bottom BGO is small, only about 15 ns, signals cannot be distinguished
between these two detector components. This is, however, not a problem, since
events in the slow scintillators and bottom BGO crystals are both rejected in the
analysis.

Once events from the fast scintillators have been selected for the detector cells
involved in an event, the energy deposition in the scattering cell and the total
energy deposition in all involved cells are plotted in a two-dimensional histogram.
In such a histogram, the polarization events can be selected as those having a
small energy deposition in the scattering cell but a total energy deposition in the
detector array that is consistent with a photoelectric absorption. The details of this
selection are explained in Chapter 3. Once the involved cells have been identified,
their relative position in the detector array gives the azimuthal scattering angle.
The distribution of such angles is used to determine the polarization as described
earlier in this chapter.
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1.1.3 The PoGOLite gondola

The gondola supporting the PoGOLite instrument must be designed to meet a
number of requirements: light-weight to enable the payload to reach a high float
altitude, strong to protect the instrument during the parachute deployment and
landing, mobile to allow sources to be tracked on the sky, and stable to maintain
a good pointing accuracy. A design sketch of the PoGOLite gondola is shown in
Figure 1.10.

Figure 1.10. Design sketch of the PoGOLite gondola. The height of the structure
is about 4 m, with a footprint of about 2.5 m × 2.5 m. The expected mass is one
tonne.

In order to meet the observational goals, 10% polarization from a 200 mCrab
source in a single six-hour flight, the pointing accuracy of the instrument must be
better than 5% of its field of view (2.0◦ × 2.0◦). This is achieved using an attitude
control system (ACS) combining information from differential GPS systems, gyro-
scopes, accelerometers and a pair of optical star trackers. An custom-made inte-
grated solution for the attitude control system is foreseen. This solution will provide
pointing reconstruction to better than 0.1◦ based on relative attitude information
from accelerometers and gyroscopes (100 Hz refresh rate), which is combined with
absolute attitude data from a differential GPS and the star trackers (1 Hz) in order
to calibrate against bias and drift in the relative pointing. The system feeds back
information to the motors and flywheels controlling the pointing of the detector
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array. For the azimuthal pointing, a momentum dump system is also used, which
enables angular momentum to be transfered to the balloon when needed.

The two star trackers [16] each consist of a CCD camera, a 200 mm f/2 lens and
a custom-made baffle system. One of the star trackers is pointing along the line of
sight of the polarimeter, whereas the other one is offset at a constant angle. This
ensures that at least one star tracker always has a clear view of the sky, even when
pointing to zenith where the view of the co-axial star tracker is obstructed by the
balloon. The baffle system enables stars down to magnitude 8 to be tracked even
in daylight, pattern matching with a catalog of stars is used to provide absolute
pointing information.

The polarimeter telescope assembly is the main component of the gondola.
This assembly consists of two cylinders – an inner one, which houses the detec-
tor array, complete with 217 PDCs and the 54 segments of the side anticoincidence
shield, photomultiplier tubes and electronics, and an outer cylinder, which contains
a polyethylene neutron shield – 10 cm on the sides and 15 cm at the bottom of
the instrument. In order to remove systematic bias, the inner cylinder is rotated
around the longitudinal axis, i.e. the line of sight of the instrument. The whole
assembly can also rotate around a pivot axis, which enables elevation pointing. An
axial cross-section of the telescope assembly is shown in Figure 1.11.

Figure 1.11. Axial cross-section of the polarimeter telescope assembly.
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1.2 Scientific goals

Polarized X-rays and gamma-rays are expected from a wide variety of astronomical
sources, such as pulsars, strongly magnetized neutron stars and collimated outflows
from active galactic nuclei. Although measurements of the polarization from these
sources could provide important new insight into the emission mechanisms and ge-
ometry of the objects, the field is largely unexplored. To date, only one statistically
significant measurement has been published and gained wide acceptance: an obser-
vation of the Crab nebula at 2.6 keV and 5.2 keV, which was done in 1976 using an
instrument on-board the OSO–8 satellite [17; 18]. One of the main reasons for this
is the high levels of background. Although the charged cosmic ray and gamma-ray
background can often be efficiently reduced with anticoincidence systems, the back-
ground from atmospheric neutrons can greatly exceed other sources of background
and provides a considerable challenge, as will be discussed in Chapter 4.

There are several instruments currently under development to study X-ray and
gamma-ray polarization. GRAPE [19] and POLAR [20] aim to measure the po-
larization of gamma-ray bursts, in the energy range 50–300 keV and 10–300 keV,
respectively. PHENEX [21] is designed to measure polarization from the Crab neb-
ula and has an energy range of 40–200 keV. CIPHER [22] is a coded mask telescope
that will also focus on the Crab nebula, but in the energy range between 100 keV
and 1 MeV.

PoGOLite has a number of advantages over these instruments [2]: it has the
narrowest field of view, which reduces background and prevents source confusion,
the largest effective area for polarization measurements, which enables data to
be collected with good statistics even during a short observation time, the lowest
expected background level, which gives a high signal-to-noise ratio and enables
fainter sources to be studied, and it extends the sensitivity to energies as low as
25 keV, which is important since the X-ray flux from the studied objects follows
an inverse power law. PoGOLite is therefore expected to be able to measure X-ray
polarization from several types of astronomical sources for the first time. A few
classes of objects interesting for a polarimetric study with the PoGOLite instrument
are listed here. More information about these sources can be found in [2; 23] and
references therein.

1.2.1 Pulsars

These are rapidly rotating neutron stars, from which a characteristic pulsed radia-
tion can be observed. Although pulsars were first discovered as early as 1967 [24],
there is still no generally accepted model that can explain the emission over the
entire observed spectrum. There are currently three main types of models describ-
ing the high-energy emission [2]: the polar cap model, the caustic model and the
outer gap model. According to the polar cap model, an acceleration of charged
particles takes place around the polar regions of the neutron star and the emitted
radiation is assumed to be synchrotron emission from these particles. In the caustic
model, the particle acceleration is instead assumed to take place in a gap region
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confined within the last open magnetic field lines of the of the neutron star. The
outer gap model predicts that the charged particles are accelerated in vacuum gaps
in the outer magnetosphere and in this case, the observed high-energy emission is
assumed to be from pair production-induced cascades. The geometry of the system
and the regions of emission predicted by these three models are shown schematically
in Figure 1.12.

Figure 1.12. Emission regions for the polar cap, caustic and outer gap models [25].
The angular velocity vector Ω and magnetic field vector B have been indicated, and
are separated by the angle α, i.e. the rotation axis and magnetic field axis are not
parallel.

Emission characteristics (intensity, polarization angle and polarization degree)
predicted by these models for the Crab pulsar, one of the most prominent pulsars
on the northern hemisphere and a prime target for observation with PoGOLite, are
shown in Figure 1.13.
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Figure 1.13. Intensity (top row), polarization angle (middle row) and polarization degree (bottom row) as a function of the phase
(33 ms) as predicted for the Crab pulsar by the polar cap model (left column) caustic model (middle column) and outer gap model
(right column) [2]. The two regions between the vertical lines correspond to the first and the second pulse observed in the emission,
P1 and P2, respectively.



20 Chapter 1. The PoGOLite experiment

Although the models predict completely different locations of emission, the pre-
dictions for the observed intensity are almost identical, as shown in the top row of
Figure 1.13. The correct model therefore cannot be identify based on this infor-
mation alone. However, the polarization characteristics predicted by the different
models are widely divergent (middle and bottom rows of Figure 1.13). This in-
formation can therefore be used to discriminate between the models. A six-hour
observation of the Crab pulsar with the PoGOLite instrument will be enough to
unambiguously do this, as demonstrated with simulated results in Figure 1.14. If
all three models turn out to be incorrect, such an observation will still serve to put
severe constraints on future models.
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Figure 1.14. Modulation in azimuthal scattering angles of photons from the Crab
pulsar as predicted by the polar cap model (solid line), outer gap model (dashed
line) and caustic model (dot-dashed line). A simulated six-hour observation with
the PoGOLite instrument is shown, for an atmospheric overburden of 4 g/cm2 [2].
Events from the P1 region in Figure 1.13 are shown, since the predictions for the P2
region are rather similar.

1.2.2 Accretion discs

These discs can be formed when matter is falling towards a compact object, for
example, in binary systems consisting of a neutrons star or a black hole and a
normal companion star. In such systems, matter from the normal star can be
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accreted onto the compact object, whereupon gravitational energy is emitted as X-
rays. Cygnus X–1 on the northern hemisphere is an example of such a system, and
also a prime target for observation with PoGOLite. This system exhibits two main
spectral states [2; 23; 26], the hard and the soft state, and transitions between the
two are believed to be related to changes in the mass accretion rate of the system.
If the accretion rate is low, the inner part of the disc becomes geometrically thick
and optically thin, with a hot inner flow or corona region. A primary flux of X-rays
arises through multiple Compton up-scattering of photons and is expected to be
unpolarized. However, the secondary component, which is caused by photons that
are reflected from the accretion disc, is believed to have significant a polarization.
This situation is called the hard state and is shown in Figure 1.15. The observed
polarization depends on the inclination of the accretion disc relative to the line of
sight and polarimetry can therefore provide information about the geometry of the
system, which is difficult to obtain through other measurements [2].

Figure 1.15. Emission from an accretion disc in the hard spectral state [27]. The
primary component (“Direct soft photons”) is unpolarized, but the secondary com-
ponent (“Reflected photons”) can have a significant polarization.

If, however, the accretion rate is high, matter is accreted through a geometrically
thin but optically thick disc, which extends to the innermost stable orbit around the
black hole. In this case, active regions with energetic electrons are formed above the
accretion disc. Hard X-rays will be emitted as seed photons from the accretion disc
undergo Compton up-scattering in these active regions. This is the soft spectral
state and it is schematically shown in Figure 1.16. A different polarization signature
is expected than in the hard state and a measurement of this polarization in the
X-ray band will provide information about the electron energy distribution in the
active regions of the accretion disc [2].
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Figure 1.16. Emission from an accretion disc in the soft state. The primary
component (“Direct soft photons”) is unpolarized. A secondary component from seed
photon scattering in an active region (“Scattered hard photons”) can be polarized.

1.2.3 Neutron stars

For accreting magnetized neutron stars, X-rays and gamma-rays can be observed
from matter flowing along the magnetic field lines onto the polar regions of the
neutron star. Due to the strong magnetic field, this radiation is expected to be lin-
early polarized. As the neutron star rotates, the polarization angle and polarization
degree will change. By observing these changes, it is possible to determine both the
orientation of the rotation and magnetic field axis of the neutron star [2]. The main
candidate for such a measurement on the northern hemisphere is Hercules X–1.

1.2.4 Astrophysical jets

Active galaxies which are powered by the accretion of matter onto a super-massive
black hole can emit jets – collimated outflows of radiation perpendicular to the
plane of the accretion [2]. If the active galaxy is viewed through one of these jets, the
object is called a blazar. Spectra from blazars typically show two components, one
from synchrotron radiation and one caused by photons undergoing inverse Compton
scattering. The radiation is known to be polarized in the radio to UV-range, but
little is known about the polarization of the X-ray and gamma-ray photons. A
measurement of this polarization would provide important information about the
emission mechanisms and the geometry of the magnetic field of the host galaxy. An
excellent candidate for such a measurement with PoGOLite is Markarian 501.

1.3 The PoGOLite Pathfinder

The PoGOLite “Pathfinder” is a 61-unit proof-of-principle instrument that will
serve as a stepping stone for constructing the full 217-unit instrument. A computer-
generated model of the Pathfinder is shown in Figure 1.17.
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Figure 1.17. The detector array of the 61-unit PoGOLite Pathfinder, viewed di-
agonally from the front (left) and from the back (right) [28]. The top part of the
PDCs can be seen sticking out over the edge of the side anticoincidence shield. The
length of the array is about 1 m.

The Pathfinder, currently under construction in Stockholm (see Figure 1.18),
will measure polarization from the Crab nebula and from Cygnus X–1 in the hard
spectral state. In-flight background will also be assessed and if the background
turns out to be higher than expected, suitable modifications can be made to the
full-size PoGOLite instrument before its launch to compensate for this.

Figure 1.18. Mechanics for the detector array of the PoGOLite Pathfinder. The
structure is viewed from the top and one wall of the segmented side anticoincidence
shield is installed (seen along the upper edge of the picture). The detector cells are
inserted into the structure from the top and are connected to the photomultiplier
tubes through the holes in the base plate.
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The first flight will be from from Esrange in Northern Sweden and is scheduled
to take place in August 2010. The date has been chosen to enhance the observation
time, which depends on seasonal variations in wind conditions, and to maximize
the angular separation between the Crab system and the sun, which reduces the
solar background and simplifies star tracking. The float altitude will be about
40 km, resulting in a vertical atmospheric overburden of approximately 3 g/cm2.
Figure 1.19 shows the integrated atmospheric overburden along the line of sight
towards the two most prominent targets visible during a flight from this location,
the Crab system and Cygnus X–1, for a flight date around the middle of August
2010.

Figure 1.19. Airmass for the Crab system and Cygnus X–1 during a planned
flight from the North of Sweden taking place in mid-August 2010. The airmass
is a factor which, multiplied with the vertical atmospheric overburden, gives the
integrated atmospheric overburden towards the source. A six-hour observation of
the Crab system with an airmass of less than 1.7 (corresponding to an atmospheric
overburden of 5 g/cm2) has been indicated.

Based on observations with the Chandra X-Ray Observatory, the spin axis of
the Crab system has been calculated to be about 124◦–126◦ [29]. Models of the
Crab nebula predict synchrotron emission in the X-ray band from high-energy elec-
trons trapped in a magnetic torus around the Crab pulsar [30]. If this model is
valid, the polarization angle of the X-ray emission is expected to be parallel to the
spin axis of the Crab system [2]. However, an instrument on-board the OSO–8
satellite measured the polarization angle to be (156.36 ± 1.44)% at 2.6 keV and
(152.59 ± 4.04)% at 5.2 keV with a polarization degree of about 19% [18], i.e. the
polarization angle was found to be about 30◦ off from the spin axis predicted from
the Chandra observations.

Assuming, in accordance, a 19% polarization in the PoGOLite energy range
(25–80 keV), the Pathfinder instrument is expected to be able to measure the po-
larization degree from the Crab nebula with a 7σ significance and the polarization
angle with a precision of about 5◦ in a single six-hour flight. Results from a simu-
lated observation of the Crab nebula with the PoGOLite Pathfinder are shown in
Figure 1.20.



1.3. The PoGOLite Pathfinder 25

Figure 1.20. Simulated six-hour observation of the Crab nebula with the PoGOLite
Pathfinder [31]. A 19% polarization degree has been assumed and the P1 and P2
pulses of the Crab pulsar (see Figure 1.13) have been excluded. The atmospheric
overburden is assumed to be 5 g/cm2, i.e. an airmass of 1.7, which is consistent
with a six-hour observation during a flight from the North of Sweden, as shown in
Figure 1.19.

This measurement will not only test whether the polarization degree remains
constant with energy, but also determine if the polarization angle aligns with the
spin axis of the system at higher energies, thus testing the paradigm that the
observed X-ray emission from the Crab system is caused by synchrotron radiation
from high-energy electrons trapped in toroidal magnetic structures around the Crab
pulsar.

For Cygnus X–1 in the hard spectral state, the PoGOLite Pathfinder instru-
ment is expected to be able to measure as low as 10% polarization, which enables
the predicted energy dependence of the polarization to be tested against measure-
ments [23].
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Chapter 2

SAS BGO tests

2.1 Background

The BGO crystals used for the PoGOLite instrument have been supplied by the
Nikolaev Institute of Inorganic Chemistry [32] in Novosibirsk, Russia. As these
crystals form the main part of the anticoincidence system (the other part being the
slow scintillator collimator tubes), the quality of the crystals strongly influences the
performance of the instrument and the background rejection capabilities.

Since the crystals needed for the instrument have a substantial monetary value,
a tendering procedure was carried out during the second half of 2006. A number
of requirements were specified on the quality, performance and dimensions of the
crystals. These specifications were outlined based on previous experience with BGO
crystals and light yield evaluation tests of prototype crystals. The Nikolaev Insti-
tute of Inorganic Chemistry could provide crystals compatible with the specified
requirements at the lowest price and was therefore contracted.

2.2 Crystal specifications

Five differently shaped BGO crystals are used in the PoGOLite instrument. The
first four of these, the type 1A and 1B “edge” crystals and the type 2A and 2B
“corner” crystals, are shown in Figure 2.1. The fifth crystal type is the bottom
BGO crystal or “PDC crystal”. This type is only mentioned here for completeness
and a detailed description of these crystals and their characteristics is given in [16].
Drawings of the crystals can be found in Appendix A.

The “edge” and the “corner” crystals comprise the side anticoincidence shield
(see Figure 2.2), and the only difference between the “A” and “B” type crystals is
the cylindrical protrusion on the B-type crystals, which is where the photomultiplier
tube is attached. Two A-type crystals and one B-type crystal are glued together [33]
using Epo-Tek r© 301–2 epoxy [34], forming a 60 cm long SAS unit (see Figure 2.3).

27
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(a) Type 1A “edge” crystal. (b) Type 1B “edge” crystal.

(c) Type 2A “corner” crystal. (d) Type 2B “corner” crystal.

Figure 2.1. The four types of BGO crystals used in the side anticoincidence shield.
The length of each crystal is 20 cm (excluding the protrusion of the B-type crystals).
Detailed drawings with dimensions are presented in Appendix A.

Figure 2.2. Computer generated top view of the 61-unit detector array of the
PoGOLite Pathfinder [28]. The segmented side anticoincidence shield, consisting
of 24 A-type “edge” segments and 6 B-type “corner” segments, can be seen along
the circumference of the array. The 217-unit PoGOLite instrument will feature
48 “edge” units and 6 “corner” units.
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Figure 2.3. Four glued SAS units (right), each one with a total length of 60 cm.
The glued crystals are attached to an aluminum “backbone” using shrink-tube, with
a shock-absorbing layer of silicone between the crystal and the aluminum (left).

In total, 427 BGO crystals have been received in seven separate shipments from
Novosibirsk. Table 2.1 shows the number of received crystals of each type, along
with the number needed to assemble the full 217-unit PoGOLite instrument.

Type 1A Type 1B Type 2A Type 2B Bottom BGO
Shipment 1 — — — — 60
Shipment 2 36 18 8 9 —
Shipment 3 — — — — 60
Shipment 4 — — — — 60
Shipment 5 36 18 8 — —
Shipment 6 — — — — 60
Shipment 7 36 18 — — —

Total (needed) 108 (96) 54 (48) 16 (12) 9 (6) 240 (217)

Table 2.1. BGO crystals received from Novosibirsk.

More than 10% spares are available of each crystal type, which is foreseen to
be sufficient to cover crystals accidentally broken during measurements, assembly,
etc. Small cylindrical boule samples1 (1 cm in diameter) have also been provided.
These can be used to trace individual crystals back to the corresponding boule if
any differences are seen in the quality of the crystals.

1The crystals are grown in large pieces (boules) weighing tens of kilos, and are then cut to size.
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The following tender requirements were specified for the SAS BGO crystals:

• The dimensions and tolerances (at 20 ◦C) given in Appendix A must be met.

• The crystal material must be transparent and without visible grain boundaries
when viewed under strong lighting.

• All crystal surfaces must have a mirror-like polish and be free from visible
scratches, cracks or dents.

• The energy resolution, observed when the crystal is irradiated by a well-
collimated beam of 662 keV photons from 137Cs in the points shown in Fig-
ure 2.4, should be better than 20% (16% for the bottom BGO crystals).

• There should be no dramatic degradation of the light output from the crystals
due to ionization radiation damage.

• The end-surfaces of the crystals must be parallel to ensure that the crystals
are properly aligned when they are glued together.

• The edges of the crystals should be beveled or slightly rounded to reduce the
risk of chipping.

• The light yield of the crystal should not decrease by more than 5% when
the crystal is irradiated 1 cm from any end of the crystal compared to when
the crystal is irradiated in the central position, i.e. 10 cm from one end
(see Figure 2.4). The irradiating source should be a well-collimated beam of
662 keV photons from 137Cs.

Figure 2.4. Irradiation points specified for the tests of the SAS BGO crystals.
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2.3 Crystal inspection

In accordance with the specifications in the tendering document, the procured crys-
tals were carefully examined upon their arrival at KTH. Overall, the surface polish
and transparency were extremely good and most of the crystals were completely
flawless. A limited number, about ten crystals, had conspicuous imperfections, such
as scratches or dents, an example of which can be seen in Figure 2.5. In each of
these cases, however, the size of the flawed area has been negligible compared to
the total size of the crystal. Thus, the deterioration in light yield from the crystal,
if any, will be insignificant, and these crystals have therefore been accepted as well.

Figure 2.5. Chipped-off corner of a BGO crystal. The defect is about 5 mm wide.
The worst crystal is shown here and the remaining ones have smaller or no flaws.

The dimensions of the crystals were measured using two sliding gauges, each
with a resolution of 0.01 mm. Histograms showing the distributions of the measured
dimensions can be found in Appendix B. Two examples are shown in Figure 2.6.

(a) Example of a good distribution. (b) Example of a poor distribution.

Figure 2.6. A good distribution (left) with a mean value close to the specified value
(thick dashed line) and a poor distribution (right) with a mean value that is shifted
from the specified value. The thin dashed lines show the allowed tolerance.
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Only a few of the measured dimensions were found to be outside the tolerance.
The greatest deviation from the specified value was found in the total “height”
of the 1A- and 1B-type crystals. Although this dimension is not stated explicitly
in the drawings, it can easily be calculated to be (38.45 ± 0.15) mm.2 As can be
seen from the distribution in Figure 2.6(b), the mean value is slightly shifted to
a value below the specified number. However, as this part of the crystal is facing
inwards in the detector array (see Figure 2.2), a small deviation in this dimension
will not matter, because it does not affect the gaps between the anticoincidence
shield segments, only the total thickness of the shield. Instead, this leaves slightly
more tolerance for the reflective layer of BaSO4 that will cover the BGO crystal and
therefore, even crystals that are slightly shorter in this direction have been accepted.
As a result, no crystals have been rejected based on the measured dimensions.

2.4 Light yield tests

The relative light yield of each crystal was extensively measured with equipment
previously used for testing CsI(Tl) crystals utilized in the GLAST instrument [35] .
This equipment consists of a light-tight black box, seen in Figure 2.7(a), fitted with
photomultiplier tubes and a radioactive source housed inside a motor-driven lead
collimator. The box was originally equipped with a photomultiplier tube optimized
for use with CsI(Tl) crystals and was therefore retrofitted with one manufactured
by Photonis, model XP5202/B, shown in Figure 2.8(a), which has a sensitivity that
is better suited for the emission of BGO crystals.

(a) External view of the black box. The
box is about 1.5 m wide.

(b) Internal view of the black box. One
20 cm long crystal is ready to be tested.

Figure 2.7. Pictures of the light-tight black box.

2The reason why this tolerance (±0.15 mm) is slightly greater than the other tolerances in the
specifications (±0.10 mm) is that it combines the tolerances of two different measured sides.
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For consistency with future measurements (see e.g. [5] and [33]), the photomul-
tiplier tube of choice should have been the flight-version PoGOLite PMT manu-
factured by Hamamatsu, R7899 [36], which has been chosen to perform well both
with plastic scintillators and with BGO crystals [4]. The reason why this PMT
was not used in the measurements described below is twofold. First of all, since
the R7899 phototube is housed inside a metal tube, shown in Figure 2.8(b), and is
designed to connect to the cylindrical protrusion found on the B-type crystals, it
cannot be directly connected to the A-type crystals which lack this protrusion, and
a light-guide must then be used. This complicates the measurements significantly
by adding another source of uncertainties, and makes the setup and preparations
more tedious. Secondly, flight-version PMTs were not readily available at the time
of these measurements, since the specifications for the tube were just being finalized.
The spectral response of the two PMTs is, however, very similar, peaking at 420 nm
for the tube from Hamamatsu [36] and at 400 nm for the one by Photonis [37].

(a) Photonis PMT and voltage divider.
The diameter of the tube is about 50 mm.

(b) PoGOLite PMT from Hamamatsu.
The tube diameter is about 25 mm.

Figure 2.8. A Photonis photomultiplier tube and one by Hamamatsu. The Hama-
matsu tube is housed inside a metal tube, whereas the Photonis tube has a fully
exposed photosensitive end and a larger diameter and thus facilitates a good optical
connection to the crystals.

For the testing, each crystal is wrapped with Tyvek [38], a white high-reflectivity
paper-like material manufactured by DuPont, and coupled to the PMT using optical
grease. Signals from the photomultiplier tube are sent via a pre-amplifier, Ortec
Model 113 [39], and an amplifier, Canberra Model 2026 [40], to a Tukan 8k USB [41]
multi-channel analyzer which is connected to a computer. A radioactive source of
137Cs, which emits 662 keV photons, is placed inside a lead collimator. The beam
is collimated to less than 10◦. Using a stepper motor, the collimator can be moved
along the length of the crystal. Thus, the irradiation point can be changed without
having to turn off the PMT and open the black box in order to move the source,
giving the voltage supplied to the PMT time to settle to stable operation conditions.
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Each crystal was irradiated at five equidistant points (Figure 2.9) and an energy
spectrum was recorded for each point. Data was collected for ten minutes for each
point and changes in the relative light yield depending on the distance between
the irradiation point and the photomultiplier tube were studied. A background
spectrum was also recorded for comparison.

Figure 2.9. The five irradiation points used in the light yield measurements. A
well-collimated beam of 662 keV photons from 137Cs is used for the irradiation.

2.5 Analysis and results

The data from the light yield measurements was plotted using a ROOT [42] macro.
An example of the resulting spectrum can be seen in Figure 2.10.

Figure 2.10. Spectra with and without irradiation by 662 keV photons from 137Cs
(“signal” and “background”, respectively). The photoabsorption peak has been
fitted. The channel number is proportional to the deposited energy.
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Three peaks can be seen in the recorded spectrum. The first one is the signal,
662 keV photons from 137Cs. The second and the third peaks are from the back-
ground, 1461 keV photons and 2614 keV photons from 40K and 208Tl, respectively.
Small radioactive impurities may be present during the measurements, e.g. in the
glass window of the photomultiplier tube. 40K is a naturally occurring isotope
and can be found both in building materials and in small amounts in the human
body. 208Tl arises from a decay chain starting with 212Po. 212Po undergoes alpha
decay to 208Tl, which decays via beta minus into an excited state of 208Pb, which
subsequently de-excites into the ground state, whereupon a 2614 keV photon is
emitted [43]. Figure 2.11 shows the expected background spectrum for a measure-
ment with BGO. The features in this spectrum are very similar to the background
seen in Figure 2.10 and the measurement background is therefore believed to be
well-understood.

Figure 2.11. Expected background in a measurement with a BGO crystal [43]. Two
peaks, 1.461 MeV and 2.614 MeV from 40K and 208Tl, respectively, are naturally
present in the background spectrum.

The figure of merit in these measurements is the peak channel number, i.e.
the position of the photoabsorption peak for the 662 keV photons. The channel
number is proportional to the amplitude of the pulse from the amplifier, which is
proportional to the number of photons detected by the photomultiplier tube, which,
in turn, is proportional to the energy deposited in the scintillator. Since events in
the photoabsorption peak are generated by mono-energetic photons from the 137Cs
source, the peak channel number becomes a measure of the number of detected
photons in the photomultiplier tube, i.e. the light yield [44]. To obtain a precise
value for the peak channel number, the peak region is fitted with the following
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equation, which gives the number of counts in the fitted region as a function of the
channel number and has two components, a Gaussian curve for the signal and a
linear polynomial for the background:

p0 · e
− 1

2

“

x−p1

p2

”

2

︸ ︷︷ ︸

Signal

+ p3 + p4x
︸ ︷︷ ︸

Background

(2.1)

where x is the channel number and p0, p1, p2, p3 and p4 are fitting parameters
corresponding to the amplitude, the mean value and the standard deviation of the
Gaussian term, and a constant offset and a linear coefficient for the background
term, respectively. The background, which is superimposed on the photoabsorp-
tion peak, is expected to decrease exponentially with increasing energy, but since
the fitting range is limited to a small region around the photoabsorption peak, a
linear approximation to the background has been found to work equally well. In
Figure 2.12, the two components of the fitting curve are shown with dashed lines
and the solid line shows the sum. The peak channel number corresponds to the
parameter p1, which is calculated in the ROOT macro, along with the statistical
fitting uncertainty.
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Figure 2.12. Photoabsorption peak for 662 keV photons from 137Cs. The peak
has been fitted using Equation 2.1. The dashed lines are the signal and background
curves and the solid line is the sum of the two.

The energy resolution of the peak is also calculated. This value is given, see
e.g. [45], by the expression

∆E

E
=

2.35p2

p1

(2.2)

where p1 and p2 are the mean value (peak channel number) and standard deviation
of the Gaussian, respectively. Once the peak channel numbers have been obtained
for all five measurement points, the values are plotted as a function of the distance
between the irradiation point on the crystal and the photomultiplier tube. This
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enables changes in the relative light yield to be studied. An example of such a plot
is shown in Figure 2.13. The absolute light yield is not measured.

Figure 2.13. Example of the results from a five-point light yield measurement.
Error bars are shown but are barely visible due to their small sizes. A similar
behavior is seen in all crystals.

At first, the light yield decreases with increasing distance between the irradiation
point and the photomultiplier tube, towards a minimum close to the center of the
crystal, and then increases again when the irradiation point gets closer to the far
end of the crystal. The specified requirement was that the light yield should not
decrease by more than 5% when the crystal is irradiated 1 cm from one end of the
crystal compared to when it is irradiated in the central position. This is a very
conservative requirement – as can be seen from the plot, the light yield is higher
when the irradiation point is close to one of the ends of the crystal, so no crystals
have been rejected based on this test. However, if the quality of the crystals is
poor, no increase is expected towards the far end of the crystal [46]. The fact that
this U-shaped behavior is seen in all crystals demonstrates the high quality of the
crystals. After all 187 crystals had been tested, the results for measurement point 3
(center) on each crystal were databased and visualized in histograms. An example
of these results, for type 1A crystals, can be seen in Figure 2.14. Results from all
light yield tests are collected in Appendix C.

The energy resolution was calculated using Equation 2.2 for each of the five
measurement points on each crystal. The number that has been compared is the
energy resolution for the third point, i.e. when the crystal is irradiated in the
center. This is a conservative test, since the light yield reaches a minimum for this
point, as shown in Figure 2.13. In the specifications, the required energy resolution
was 20% for the SAS BGO crystals and 16% for the bottom BGO crystals.3 Each
crystal met the requirement on the energy resolution. Subsequently, no crystals
were rejected based on this test. An example of the results for the type 1A crystals
is shown in Figure 2.15. All results are collected in Appendix C.

3The reason why the requirement on the energy resolution is more severe for the bottom BGO
crystals than for the SAS BGO crystals is because the aforementioned crystals are smaller. They
should therefore suffer less from light attenuation due to self-absorption inside the crystal and
light-loss at the surfaces of the crystals, which may reduce the measured energy resolution.
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(a) Light yield and crystal number (in the order the crystals were tested).
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Figure 2.14. Example of results from the light yield tests of the type 1A crystals.
Top: light yield (peak channel number) obtained in the order the crystals were
tested. Bottom: histogram with all obtained light yield results.
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(a) Energy resolution and crystal number (in the order of testing).
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Figure 2.15. Example of results from the energy resolution tests of the type 1A
crystals. Top: energy resolution obtained in the order the crystals were tested.
Bottom: histogram with all obtained energy resolution results.
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2.6 Discussion

The quality of the BGO crystals received from the Nikolaev Institute of Inorganic
Chemistry has consistently been very high. All crystals have a high transparency
and well-polished surfaces with few or no flaws. Measured dimensions have been
within the specified tolerance with only a few exceptions. The exceptions have
mostly been for dimensions where a small mismatch does not cause any problems,
neither in the efficiency of the shield, nor when assembling the detector array. Each
crystal has a good energy resolution, significantly better than the required 20% for
the SAS BGO crystals, even better than the 16% limit set for the smaller bottom
BGO crystals as well. The conservative limits are motivated by the fact that the
crystals will not be used for calorimetry, only for background vetoing. The light
output degradation caused by radiation damage has not been explicitly tested,
but as it is quoted to be between 15% and 30% after a gamma-radiation dose of
104–105 Gy [47], it will be negligible for the purpose of the PoGOLite instrument.
Furthermore, all crystals meet the requirement on the relative light yield, i.e. that
the value should not decrease by more than 5% when the crystal is irradiated
1 cm from one end of the crystal compared to when the crystal is irradiated in
the central position. There are some small differences between the crystals from
the three different shipments. Particularly, the crystals from shipment 1 seem to
have a higher absolute light yield, as can be seen from the plots in Appendix C.
However, since there were no explicit requirements on the absolute light yield of
the crystals in the specifications, no further inquiry has been made regarding this
difference. The fact that the light yield of the crystals is first decreasing with
increasing distance between the irradiation point and the photomultiplier tube,
but then increasing when the irradiation point is close to the far end of the crystal,
is counter-intuitive. Figure 2.16 shows an example of results from light yield tests
performed in Novosibirsk, in conjunction with the crystal production.

Figure 2.16. Light yield results from Novosibirsk for 11 tested crystals [48]. The
U-shaped behavior is consistent with the results presented above (see Figure 2.13).
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The U-shaped behavior is seen in the test results from Novosibirsk as well, and
confirms that this effect is not a result of the measurements described here, but
rather due to the properties of the crystals. It is noted that this behavior is not
seen in similar tests of CsI(Tl) crystals [35], which have a significantly lower index
of refraction, about 1.8. BGO has a high refractive index, 2.15 [47], which means
that the critical angle for total internal reflection will be small, only about 28◦.
Thus, photons can only escape from the crystal if the angle of incidence relative
to the surface normal is less than 28◦. If the angle is greater than this critical
angle, the photon will be reflected at an angle of reflection that is equal to the
angle of incidence, since the surface of the crystal is polished [44]. While this
has the advantage of reducing the loss of photons at the surface of the crystal, it
also reduces the number of photons that can reach the photomultiplier tube, since
this also requires the photons to traverse the boundary of the crystal. Due to the
optical grease at this boundary, which has an index of refraction between that of
the BGO crystal and that of the glass window of the PMT, the critical angle is
greater than 28◦ so photons have a higher probability to escape towards the PMT
than through any other surface of the crystal. Since the scintillation photons are
generated isotropically [44], many photons will be emitted at angles for which they
cannot escape the crystal, neither at the surfaces, nor towards the PMT. Even
though the self-absorption of the crystal is low, such photons will sooner or later be
absorbed. However, if there are impurities in the crystal, or defects on the surface
of the crystal, the photons can scatter off these and attain scattering angles that
are essentially random, which may allow the photons to leave the crystal. The
defects therefore serve to randomize the scattering angles of photons that would
otherwise be trapped inside the crystal. When the irradiation point is moved closer
to the far end of the crystal, the solid angle subtended by the end surface of the
crystal increases. If impurities or defects where the photons can scatter at favorable
angles exist at this surface, the light yield should increase as the irradiation point
moves closer to the far end. Although the solid angle towards the photomultiplier
tube decreases as well, the decrease in light yield caused by this is less than the
increase in light yield from the far end of the crystal, since the photons have a
greater probability to escape towards the PMT than through any other side due
to the optical grease. This explains why the light yield is increasing towards both
ends of the crystal, i.e. why the light yield as a function of the distance between
the irradiation point and the photomultiplier tube displays a U-shaped behavior.
It also demonstrates the high quality of the crystals, since for crystals with many
defects, the light yield is expected to be strictly decreasing [46].

To verify this U-shaped behavior, tests were also made on a complete SAS
segment, i.e. three glued crystals. These were covered with a layer of BaSO4 (see
Figure 2.17) and attached to an aluminum “backbone” prior to the testing, similar
to how the crystals will be sustained in-flight. The glued crystals were irradiated at
several different points with 662 keV photons from 137Cs and the light yield (peak
channel number) was studied as described in previous sections. Results are shown
in Figure 2.18.
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Figure 2.17. Three glued SAS BGO crystals covered with BaSO4, used for light
yield tests. Several irradiation points are used along the length of the crystal.

Figure 2.18. Light yield (peak channel number) as a function of the distance
between the irradiation point and the photomultiplier tube for three glued SAS
BGO crystals, each one 20 cm in length.

The U-shaped behavior can be seen in each of the three crystals even when they
are glued together. This is because the adhesive has a lower index of refraction than
the crystals, about 1.53 [34] compared to 2.15 [47], so scintillation photons emitted
in the opposite direction relative to the photomultiplier can undergo total reflection
at the boundary between the crystals instead of traversing the entire length of the
glued crystal before being reflected. The increase in light yield towards the far end
of the crystal (the last data point in Figure 2.18) is small, which is thought to be
due to a thinner layer of reflective BaSO4 on this edge. These results also show
that the approach with glued crystals is feasible, i.e. that the light loss is low,
only about 10% in this measurement, even over the total length of three connected
crystals.



Chapter 3

Photon beam tests of the

PoGOLite prototype

3.1 Background

The first beam test relating to the PoGO instrument was carried out in 2003 at the
Advanced Photon Source of the Argonne National Lab in Illinois, USA. Compton
scattering and photoelectric absorption were detected in a simple array of plastic
scintillators, which was irradiated with a polarized beam of photons. The count rate
of the detector units was observed to be modulated, depending on the position of the
cells relative to the polarization of the beam, thus demonstrating the feasibility of
the Compton scattering technique for measuring polarization. This beam test also
led to the identification of an incorrect implementation of polarized Compton and
Rayleigh scattering in the Geant4 simulation framework. This implementation was
corrected by the collaboration and reported to the Geant4 development team [7].

The first prototype of the PoGOLite instrument was constructed at the Stanford
Linear Accelerator Center (SLAC) in 2005 [4; 14]. This prototype consisted of one
full phoswich detector cell (the “central unit”) surrounded by six “peripheral units”,
comprising fast scintillators and plastic light guides only (see Figure 3.1).

Figure 3.1. The PoGOLite prototype constructed at SLAC in 2005.

43
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Laboratory tests [4] were first conducted with a polarized beam obtained by
scattering initially unpolarized 59.5 keV photons from 241Am at a well-defined angle
towards the prototype detector array using a small scintillator, about 1 cm3, which
was placed inside a lead block. The scintillator was irradiated with photons from
one side and the scattered photons could leave the lead block through a small hole
on the side of the lead block, at 90◦ relative to the incident beam. According to
Equation 1.1, photons have a higher probability to scatter perpendicularly to the
polarization vector of the incident photon. If the hole where the photons leave the
lead block is small, only photons scattered at 90◦ can escape, whereas the other
photons are absorbed inside the lead block. Thus, the lead block “selects” photons
with a certain polarization. The concept is shown in Figure 3.2.

Figure 3.2. Setup of the polarization measurement carried out at SLAC [4]. Ini-
tially unpolarized photons from a radioactive source are scattered in a small scintil-
lator piece inside a lead block. Only photons scattered at around 90◦ can leave the
lead block, which gives a polarized beam exiting the block. The scattering scintil-
lator is viewed with a photomultiplier tube (not shown). A coincidence between a
signal in this scintillator and one in the detector array indicates that a photon with
polarization “selected” in the lead block has interacted in the detector.

Although very successful as proof-of-principle tests, these measurements suffered
from a number of serious drawbacks. For example, the time-scale of the polariza-
tion measurements was set by the activity of the radioactive source, making the
measurements extremely time-consuming. Furthermore, the degree of polarization
of the photon beam irradiating the detector array is difficult to determine precisely
and detailed simulations are needed to accomplish this. Accelerator-based tests
were therefore strongly favored for evaluating the performance of the instrument.
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3.2 Overview of beam tests carried out at the

KEK “Photon Factory”

Several important beam tests have been conducted at the KEK “Photon Fac-
tory” [49] in Tsukuba, Japan. This is a synchrotron facility capable of producing
a beam with a polarization degree of about 90%1 in the PoGOLite energy range.
The next sections are dedicated to giving an overview of these tests. Although the
author actively participated in each test, the author’s focus has been the analysis
of the beam test measurements involving the side anticoincidence shield, which will
be discussed in Section 3.3.

3.2.1 Beam test 2005

An important milestone for the development of the PoGOLite instrument was the
beam test at KEK in December 2005 [14; 50]. This was the first beam test with
the prototype constructed at SLAC. The central unit was irradiated with a pencil
beam of synchrotron photons and count rates in the peripheral units were recorded.
Between each measurement, the detector array was rotated in 15◦ steps, until a
full revolution had been completed. Through this rotation, systematic bias can
be eliminated and the flight-version of the instrument will be rotated in a similar
fashion. A sketch of the detector array is given in Figure 3.3, which also shows the
numbering of the units and the direction of rotation, as well as the polarization
direction of the incident photon beam.

Figure 3.3. Sketch of the seven-unit detector array. The rotation direction and
polarization vector of the incident beam are also shown. Photons are incident on
the central unit (0) and the count rates in the peripheral units (1–6) are recorded.

For the setup shown in Figure 3.3, a higher count rate is expected in units 2, 3,
5 and 6, since photons have a higher probability to scatter perpendicularly to the
polarization vector. As the detector array is rotated relative to the fixed polarization
of the incident beam, the count rate in each peripheral unit is modulated, following
a sinusoidal modulation curve.

1In an independent measurement (see [13] and additional references therein), the polarization
degree of the beam was measured to be around (0.91 ± 0.01)%, with only a small dependence of
the beam energy, one or a few percentage points.
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Before the measurement, a calibration was performed. The central unit was
calibrated with photons of known energy from the beam-line, whereas the peripheral
units, which were not directly irradiated by the beam, were calibrated with 59.5 keV
photons from 241Am. At this time, a linear calibration was assumed (see Section 3.3
for a discussion).

Several beam energies were tried in these measurements: 25 keV [14], 30 keV,
50 keV and 70 keV. Events were selected from the fast scintillator of the central
unit using the procedure described in Section 1.1.2. This step is not required for
the peripheral units in this measurement, since these units each consisted of a fast
plastic scintillator only (and a plastic light guide, which does not emit scintillation
light). The selected events were plotted in a two-dimensional histogram with the
energy deposition in the central unit on the abscissa and the total energy deposition
in the entire detector array on the ordinate. This plot, for a beam energy of 50 keV,
is shown in Figure 3.4.

Figure 3.4. Energy deposition in the central detector unit and total energy de-
position in the entire detector array for a beam energy of 50 keV [50]. Each point
represents one detected event. The indicated region, chosen by inspection, corre-
sponds to events that are scattered in the central unit and then absorbed in one of
the peripheral units, i.e. the energy deposition in the central unit is low, whereas
the total energy deposition is equal to the beam energy.

Events from the indicated region, which is chosen by inspection, were selected
for the analysis. Each point in this region corresponds to a photon that is first
scattered in the central unit and then absorbed in one of the peripheral units. Using
these events, the count rate as a function of the rotation angle was calculated for
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all six peripheral units. To minimize the effect of intrinsic differences between the
peripheral detectors, the count rates were averaged for co-planar units, i.e. units on
opposite sides of the central unit (1 and 4, 2 and 5, 3 and 6, see Figure 3.3). A plot
showing these results for the measurement at 50 keV is presented in Figure 3.5.

Figure 3.5. Relative count rate in the peripheral units as a function of the rotation
angle, measured at a 50 keV beam energy [50]. A clear modulation is seen as the
detector array is rotated relative to the fixed polarization of the beam. Count rates
have been averaged for the three co-planar pairs of detector units, as specified in the
plot legend. The average modulation is (35.8 ± 1.2)%.

The measurement points have been fitted with sinusoidal curves using three
fitting parameters, p0, p1 and p2, according to a function of the following form:

C(x) = p0

[

1 + p1 cos

(
2π

180
(x + p2)

)]

(3.1)

This expression gives the count rate C as a function of the rotation angle x. Here, p0

is the average value of the function, p1 is the modulation factor and p2 is the phase
of the fitting curve. The obtained modulation was (35.8 ± 1.2)%, in agreement
with simulations within about 10%. The difference is believed to be due to a
slight misalignment of the instrument relative to the incident beam. Similar plots
were obtained for the remaining beam energies (25 keV, 30 keV and 70 keV). A
modulation was seen at all these energies, which demonstrates that the instrument is
performing well in the stated energy range [50]. Furthermore, since the polarization
degree of the beam was measured in an independent test [13], the modulation factor
of the instrument for a 100% polarized beam, M100, can be obtained for the different
beam energies by solving Equation 1.3 for M100.
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3.2.2 Beam test 2007

For the next KEK test, in March 2007, seven full PDC units were used, along with
one segment of the side anticoincidence shield (SAS), as shown in Figure 3.6.

Figure 3.6. The PoGOLite prototype used during the KEK 2007 beam test, con-
sisting of seven PDCs and one segment of the BGO side anticoincidence shield.

The front-end electronics used during this test were moving towards the flight-
version systems. In particular, a “SpaceCube” [51] was used for the first time, to
control the data acquisition and PMT voltages. The SpaceCube, shown in Fig-
ure 3.7, is a small computer jointly manufactured by Shimafuji Electric Inc. and
ISAS/JAXA, the Institute of Space and Astronautical Science and Japan Aerospace
Exploration Agency. It has a 300 MHz processor, 64 MB RAM and various input-
output connections, including USB and a standard network interface.

Figure 3.7. The small size, low weight and low power consumption of the “Space-
Cube” computer make it ideal for satellite- and balloon-borne missions.
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The purpose of this test was to measure a modulation factor with an array
of full phoswich detector cells and to evaluate the event rejection capability of
the anticoincidence system. As in the previous beam test, the central unit was
irradiated with photons from the beam-line and the count rates in the surrounding
units were recorded. Most of the measurements were carried out with a beam
energy of 50 keV. The modulation was measured both with and without the SAS
unit in place, in order to investigate any differences caused by photons scattering
back from the SAS unit into the PDCs. A radioactive source, 137Cs, was also used
to irradiate the anticoincidence shield segment. The analysis of the data from this
beam test and the obtained results are discussed in Section 3.3.

3.2.3 Beam test 2008

The beam test of a 19-unit prototype instrument took place at KEK in February
2008. Due to the honeycomb structure of the detector array (see e.g. Figure 2.2),
the 19-unit instrument, which is shown in Figure 3.8, has two full rings of PDCs
surrounding the central unit – one ring with six units and one with twelve.

Figure 3.8. The PoGOLite prototype at the KEK 2008 beam test. A total of
19 PDCs were used, forming two rings around the central unit. One segment of
the BGO side anticoincidence shield was also included. It was used for testing the
electronics only, and was therefore not integrated with the support structure of the
prototype.
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This 19-unit prototype enables several key aspects of the instrument to be tested
for the first time, e.g. the effect of multiple-site events2 and changes in the mod-
ulation obtained when a Compton scattering and a subsequent photoelectric ab-
sorption take place in spatially separated cells instead of in neighboring ones. From
this 19-unit array, the instrument is scalable and the behavior and characteristics of
the instrument do not change significantly with the inclusion of additional detector
rings, making this an important test.

Flight-version front-end electronics, consisting of several different boards con-
trolled with a SpaceCube computer (see Figure 3.9), were used for the measure-
ments.

Figure 3.9. Electronics used during the beam test at KEK in 2008. The different
boards are all controlled from the SpaceCube computer.

The central unit was again irradiated with 50 keV photons from the beam-line,
and the count rates in the surrounding units were recorded. Between measurements,
the detector array was rotated relative to the (fixed) polarization of the beam, which
was done in 15◦ steps (or sometimes 30◦ steps, due to time constraints).

The peripheral units of the 19-unit detector array can be divided into three
groups, depending on their distance (position) relative to the central unit, as shown
in Figure 3.10.

2Events where a photon is scattered in more than one detector cell before being absorbed, i.e.
an event which deposits energy in three (or more) PDCs. See also Section 3.4.
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Figure 3.10. Sketch of the 19-unit polarimeter detector array. The units are divided
into three groups, based on their distance to the central unit (0). Photons from the
beam-line are incident on the central unit and the count rate in each of the peripheral
units is monitored.

The modulation obtained as the detector array is rotated will be different for
these three groups of units, due to the different “angular resolution” of the detectors:
cells at large distance subtend a small solid angle as seen from the central unit and
therefore have a good angular resolution, whereas cells that are closer subtend a
larger angle and thus give a poor angular resolution. On the other hand, closer
units have a higher count rate, which reduces the statistical uncertainty.

In a seven-unit array, such as the one shown in Figure 3.3, each of the six
peripheral units is at the same distance from the central unit. If this unit is irradi-
ated with a linearly polarized beam of photons while the detector array is rotated,
a modulation curve can be obtained for each of the peripheral units, since these
move relative to the fixed polarization of the beam. For co-planar detector cells
(i.e. cells on opposite sides of the central unit), the modulation can be averaged,
as these cells are symmetrically positioned relative to the plane of polarization.
This gives three modulation curves, one for each pair of co-planar cells (see e.g.
Figure 3.5). Since the detector cells in such an array are all at the same distance
from the central unit, the combined (average) modulation will simply be the mean
value of the modulation factors obtained for the three pairs of peripheral units.

If, however, the detector array has more than one ring of PDCs, the cells will
no longer be at equal distance to the central unit. For example, in the 19-unit in-
strument, which has two detector rings, three different distances to the central unit
are possible and the detector cells are therefore divided into three corresponding
groups (Figure 3.10). Since the cells in each group are symmetrically placed around
the central unit, no modulation will be observed on average as the detector array is
rotated. Although it is still possible to define co-planar pairs of detector cells and
obtain an individual modulation curve for all such pairs, this technique becomes
increasingly cumbersome as the number of detectors increases.

One way to get around this problem is to calculate the modulation for each
“group” instead of for each co-planar pair of detectors. Since the cells of each
group are at the same distance relative to the central unit, the modulation factors
of the individual cells can be combined into one value for the whole group, regardless
of the number of members in the group. As the detector array is rotated one full
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revolution, which is done in discrete steps, either 15◦ or 30◦, each cell will be in
each position exactly once. For example, a cell in the first ring which starts out at
an angle 0◦ relative to some given direction, e.g. “downwards”, will be at an angle
180◦ (“upwards”) once the detector has been rotated 180◦, while the neighboring
cell starting out at 60◦ reaches the “upwards” position (180◦) after a rotation of
only 120◦, etc. The process is illustrated in Figure 3.11 and the position of each
detector cell as a function of the rotation angle is given in Table 3.1.

Figure 3.11. Sketch explaining the rotation for a group with six units. PDC1 starts
out facing the “0◦ direction” and will reach the “180◦ direction” after the detector
array has been rotated by 180◦. PDC2 starts at 60◦ and reaches the “180◦ direction”
after a rotation of 120◦. PDC3 after 60◦ rotation, etc. In one full revolution, each
PDC will be in each rotational step exactly once. This remains true regardless of
the number of cells in the group as well as their position around the central unit.

Meas. Rot. PDC 1 PDC 2 PDC 3 PDC 4 PDC 5 PDC 6
1 0◦ 0◦ 60◦ 120◦ 180◦ 240◦ 300◦

2 30◦ 30◦ 90◦ 150◦ 210◦ 270◦ 330◦

3 60◦ 60◦ 120◦ 180◦ 240◦ 300◦ 0◦

4 90◦ 90◦ 150◦ 210◦ 270◦ 330◦ 30◦

5 120◦ 120◦ 180◦ 240◦ 300◦ 0◦ 60◦

6 150◦ 150◦ 210◦ 270◦ 330◦ 30◦ 90◦

7 180◦ 180◦ 240◦ 300◦ 0◦ 60◦ 120◦

8 210◦ 210◦ 270◦ 330◦ 30◦ 90◦ 150◦

9 240◦ 240◦ 300◦ 0◦ 60◦ 120◦ 180◦

10 270◦ 270◦ 330◦ 30◦ 90◦ 150◦ 210◦

11 300◦ 300◦ 0◦ 60◦ 120◦ 180◦ 240◦

12 330◦ 330◦ 30◦ 90◦ 150◦ 210◦ 270◦

Table 3.1. Positions of the detector cells in the example above as a function of the
rotation angle. The array is rotated by 30◦ between each successive measurement.
Every entry in the table corresponds to a measured number of counts (or count rate).
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Once data has been obtained for all rotational steps, the contribution from each
PDC can be added for each position. For example, as shown in Table 3.1, PDC1
is in the 0◦ position in the first measurement, PDC2 is in this position in the 11th,
measurement, PDC3 reaches this position in the 9th measurement, etc. The sum
of these measured counts (or count rates) becomes the measured value at rotation
angle 0◦ in the resulting modulation curve. Similarly, the sum of all contributions
obtained when the detector cells are at 30◦ becomes the measured value at 30◦, etc.
This is repeated for all groups of PDCs, yielding one modulation curve per group.

Using this technique, the modulation was determined for each of the three
groups of detectors in the beam test. A preliminary result is shown in Figure 3.12,
where each data set has been fitted with a sinusoidal curve as given by Equation 3.1.

Figure 3.12. Modulation obtained at 50 keV with the 19-unit instrument [52].
Three different modulation curves can be seen, corresponding to the three groups of
detector units in Figure 3.10. Results are from an analysis in progress.

The combined modulation factor can be obtained as the weighted average of
the three modulation factors by invoking the following equation:

MTot =
M1A1 + M2A2 + M3A3

M1 + M2 + M3

(3.2)

where Mi is the is the mean value of the modulation curve of group i and Ai is
the amplitude of the modulation curve of the i-th group. The detailed analysis is
currently in progress and results will be presented in a future publication [52].
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3.3 Analysis and results from the KEK 2007

beam test

For this beam test, the author was responsible for the measurements involving the
side anticoincidence shield segment and for the analysis of the data from these
measurements. The geometry of the detector array was still the one shown in
Figure 3.3, but with seven full phoswich detector cells. The first step in the data
analysis is to distinguish clean signals in the fast plastic scintillators from signals
in the slow scintillators or in the bottom BGO crystals. Fast and slow outputs
for each detector cell are calculated as described in Section 1.1.2 and plotted in
two-dimensional histograms. Figure 3.13 shows such a histogram for the central
detector cell irradiated with a beam of 50 keV photons.
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Figure 3.13. Fast and slow output (in arbitrary units, calculated as described in
Section 1.1.2) for the central detector cell with an irradiation by 50 keV photons
from the beam-line. The diagonal region indicated with dashed lines corresponds to
events in the fast plastic scintillator.

Events from the fast scintillator are selected by introducing the following selec-
tion criteria, indicated by the two dashed lines in Figure 3.13:

1.05(Fast output) − 30 ≤ (Slow output) ≤ 1.2(Fast output) + 30 (3.3)

The lines are chosen by inspection and are the same for all PDCs in the measure-
ment, since the fast and slow outputs are characterized by the scintillation decay
times of the materials, which is the same for all PDCs.
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Before the measurement, each detector unit is individually calibrated. This is
done by irradiating the fast scintillator with photons of a known energy. The central
unit can be calibrated using photons from the beam-line since these are directly ir-
radiating this unit, while the remaining units are calibrated with 59.5 keV photons
from 241Am. For each detector unit, events from the fast scintillator are selected
using Equation 3.3 and re-plotted in a one-dimensional histogram (the projection
onto the abscissa of Figure 3.13). The photoabsorption peak in the resulting spec-
trum is fitted with a Gaussian curve (see Figure 3.14) and the channel number of
its peak gives a conversion factor from the channel number to the corresponding
energy.
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Figure 3.14. Example of a calibration curve. The photoabsorption peak, which is
fitted with a Gaussian curve, corresponds to a known energy, in this case, 50 keV
from the beam-line. Part of the Compton continuum can be seen, truncated around
channel number 100 due to the trigger threshold. Other units can trigger a readout
of the whole detector array, in which case events may end up below this threshold.

A linear calibration has been assumed in this analysis. The (non-)linearity of
the phoswich detector cells has been studied by comparing the light yield (peak
channel number per unit energy) of a PDC to that of a 1 cm3 plastic “reference
scintillator”. Synchrotron photons between 6 keV and 80 keV were used. Results
show that the response is very close to linear for energies above 25 keV. In the
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energy range 20–25 keV, a linear calibration may over-estimate the detected energy
by about 10% [53]. Since the beam energy in these measurements is 50 keV, a linear
calibration should be a reasonable first approximation and the non-linearity at low
energies should not affect the results significantly.

Once all PDCs have been calibrated, the energy deposition in the central unit
and the total energy deposition in the whole detector array are plotted in a two-
dimensional histogram. Polarization events are again selected by requiring a low
energy deposition in the central unit, consistent with a Compton scattering, and
a high energy deposition in one of the peripheral units, which corresponds to a
photoelectric absorption.

The initial measurements were at 50 keV, before the side anticoincidence seg-
ment was installed. Data was collected for one full revolution with 15◦ rotation
steps. The anticoincidence shield segment was then installed in the position indi-
cated in Figure 3.15, and the measurements were repeated.

Figure 3.15. Position of the side anticoincidence shield segment in the seven-unit
detector array (see also Figure 3.6).

Figure 3.16 and Figure 3.17 show the modulation obtained for a 50 keV beam
energy, with and without the SAS unit installed (but not irradiated by photons
from the radioactive source), respectively. The data points have been fitted with
sinusoidal curves as given by Equation 3.1, which gives the modulation factor as a
fitting parameter.
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Figure 3.16. Modulation measured at 50 keV without the SAS unit installed.
The three modulation factors are (27.7 ± 1.5)%, (28.5 ± 1.5)% and (29.4 ± 1.5)%,
giving an average modulation factor of (28.5 ± 0.9)%.
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Figure 3.17. Modulation measured at 50 keV with the SAS unit installed (but
not irradiated). The three modulation factors are (26.1 ± 2.1)%, (32.0 ± 2.1)% and
(31.2 ± 1.9)%, which gives an average modulation factor of (29.8 ± 1.1)%.
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For the first configuration, the average modulation is found to be (28.5 ± 0.9)%,
whereas for the latter, it is (29.8 ± 1.1)%. No significant change is seen between
the measurement without SAS and with SAS (but without irradiation from the
radioactive source), which is expected, since the probability for a photon to scatter
back from the SAS unit into the detector array and cause a valid event is small.
This serves as a consistency check when comparing with measurements where the
SAS unit is irradiated. A radioactive source, 137Cs, was attached to the back of the
SAS BGO segment. The detector array was thus irradiated with 662 keV photons,
through the SAS BGO crystal. This configuration mimics in-flight conditions, with
a gamma-ray background incident on the side anticoincidence shield. Two config-
urations were tried: active vetoing (events are rejected when a signal is detected in
the SAS unit) and passive shielding (no vetoing is applied, the BGO crystal only
acts as a passive absorber). The analysis of this data is in progress.

3.4 Discussion

Several photon beam tests of various prototypes of the PoGOLite instrument have
been carried out to date. A summary and references are shown in Table 3.2.

Test date Purpose Reference
Nov. 2003 Validation of Compton polarimetry with simple array [7]
Dec. 2005 Proof-of-principle measurement with “PoGO-1” [14; 50]
Mar. 2007 Polarimetry with “PoGO-7”, test of vetoing system [2]
Feb. 2008 Polarimetry with “PoGO-19”, flight version DAQ [52]

Table 3.2. The four most recent PoGOLite photon beam tests. The test in 2003
was carried out at the Advanced Photon Source of the Argonne National Lab in
Illinois, USA. All other photon beam tests have been at the KEK “Photon Factory”
in Tsukuba, Japan. The author has participated in all photon beam tests since 2005
and has mainly worked with the analysis of the data from the beam test in 2007.

Between the tests described above, the prototype has evolved in several different
steps, from a single PDC surrounded by simple plastic scintillators, via a seven-unit
version, and finally to a two-ring detector array with a total of 19 detector cells.
The electronics have also undergone a rapid development and are now flight-ready.

The test at KEK in 2005 was crucial in demonstrating that the Compton scat-
tering technique can be used to measure polarization in an array of plastic scin-
tillators in the entire energy range specified for PoGOLite. In the low-energy end
(25 keV), the energy deposition in a Compton scattering process is only of the
order of 1 keV. The test demonstrated that a modulation can be measured even
at such low energies. Extending the energy range as low as possible is extremely
important since the X-ray flux from astronomical sources follows an inverse power
law. The high-energy end of the range was also confirmed and the tests at 70 keV
demonstrated that polarization can be measured with PoGOLite even if identical
plastic scintillators are used both for scattering and for photoelectric absorption.
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The side anticoincidence shield segment was tested during the KEK 2007 beam
test, both with and without irradiation by photons from the radioactive source, as
well as with and without active vetoing. The comparison between these measure-
ments can be used to optimize the in-flight threshold level of the anticoincidence
units. If the threshold is too low, the trigger rate of the anticoincidence shield will
be high and many polarization events will be rejected in the off-line analysis, which
reduces the data set and thus the statistical significance of the results. If, however,
the threshold is set too high, photons or charged particles with sufficient energy
to penetrate the anticoincidence shield may not be rejected and can cause fake
polarization events in the detector, in which case the observed modulation factor
will deteriorate. The analysis of the data from these measurements is currently in
progress.

The KEK 2008 beam test was the first one with a 19-unit prototype. The
peripheral units were divided into three groups depending on their relative distance
to the central unit. An algorithm was developed to allow the modulation factor to be
calculated for the three different groups of PDCs. This system extends naturally to
a detector array of arbitrary scale. All PDCs are divided into groups based on their
relative distance to the central unit. A table similar to Table 3.1 can then be defined
for each group, independent of the number of cells in the group. The columns in
the table represent the detector cells at this given distance from the central unit,
whereas the rows correspond to the rotation steps. A modulation factor can thus
be calculated for each group and the combined modulation factor for all groups of
PDCs is calculated as a weighted average of the individual modulations using the
relation

MTot =

∑N
i=1

MiAi
∑N

i=1
Mi

(3.4)

where Mi is the mean value of the modulation curve of group i, Ai is the amplitude
of the modulation curve corresponding to group i and N is the total number of
PDC groups in the detector array. This is a generalization of Equation 3.2 and
holds for a detector array with an arbitrary number of PDC groups. The “central
unit” need not even be the geometrical central unit in the detector array – it can
be any cell where the Compton scattering takes place. Therefore, the system also
extends to the flight-version of the instrument, where a flux of photons is incident
on all PDCs and where any cell can act as a scatterer.

One of the most interesting features of the 19-unit prototype is its possibility
to detect multiple site events. Previous beam test analyses have only included
events depositing energy in two different detector cells – the central unit, which
acts as a scatterer, and one peripheral unit, where the photoabsorption takes place.
However, since the 19-unit instrument two detector rings, a photon that is scattered
in the first ring instead of absorbed can still be detected in the second ring. The
analysis of these multiple site events is in progress and results will be presented in a
future publication [52]. Such events have also been carefully studied in simulations.
These show that the modulation (and therefore the polarization) can reliably be
reconstructed by including up to three-site events [10] and that for energies in the
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PoGOLite range with an energy distribution following the spectrum from the Crab
system, less than 20% of the events are from photons interacting in more than three
different detector cells [2; 10; 54].

The next beam test will be with the full-size PoGOLite–61 “Pathfinder” instru-
ment, with a fully populated detector array, a complete anticoincidence shield and
an assembled support structure, along with the same rotation mechanism that will
allow the instrument to revolve around the viewing axis in-flight. Tests are also
foreseen to take place at the Royal Institute of Technology, using a strong source
of 241Am as described in Section 3.1. Due to the size of this detector array, it
is not realistic to irradiate only the central unit with scattered photons from the
source as the count rate in units far from the center would be negligible. Instead,
a system could be constructed where the source, scatterer and collimator can be
moved across a grid using stepper motors. This would enable different detector
cells to be directly irradiated and the performance of the instrument to be eval-
uated for groups of seven units at a time (one scattering unit and six peripheral
units), similar to how the first tests at the Stanford Linear Accelerator Center were
conducted [4].



Chapter 4

Neutron irradiation tests

4.1 Background

In 2007, a six-hour observation of the Crab system with the 217-unit PoGOLite
instrument was simulated with realistic atmospheric conditions. The simulation
included not only background from charged cosmic rays and atmospheric as well
as cosmic X-rays [55], but also from atmospheric neutrons incident on the instru-
ment and from “structure-induced” neutrons and other secondary particles arising
from charged cosmic-rays interacting with passive materials, e.g. the gondola struc-
ture [26]. The structure-induced background, caused by reactions such as (p, n),
(p, 2n) and (p, α), was found to be negligible both in the simulations [26] and in
numerical calculations [2] based on empirical formulas [56]. However, atmospheric
neutrons, which are created by interactions of charged cosmic rays in the atmo-
sphere, can induce a strong background in the instrument by scattering multiple
times in the detector array, thus causing fake polarization events. The inclusion of
neutrons in this simulation was therefore crucial.

Few measurements of the atmospheric neutron flux have been published, and
the situation is further complicated by the fact that the neutron flux is anisotropic
at the float altitude of the balloon due to the significant contribution from albedo
neutrons scattering back from the atmosphere [57]. Figure 4.1 shows neutron spec-
tra at different atmospheric depths, whereas Figure 4.2 shows several measured
and calculated neutron spectra as reported in different publications. Based on
these figures, the neutron flux in the simulation was modeled as a broken power
law spectrum divided into four intervals depending on the energy [26]

f(E) =







0.104E−0.884 for 1 keV < E < 1 MeV
0.100E−1.189 for 1 MeV < E < 15 MeV

0.0135E−0.450 for 15 MeV < E < 70 MeV
3.135E−1.732 for 70 MeV < E < 1 GeV

(4.1)

The simulated neutron spectrum is shown in Figure 4.3.

61
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Figure 4.1. Calculated neutron spectra at different atmospheric depths [58].
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Figure 4.2. Calculated and measured neutron spectra near the top of the
atmosphere[58].
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Figure 4.3. Atmospheric neutron spectrum used in the simulation [26]. Dashed
lines separate the four different regions defined in Equation 4.1.

The result from the simulation, shown in Figure 4.4, contains several curves:
“Detected neutron background before vetoing” is the expected flux in the instru-
ment if all signals are recorded, independent of any activity in the anticoincidence
system. “Detected neutron background after vetoing” shows the flux if events are
rejected when there is a coincident signal in the anticoincidence system. “Detected
neutron background, veto & Compton kinematics” means that events are rejected
not only by activity in the anticoincidence system, but also if the relation between
an observed scattering angle in the detector array and the energy deposition is
not consistent with Compton scattering (see Equation 1.4). “Total gamma ray
background” is the combined flux from atmospheric and cosmic gamma-rays. For
comparison, the flux from a 100 mCrab source with a Crab spectrum is also shown.

These simulations show that in the PoGOLite energy range, the background
from atmospheric neutrons exceeds the gamma-ray background by more than an or-
der of magnitude, even with vetoing and event selection based on Compton scatter-
ing kinematics. In response to this, the PoGOLite design was modified: a polyethy-
lene neutron shield surrounding the instrument was introduced, that would either
prevent neutrons from entering the detector array entirely, or slow the neutrons to
energies where the probability of them causing fake polarization events would be
minimized. However, as the addition of a polyethylene shield increases the total
mass of the payload, thus potentially limiting the flight altitude, detailed simula-
tions were carried out to determine the optimum shield thickness. These simulations
demonstrated that a polyethylene shield, 10 cm on the sides of the instrument and
15 cm in the bottom, would reduce the background from atmospheric neutrons to
less than a 100 mCrab level in the PoGOLite energy range [26] (Figure 4.5). As
a result of the added polyethylene shield, new observation goals were presented:
10% polarization from a 200 mCrab in the energy range 25−80 keV. The shield
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optimization is still ongoing to determine if more favorable shield geometries exist,
which reduce the background further without increasing the total mass [28].

Figure 4.4. Simulated background with realistic atmospheric conditions without
the polyethylene shield [26]. The neutron flux is assumed to be anisotropic with 80%
and 20% flux in the upwards and downwards direction, respectively.

Figure 4.5. Simulated background with realistic atmospheric conditions with the
polyethylene shield included [26]. The neutron flux is assumed to be anisotropic
with 80% and 20% flux in the upwards and downwards direction, respectively.
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The simulations were carried out using Geant4 (“GEometry ANd Tracking ver-
sion 4”) [59; 60], a framework originally developed at CERN, which uses the Monte
Carlo technique [61] to simulate particle interactions in matter. In the simulation,
the detector geometry is first defined as consisting of different materials. This geom-
etry is then irradiated with particles which have energies chosen from a pre-defined
spectrum. The particles are individually tracked and can interact in different ways
within the materials. In Geant4, all possible processes, which include ionization,
radioactive decay and elastic as well as inelastic scattering, are defined in “physics
lists”. The probability each interaction is dictated by cross-section tables depending
on the material, the interacting particle and its energy.

For simulating neutron interactions in the PoGOLite instrument, the physics
list “QGSP BERT HP” (“Quark-Gluon String Precompound – BERTini – High
Precision”) [62] was used. To validate simulations of the in-flight neutron back-
ground, several experimental studies were carried out. The purpose of these tests
was to measure the response of plastic scintillators and BGO crystals irradiated
with neutrons, as well as to study the shielding effects of polyethylene.

The first tests took place in Japan with 252Cf. This isotope can undergo spon-
taneous fission, whereupon neutrons and photons in the MeV range are generated
isotropically, with a continuum spectrum peaking between 0.5 MeV and 1 MeV [12].
In these tests, such neutrons and 59.5 keV photons from 241Am were incident on a
fast plastic scintillator and the spectral response was measured with a photomul-
tiplier tube coupled to flight-version front-end electronics. The waveform gener-
ated by elastic neutron-proton scattering in the scintillator was compared to that
caused by the absorption of gamma-rays. Particularly, the ratio of the “fast” and
the “slow” output, as defined in Equation 1.5 and Equation 1.6, was studied. The
distribution of this ratio will be bimodal with one peak corresponding to each inter-
action type. These results demonstrated that it is possible to reduce the number of
neutron-induced events by about a factor of two while sacrificing less than a third
of the gamma-ray events by applying a threshold on this ratio [63].

Tests were also done in Stockholm with an americium-beryllium source. This
source contains a mixture of 241Am and 9Be. 241Am is an alpha-emitter and de-
cays to an excited state of 237Np, which subsequently de-excites through photon
emission, mainly 59.5 keV. An alpha particle can interact with beryllium, forming
carbon and a neutron: α + 9Be =⇒ 12C + n. The resulting emission from this
source will therefore contain both photons and neutrons, which complicates its use.
Spectra were recorded with plastic scintillators and BGO crystals, but the conti-
nuum of neutron energies and the features introduced in the spectra by interactions
of high-energy de-excitation photons from 12C made the isolation of spectral fea-
tures caused by neutrons extremely difficult. Thus, due to the nature of the source,
the results from this test were inconclusive.
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4.2 Neutron tests in Gothenburg

A neutron test facility is available at the Nuclear Engineering Department [64] at
the Chalmers University of Technology in Gothenburg, Sweden. The laboratory
features a SODERN 16C neutron generator [65], shown in Figure 4.6.

Figure 4.6. The SODERN 16C neutron generator [64].

This generator is based on the D–T reaction, and does not suffer from the
problems associated with the AmBe source, i.e. the continuum of neutron ener-
gies and the strong gamma-ray background. Deuterium particles are accelerated
towards a tritium target, triggering the reaction 2H + 3H =⇒ 4He + n. The neu-
trons are generated isotropically and are mono-energetic at 14 MeV [12]. Simula-
tions show [28; 31] that neutrons with energies of the order of 10 MeV have the
highest probability to induce events that may be misinterpreted as a polarization
signal in the PoGOLite detector array. Neutrons from this reaction are therefore
highly suited for studying how well the PoGOLite instrument will be able to re-
ject atmospheric neutrons. The generator is shielded on all sides by thick layers
of polyethylene and lead and only a small opening is left on one side. Neutrons
passing through this opening are incident on a simple detector array, consisting
of four units comprising fast plastic scintillators and bottom BGO crystals, and
three SAS BGO crystals, as shown in Figure 4.7(a). The shielding properties of
polyethylene can then be tested. Simply placing polyethylene between the neutron
generator and the detector would not be sufficient, since neutrons may scatter from
the walls in the laboratory and reach the detector anyway. Instead, a polyethylene
box is needed, shielding the detector from all directions, as shown in Figure 4.7(b),
including the top and the bottom.
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(a) Sketch of the detector array. (b) Detector shielded by polyethylene.
(Top and bottom shield not shown.)

Figure 4.7. The detector array used in the neutron irradiation tests.

In the first set of measurements, no polyethylene was placed towards the neu-
tron generator. This setup, shown in Figure 4.8(a), corresponds to the original
instrumental design of PoGOLite, which did not have a neutron shield. In subse-
quent measurements, the detector array was shielded from all directions as shown
in Figure 4.8(b). This mimics the current detector construction of the PoGOLite
instrument, i.e. a passive outer layer of polyethylene and an active inner layer of
BGO crystals shielding the plastic scintillators in the detector array.

(a) No shielding towards neutron source. (b) Shielding from all directions.

Figure 4.8. Different detector configurations used in the neutron irradiation tests.
The polyethylene box has a “lid” as well, but in these pictures, the lid has been
removed.
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Using flight-version front-end electronics, the waveforms from all detector units
were continuously sampled. Fast and slow signals from each unit are calculated
as described in Section 1.1.2. The resulting values are plotted in two-dimensional
histograms, from which signals corresponding to events in the fast scintillator can
be identified. An example of such a histogram for the central detector unit is shown
in Figure 4.9.
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Figure 4.9. Example of fast and slow signals from the central unit, calculated
as detailed in Section 1.1.2. The narrow region, indicated with parallel lines, and
the wide region, which is shown with oblique lines, correspond to signals in the
fast scintillator and the bottom BGO crystal, respectively. Events from neutrons
interacting in both the fast scintillator and the bottom BGO crystal will appear
between these branches. The horizontal line with a slow output channel number
around 2800 is due to saturation in the slow output of the electronics. Likewise, a
saturation in the fast output can be seen as a vertical line around fast output channel
number 3300.

Events from the fast branch are selected using Equation 3.3 and plotted in a
histogram. Using a calibration with 59.5 keV photons from 241Am, an energy scale
can be obtained. The calibration is assumed to be linear. For energies above 25 keV
the response of the fast scintillator is very close to linear. Between about 20 keV and
25 keV, this assumption may be over-estimation of the detected energies by about
10% [53]. However, since this measurement focuses on the neutron count rates, this
small discrepancy at low energies should not affect the final results notably. The
calibration spectrum can be seen in Figure 4.10.
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Figure 4.10. Events from the fast branch are selected for a calibration with 241Am.
The absorption peak of 59.5 keV photons from the source has been fitted with a
Gaussian curve. The peak position of this curve gives a conversion factor from the
channel number to the corresponding energy.

After calibrating the detectors, the neutron count rate in the central plastic
scintillator, “Fast0” in Figure 4.7(a), was measured both with and without active
vetoing in the surrounding detector units. Three different selection criteria are
considered in the off-line analysis:

No vetoing (passive BGOs): All signals in the central plastic scintillator are
counted, regardless of any signals in the other detectors.

Active vetoing, BGOs only: Signals in the central unit are only counted if there
is no coincident signal in any of the BGO crystals within the 50 sample points
(about 2 µs) recorded for each triggered signal. This corresponds to the nor-
mal operation mode of PoGOLite, i.e. events are rejected if there is a coinci-
dent signal in the BGO shield.

Full active vetoing: The three surrounding fast plastic scintillators and the BGO
crystals all act as anticoincidence units and events in the central unit are
only counted if there are no coincident signals in any of the other units. This
corresponds to a mode of operation where not only the BGO shield acts as an
active anticoincidence system, but where also events in the outer-most ring
of PDC units are rejected. Such an operation mode that can be used if the
in-flight background turns out to be higher than expected.
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The event selection is applied in the off-line analysis and since the live time1

was recorded for each measurement, the count rate (number of counts per second
of live time) obtained with the different selection criteria can be compared. The
relative change in the neutron rate gives an indication of how well active vetoing
in the anticoincidence system can be used to reject neutron events. The result
for the measurement with no polyethylene between the neutron generator and the
detector can be seen in Figure 4.11. The background spectra, i.e. the spectra
recorded for the three selection criteria but with the neutron generator inactive,
were also recorded. These have been subtracted from the corresponding curves in
the following figures.
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Figure 4.11. Spectra for different selection criteria with no polyethylene between
the neutron generator and the detector. The energy scale is based on a linear cal-
ibration with 241Am. Background spectra, obtained with the neutron generator
inactive, have been subtracted from each curve. The two peaks in the spectrum
around 185 keV and 215 keV are caused by saturation in the slow and fast outputs
(see Figure 4.9) and are thus a feature caused by the electronics, not by neutron
interactions.

The measurements were repeated with 5 cm and 10 cm polyethylene between
the neutron generator and the detector array in order to separately test the shielding
effect of polyethylene. Results are shown in Figure 4.12.

1The time during which the data acquisition system is sensitive to signals is called “live time”.
Once a signal is detected, the system will be busy for a short time while processing this signal.
This is “dead time”. The sum of the two is the total time or “real time”.
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(a) 5 cm polyethylene towards the detector.
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(b) 10 cm polyethylene towards the detector.

Figure 4.12. Spectra for different selection criteria with 5 cm polyethylene and with
10 cm polyethylene between the neutron generator and the detector. The energy
scale is based on a linear calibration with 241Am. Background has been subtracted
from each curve. The peaks around 185 keV and 215 keV in the spectrum are caused
by saturation in the slow and fast outputs (see Figure 4.9).



4.2. Neutron tests in Gothenburg 73

In each measurement, the shield thickness is held constant (0 cm, 5 cm and
10 cm polyethylene, respectively), while the selection criteria are changed (no ve-
toing, active vetoing, full active vetoing). A more quantitative comparison can be
obtained from the relative neutron count rates with the three different selection cri-
teria. These results, for the PoGOLite energy range (25–80 keV), are collected in
Table 4.1. For each measurement (0 cm, 5 cm and 10 cm polyethylene), the count
rate is normalized to the spectrum with no vetoing recorded in that configuration.

Configuration Rel. neutron count rate (25–80 keV) Figure
0 cm – no vetoing 1 (138 cts/s live time)

0 cm – active vetoing 0.59 ± 0.08 4.11
0 cm – full active vetoing 0.41 ± 0.06

5 cm – no vetoing 1 (111 cts/s live time)
5 cm – active vetoing 0.57 ± 0.09 4.12(a)

5 cm – full active vetoing 0.39 ± 0.07
10 cm – no vetoing 1 (83 cts/s live time)

10 cm – active vetoing 0.56 ± 0.10 4.12(b)
10 cm – full active vetoing 0.38 ± 0.08

Table 4.1. Relative neutron count rates obtained with different selection criteria
for the measurements with 0 cm, 5 cm and 10 cm polyethylene, respectively.

To evaluate the effect of the polyethylene on the neutron rate, the spectra above
can be compared for different shield thicknesses, instead of for different selection
criteria. Figure 4.13 shows the result for 0 cm, 5 cm and 10 cm with no vetoing.

Energy (keV)
0 50 100 150 200 250

C
o

u
n

ts
 p

er
 s

ec
o

n
d

 li
ve

 t
im

e

-210

-110

1

10

210

No polyethylene, passive BGO

5 cm polyethylene, passive BGO

10 cm polyethylene, passive BGO

Figure 4.13. Neutron spectra for different thicknesses of the polyethylene shield,
obtained with no vetoing in the peripheral detectors. The two peaks in the spectrum
around 185 keV and 215 keV are caused by saturation in the slow and fast outputs.
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Results for active vetoing and full active vetoing are given in Figure 4.14.
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(a) Spectra for different shield thicknesses – active vetoing.
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(b) Spectra for different shield thicknesses – full active vetoing.

Figure 4.14. Spectra for different shield thicknesses, obtained with active vetoing
(top) and full active vetoing selection criteria (bottom). The energy scale is based on
a linear calibration with 241Am. Background has been subtracted from each curve.
The peaks around 185 keV and 215 keV in the spectrum are caused by saturation
in the slow output (see Figure 4.9).
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In the spectra presented above, the selection criteria have been held constant
while the shield thickness has been varied. This enables the effect of the shield
thickness to be separated from that of the selection criteria. The results from this
study, for the energy range 25–80 keV, have been collected in Table 4.2. For each
set of selection criteria (no vetoing, active vetoing and full active vetoing), the count
rate is normalized to the spectrum with no polyethylene recorded for that selection.

Configuration Rel. neutron count rate (25–80 keV) Figure
0 cm – no vetoing 1 (138 cts/s live time)
5 cm – no vetoing 0.80 ± 0.10 4.13
10 cm – no vetoing 0.60 ± 0.08

0 cm – active vetoing 1 (82 cts/s live time)
5 cm – active vetoing 0.77 ± 0.13 4.14(a)
10 cm – active vetoing 0.57 ± 0.10

0 cm – full active vetoing 1 (55 cts/s live time)
5 cm – full active vetoing 0.77 ± 0.15 4.14(b)
10 cm – full active vetoing 0.57 ± 0.13

Table 4.2. Relative neutron rates obtained with different shield thicknesses for the
selection criteria “no vetoing”, “active vetoing” and “full active vetoing”.

Since the PoGOLite detector geometry is different from the simple detector array
used here, and since atmospheric neutrons are not mono-energetic as the ones from
this neutron generator, the above results cannot directly be used to evaluate the
neutron background rejection capabilities of the flight-version of the instrument.
Instead, the most important test is to compare these results with simulated data
from Geant4. If the two are consistent, it would show that the treatment of neutron
interactions in Geant4 is reliable, thus validating the simulation of the full-size
PoGOLite instrument. This simulation is the subject of the next section.

4.3 Monte Carlo simulations

The simulation was run with Geant 4.9.1.p01 using the “QGSP BERT HP” physics
list and with the latest available cross-section tables, G4NDL3.12 (“Geant4 Neutron
Data Library”). These libraries are maintained by the Cross Section Evaluation
Working Group (CSEWG) [66] and include both thermal and non-thermal cross-
sections for neutrons.

The first step in the simulation is to recreate the detector geometry. First, the
materials are defined: BGO consisting of bismuth, germanium and oxygen in ap-
propriate quantities, polyethylene containing carbon and hydrogen, etc. Geometric
shapes are then created from these materials, to resemble the detector array and
the polyethylene shields as precisely as possible. Mono-energetic 14 MeV neutrons
are generated from a point source placed at the same distance in the simulation
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as the measured separation between the neutron generator and the detector in the
laboratory. From this point source, neutrons are emitted within a cone with an
opening angle that is wide enough to ensure that all parts of the detector, as well
as the surrounding polyethylene shield, can be hit (see Figure 4.15). The shielding
material surrounding the neutron generator is not included in this simulation.

Figure 4.15. Simulated detector geometry and several neutron tracks. The tracks
can be seen as originating from a point-source towards the right hand side but outside
the picture. This particular setup shows the measurement with no polyethylene be-
tween the neutron generator and the detector, i.e. the setup shown in Figure 4.8(a).

The neutrons are generated and tracked one by one. When a neutron enters a
material, different interactions can take place, with probabilities based on the cross-
section tables in Geant4. If secondary particles are produced in the interactions,
these are individually tracked until they either lose all their energy or escape from
the laboratory2. Some of the simulated volumes, namely the ones corresponding
to the detector units, are defined to be “sensitive”, and energy deposited in these
volumes is stored by the program and output to a file. The software also keeps track
of the particle which is causing the energy deposition. Thus, each particle type can
be treated individually, e.g. to take quenching effects3 [67; 68] into account.

2In Geant4, the “laboratory” is represented by a “world volume” with dimensions that are
sufficiently large to contain the simulated detector geometry.

3Quenching is a process causing protons or heavier particles to generate less scintillation light
than a photon or an electron, even if the deposited energies are the same. In these cases, some of
the energy is converted to heat instead. The amount of detected energy is measured in MeVee,
electron-equivalent energy, i.e. by definition, electrons have a quenching factor equal to unity.
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One million neutrons are generated for each of the three simulation setups,
0 cm, 5 cm and 10 cm polyethylene between the neutron generator and the detector
array. The simulation is based on pseudo-random numbers generated using the
Ranecu algorithm [69], a random number engine initiated using two integers. This
input to the random number engine, called the random “seed”, can be used to
exactly recreate the same series of pseudo-random numbers. Thus, by storing the
initial random seed from the simulation, the simulation can be exactly reproduced.
Furthermore, by keeping the last random seed from a simulation and setting it as
the initial seed for the next run, the simulations can be extended and the statistics
can be improved while making sure that the same series of random numbers is not
repeated.

The output of the simulation is a text file with 43 columns. The first column
is the event number. Data is only stored if energy is deposited in one or more
detector cells and the number in this column is used to keep track of the neutron
causing the energy deposition. The remaining 42 = 7 × 6 columns correspond to
the seven detector units (four plastic scintillators and three BGO crystals), with six
outputs for each unit. The six output per detector unit are for six different groups
of particles that are individually considered: “EM”, “Proton”, “Neutron”, “Alpha”,
“C12” and “Others”. Quenching factors can then be individually applied in the
subsequent analysis, not only for the different particle types but also separately for
the plastic scintillators and BGO crystals.

4.4 Analysis and results

The analysis of the simulated data is done using ROOT. All 42 energy depositions,
the majority of which are zero, are read for one event at a time. Each of the six
groups of particles is then treated individually according to the following procedure:

EM: This group contains “electromagnetic shower particles”, i.e. photons, elec-
trons and positrons. A photon has three main interactions in matter: pho-
toelectric effect, Compton scattering and pair production. The result of each
of these interactions is that the photon energy is transfered to electrons and
positrons. Thus, photons, electrons, positrons will deposit the same amount
of energy in the detector if they have the same initial energy (provided that
the interactions are fully contained in the detector volume). The quenching
factor for this group of particles is therefore, by definition, equal to unity.

Proton: Protons have a quenching, which, in plastic scintillators, is given by [70]

EQuenched,proton = 0.119 · EProton
2 + 0.0564 · EProton (4.2)

where EProton is the energy deposited in the plastic scintillator by the incident
proton and EQuenched,proton is the detected (electron-equivalent) energy.

Neutrons: The quenching for neutrons is assumed to be the same as for protons.
Since neutrons are uncharged, they lose energy through elastic and inelastic
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scatterings [12], mostly with protons. The energy in the detector will thus be
deposited by protons, which is why the same quenching factor is used here.

Alphas: Since alpha particles are charged, they deposit energy by exciting and
ionizing atoms as they traverse the detector material, however, at a different
rate than electrons and positrons. In this case, the quenching factor for plastic
scintillators is given by the quadratic relation [70]

EQuenched,alpha = 0.00878 · EAlpha
2 + 0.0145 · EAlpha (4.3)

where EAlpha is the energy deposited in the plastic scintillator by the alpha
particle and EQuenched,alpha is the detected (electron-equivalent) energy.

C12: For carbon atoms, 12C, the quenching in a plastic scintillator material is
given by [70]

EQuenched,12C = 0.0062 · E12C (4.4)

where E12C is the energy deposited in the plastic scintillator by the particle
and EQuenched,12C is the electron-equivalent energy measured in the detector.

Others: This group contains all other particles that can cause energy deposition
in the simulation. In this analysis, the quenching for these particles has been
assumed to be the same as for carbon [31].

Equations 4.2, 4.3 and 4.4 are based on empirical results for liquid organic scin-
tillators, tabulated up to 40 MeV in [68]. Figure 4.16 shows a plot recreated from
this data. A difference of 10% is assumed in between the quenching factor of a solid
plastic scintillator and a liquid scintillator [70], which gives the relations above.

Figure 4.16. Electron-equivalent energy for different particles in a liquid organic
scintillator, recreated from data given in [68]. Due to quenching effects, whereupon
some energy is converted to heat instead of scintillation light, the detected energy
(ordinate) is less than the deposited energy (abscissa). Values for a plastic scintillator
are assumed to be 10% less than these numbers [70].
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For the BGO crystals, which are only used for vetoing and not for calorimetry,
a constant quenching factor of 0.1 [31] is assumed for all particle types except
photons, electrons and positrons, which have a quenching factor equal to unity.
Once the quenched energies have been determined, the total energy deposition is
calculated for each of the seven detector units by adding the contributions from each
of the six groups of particles. A detection threshold of 2 keV is assumed for the
plastic scintillators. For the BGO crystals, the threshold is conservatively assumed
to be 30 keV. These values are chosen in accordance with other simulations of
the PoGOLite instrument [31]. In-flight, the dead time of the instrument can be
reduced by setting the threshold of the SAS BGO crystal to a value slightly greater
than the detection limit, i.e. somewhere between about 2 keV and 30 keV. Due to
the high density of the BGO crystals, photons and charged particles with energies
below 30 keV will be absorbed in the BGO (passive shielding) so there is no need
to actively veto such events.

Signals in the central detector unit are plotted in histograms with one histogram
for each of the three selection criteria, “no vetoing”, “active vetoing” and “full active
vetoing”. The number of counts below 300 keV, corresponding to the energy range
of the real measurement (see e.g. Figure 4.13), is recorded for each of the three
cases. The simulation is repeated for the three different detector configurations,
0 cm, 5 cm and 10 cm polyethylene between the neutron generator and the detector
array. Results can be seen in Figures 4.17 and 4.18.
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Figure 4.17. Simulated neutron spectra for different selection criteria with 0 cm
polyethylene between the neutron generator and the detector.



80 Chapter 4. Neutron irradiation tests

Energy (keV)
0 50 100 150 200 250 300

N
u

m
b

er
 o

f 
co

u
n

ts

10

210

310 Hist_5cm_NoVetoing

Entries  6229
Mean    57.22
RMS     75.22

Hist_5cm_ActiveVetoing

Entries  4103
Mean     1783
RMS      4468

Hist_5cm_ActiveVetoing

Entries  4103
Mean     1783
RMS      4468

Hist_5cm_ActiveVetoing

Entries  4103
Mean     1783
RMS      4468

Hist_5cm_FullActivevetoing

Entries  2755
Mean     1857
RMS      4588

Hist_5cm_FullActivevetoing

Entries  2755
Mean     1857
RMS      4588

Hist_5cm_FullActivevetoing

Entries  2755
Mean     1857
RMS      4588

No vetoing

Active vetoing

Full active vetoing

(a) Simulation of the setup with 5 cm polyethylene facing the detector.
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(b) Simulation of the setup with 10 cm polyethylene facing the detector.

Figure 4.18. Simulated neutron spectra for different selection criteria with 5 cm
and with 10 cm polyethylene between the neutron generator and the detector.
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Figure 4.19 shows the simulated and measured spectra for the setup with 10 cm
polyethylene between the neutron generator and the detector array and with “full
active vetoing”. The two spectra have been normalized to the value at 10 keV.
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Figure 4.19. Simulated (thick solid line) and measured (thin solid line) neutron
spectra for the measurement with 10 cm polyethylene and full active vetoing. The
peaks in the measured spectrum are caused by saturation in the electronics (see
Figure 4.9).

Apart from the two peaks in the measured spectrum, which are not caused by
neutron interactions but by saturation effects in the electronics (see Figure 4.9), the
agreement between the measured and the simulated data is excellent, all the way
up to about 250 keV, which is the range of the electronics. Plots from the other
measurements, 0 cm and 5 cm polyethylene between the neutron generator and
the detector, as well as the other two selection criteria, “no vetoing” and “active
vetoing”, show similar likeness when compared.

A more quantitative comparison is given in Table 4.3 and in Table 4.4. The
first of these contains the relative neutron count rates for events in the PoGOLite
energy range, i.e. 25–80 keV, whereas the latter shows the relative count rates in
the energy range up to 300 keV and acts as a more general test of the simulated
neutron interactions over a wider energy range. The agreement between both the
spectra and the relative neutron count rates demonstrates that the treatment of
neutron interactions in Geant4 with the “QGST BERT HP” physics list is reliable,
which validates the simulations of in-flight background from atmospheric neutrons
as described in [26].
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Configuration Rel. neutr. rate: meas. Rel. neutr. rate: sim.
0 cm – no vetoing 1 1

0 cm – active vetoing 0.59 ± 0.08 0.63 ± 0.03
0 cm – full active vetoing 0.41 ± 0.06 0.38 ± 0.02

5 cm – no vetoing 1 1
5 cm – active vetoing 0.57 ± 0.09 0.61 ± 0.03

5 cm – full active vetoing 0.39 ± 0.07 0.38 ± 0.02
10 cm – no vetoing 1 1

10 cm – active vetoing 0.56 ± 0.10 0.60 ± 0.03
10 cm – full active vetoing 0.38 ± 0.08 0.38 ± 0.03

Table 4.3. Measured (center column) and simulated (right column) relative neutron
count rates in the PoGOLite energy range (25–80 keV) for different shield thicknesses
and event selection criteria.

Configuration Rel. neutr. rate: meas. Rel. neutr. rate: sim.
0 cm – no vetoing 1 1

0 cm – active vetoing 0.62 ± 0.04 0.68 ± 0.02
0 cm – full active vetoing 0.43 ± 0.03 0.44 ± 0.01

5 cm – no vetoing 1 1
5 cm – active vetoing 0.59 ± 0.04 0.66 ± 0.02

5 cm – full active vetoing 0.41 ± 0.03 0.44 ± 0.01
10 cm – no vetoing 1 1

10 cm – active vetoing 0.60 ± 0.05 0.65 ± 0.02
10 cm – full active vetoing 0.42 ± 0.04 0.43 ± 0.01

Table 4.4. Measured (center column) and simulated (right column) relative neutron
count rates in the energy range up to 300 keV for different shield thicknesses and
event selection criteria.
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4.5 Discussion

Although the simple detector geometry cannot directly be used to evaluate the
background rejection capability of the full-size PoGOLite instrument, the neutron
beam test has been extremely useful for validating the neutron interaction processes
in Geant4. When the PoGOLite Pathfinder is completed, another beam test is
foreseen at the same facility. Such a test will allow many aspects of the instrument
to be studied, e.g. the chance of neutrons causing a fake polarization signal upon
multiple scatterings in the detector array. Furthermore, the instrument can be
irradiated by neutrons from different directions, which would enable the effects of
anisotropies in the flux of atmospheric neutrons to evaluated.

In this beam test, only the neutron count rate in the central detector unit was
studied, i.e. number of neutron interacting in this single cell per unit time. For the
full-size instrument, the neutron background can be reduced further by rejecting
events that are not consistent with Compton scattering kinematics with a relation
between the energy deposition and scattering angle as given by Equation 1.4. This
approach has limited use in this analysis, however, due to the small size of the
detector array in combination with the low number of total events, which prevents
any differences to be claimed with statistical significance.

Despite the good agreement between the measured and the simulated data, there
are a number of known weaknesses and simplifications in the simulations presented
here. These are discussed in some detail below.

Infinite energy resolution: Currently, the energy resolution of the detector is
infinite, i.e. the amount of energy that is deposited a detector unit (after
suitable quenching) is assumed to be exactly equal to the energy that is mea-
sured. However, in a real measurement, finite energy resolution and statistical
processes governing the photoelectron emission in the photomultiplier tube
will fluctuate the measured energy to some extent. Since there are no sharp
features in the simulated spectrum, this simplification should have only a
limited effect on the results.

Constant BGO quenching: In this analysis, the quenching factors for the BGO
crystals have been assumed to be not only constant with energy, but also
independent of the particle causing the energy deposition. This assumption
was mostly made because of the lack of published information about quench-
ing effects in BGO crystals. However, since the BGO crystals are only used
for vetoing purposes and not for calorimetry, this simplification should not
change the outcome of the simulation significantly.

Mono-energetic neutrons: Currently, all simulated neutrons incident on the de-
tector array (and the surrounding polyethylene shield) are mono-energetic
with an energy of 14 MeV and originate from a point-source. A more realis-
tic simulation should include the full geometry of the neutron generator, i.e.
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the shielding material surrounding the generator (mostly lead and polyethy-
lene blocks), since some neutrons can scatter in this material and reach the
detector with an energy lower than 14 MeV.

These items require only minor modifications to the simulation or the subsequent
analysis: a statistical fluctuation to the measured energies, the introduction of more
equations to account for the quenching of even more particles, and a modification
to the simulation geometry. This will be done for a future publication.
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Summary and outlook

The 217-unit PoGOLite instrument will be able to study a wide variety of astro-
nomical objects. A polarization measurement of the Crab pulsar will enable the
correct high-energy emission model to be identified among the currently available
descriptions. Cygnus X–1 can be studied both in the hard and soft spectral state,
which will provide important information about the geometry of the system and
the inclination of the accretion disc relative to the line of sight, or about the elec-
tron energy distribution in the active regions of the accretion disc, depending on
the spectral state of the system. Other primary targets include Hercules X–1, a
strongly magnetized accreting neutron star, and Markarian 501, which is a blazar.
For these objects, polarimetry will reveal information the magnetic field axis of the
neutron star, and about the jet emission mechanisms from the blazar, respectively.

The 61-unit PoGOLite Pathfinder is nearing completion and the first flight is
scheduled to take place from Esrange in Northern Sweden in August 2010. An
overview of the project schedule is shown in Figure 5.1.

Figure 5.1. Project schedule for the PoGOLite Pathfinder instrument.
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The Pathfinder instrument will not only be able to measure the polarization
of the Crab nebula with a significance of 7σ and as low as 10% polarization from
Cygnus X–1 in the hard state in a single six-hour observation, but will also allow
the in-flight atmospheric background to be studied in detail in preparation for the
flight of the 217-unit polarimeter. Once the Pathfinder project has come to a
conclusion, focus will be shifted to this full-scale instrument, which will be able
to observe polarization from more sources than the Pathfinder, and obtain results
with unprecedented statistical significance.

Several types of flights are foreseen with the 217-unit instrument: short flights,
which give at least six hours at float altitude, can be launched from Sweden or from
the United States and can focus, for example, on measurements of the Crab system.
Long-duration flights from Sweden to Northern Canada are also possible. During
such flights, which last about a week, time variations of one object can be studied
in detail. Alternatively, several targets can be observed in the same flight. Further-
more, thanks to the simple instrumental design, PoGOLite can quickly be brought
from stand-by to full operation. Flights-of-opportunity can therefore also become
a reality, e.g. to study transient events detected by GLAST [71] or SWIFT [72].

To achieve the required performance, the instrument must have excellent back-
ground rejection capabilities, both active (side and bottom anticoincidence, active
collimation) and passive (polyethylene neutron shield, passive collimation). A total
of 187 crystals for the side anticoincidence shield have been received, which is suf-
ficient for the full-size instrument. The extensive testing of these crystals has been
a crucial step to ensure the performance of the anticoincidence system. All crystals
meet the requirements, both in terms of energy resolution, linear dimensions and
relative light yield, and are currently being assembled into complete SAS units [33].

Photon-based beam tests are of the utmost importance for understanding the
performance of the instrument and to calibrate simulation models. Several beam
tests have been carried out to date, each one testing new aspects of the instrument,
such as new electronics, active vetoing with a segment of the side anticoincidence
shield and multiple site events. These tests have been very successful and have
clearly demonstrated how the Compton scattering technique can be used to measure
polarization. They are also extremely useful for developing data analysis algorithms
for the eventual analysis of flight data.

In-flight background from atmospheric neutrons is often an issue in ballooning
missions and the development of a suitable neutron shield is a design challenge due
to the trade-off between weight and shielding efficiency [28]. Geant4 simulations
demonstrated that the neutron background can be reduced to a manageable level
using a polyethylene shield with a thickness of 10 cm on the sides of the instrument
and 15 cm in the bottom. To validate these results, a neutron-based beam test was
carried out, and the simulations there-of have been an extremely important step
towards realizing a flight-ready instrument. The excellent agreement between mea-
surements and simulations proves that the treatment of neutron-based interactions
in Geant4 is reliable, which demonstrates that the neutron background levels will
become manageable with the introduction of this shield.
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BGO crystal drawings

Figure A.1. The type 1A “edge” crystal.
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Figure A.2. The type 1B “edge” crystal.
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Figure A.3. The type 2A “corner” crystal.
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Figure A.4. The type 2B “corner” crystal.
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Figure A.5. The bottom BGO crystal.
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Appendix B

Measured BGO dimensions

(a) Side. Should be (30 ± 0.1) mm. (b) Width. Should be (29.3 ± 0.1) mm.

(c) Height. Should be 38.45 ± 0.15 mm.

Figure B.1. Distributions of the measured dimensions of the “edge” crystals (see
Appendix A). The thick dashed line shows the value specified in the drawings and
the thin dashed lines indicate the tolerance limits.
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(a) Bottom. Should be (18.6 ± 0.1) mm. (b) Long side. Should be (30.0 ± 0.1) mm.

(c) Short side. Should be 28.1 ± 0.1 mm.

Figure B.2. Distributions of the measured dimensions of the “corner” crystals (see
Appendix A). The thick dashed line shows the value specified in the drawings and
the thin dashed lines indicate the tolerance limits of ±0.1 mm.
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(a) Length. Should be (200.0 ± 0.1) mm. (b) Length with cylindrical protrusion.
Should be (212.0 ± 0.1) mm.

(c) Protrusion diameter. Should be 23.0 ± 0.1 mm.

Figure B.3. Distributions of the measured lengths of the A- and B-type crystals,
as well as the diameter of the cylindrical protrusion (see Appendix A). The thick
dashed line shows the value specified in the drawings and the thin dashed lines
indicate the tolerance limits of ±0.1 mm.
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Appendix C

BGO test results
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Figure C.1. Light yield measurement results for the type 1A crystals.
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Figure C.2. Energy resolution measurement results for the type 1A crystals.
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Figure C.3. Light yield measurement results for the type 1B crystals.
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Figure C.4. Energy resolution measurement results for the type 1B crystals.
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Figure C.5. Light yield measurement results for the type 2A crystals.
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Figure C.6. Energy resolution measurement results for the type 2A crystals.
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Figure C.7. Light yield measurement results for the type 2B crystals.
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Figure C.8. Energy resolution measurement results for the type 2B crystals.
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