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ABSTRACT

The particle acceleration in pulsar wind nebula is one of strong candidates of acceleration of cosmic
ray. The acceleration of cosmic ray is still unsolved and one of the most important problem for science
of astronomy. Crab nebula is a pulsar wind nebula, and is the brightest celestial object in X-ray.

The Crab nebula is one of the most studied objects in the Galaxy and there are evidences of particle
acceleration. To identify the location of particle acceleration, polarization measurement will be powerful
method since it is including informations of a magnetic field. However it is technically difficult to observe
polarized X-ray and gamma-ray. Actually there is only a few measurements of polarization for Crab Neb-
ula: 2.6 keV, 5.2 keV (OSO-8 satellite), and 100—1000 keV (INTEGRAL satellite). These results show
different polarization angles at different energies. There is a energy gap between the past measurements,
and needed to observe in the energy range to fill the energy gap.

The Polarized Gamma-ray Observer (PoGOLite) is a balloon-borne instrument that can measure
gamma-ray polarization in the energy range of 25—80 keV. The instrument of PoGOLite adopts well-
type phoswich counter and realize very low background. Utilizing anisotropy of Compton scattering
against polarized gamma-rays, we can observe polarization from the target. The PoGOLite instrument
has been constructed and tested with unpolarized and polarized gamma-ray of 59.5 keV from 241Am
radioactive source, and results have been compared with simulations.

During July 14-26, 2013, there was a successful flight from Kiruna, Sweden to Norilsk, Russia. We
have operated two-week flight and detected signals from Crab nebula, in this thesis I show the results of

ground calibration and preliminary results of flight-data analysis.



CONTENTS

Chap.1 Introduction

1.1 X-ray and gamma-ray polarimetry . . . . ... ... .. ..
1.2 Measurement techniques . . . . . . . ... ... ... .. ..
1.2.1 Braggreflection. . . . . ... ... 0oL
1.2.2 Photoelectric effect . . . . . . .. ...
1.2.3 Compton scattering . . . ... ... ... .. ....
1.2.4  Pair production . . . . . ... ...
1.2.5 Modulation factor . . . . ... ... ... ... ...
1.2.6  Minimum Detectable Polarization . . . .. ... ..
1.3 Target objects. . . . . . .. ...
1.3.1 Crabnebula. . ... .. ... ... .. ... ...
132 Cyg X-1 .. . o
1.3.3 Short summary of past measurements . . . ... ..

Chap.2 The PoGOLite experiment

2.1 Overview of the PoGOLite. . . . . . ... ... ... ....
2.2 Main detector of PoOGOLite . . . . . ... ... ... ....
2.3 Detection method of polarization . . . . ... ... .. ...
2.4 The ground calibration with prototype detector . . . . . . .

Chap.3 Ground calibration

3.1 Requirement of the ground calibration . . . . . .. ... ..

3.2 The ground calibration with the flight detector of PoGOLite
3.2.1 Setup of the calibration . . .. ... .........
3.2.2 The techniques to make modulation curve . . . . . .

3.3 The results of the calibration . . .. ... ... ... ....
3.3.1 Energyspectra . . ... .. ... ... ...
3.3.2 Distribution of the interaction site among 61 PDCs
3.3.3 Modulations curves . . . . . ... ... L.
3.3.4 Comparison with the simulation ... ... .. ...
3.3.5 Changing threshold . . ... ... ... .......

3.3.6  Summary and future works for the ground calibration

Chap.4 Analysis of 2013-flight data

o © ©o ©

10
11
13
14
15
16
16
20
25

29
29
30
31
33

35
35
36
36
40
42
42
42
49
49
o7
61

62



Chap.5 Summary and future works 73

Appendix A 74
A.1 Modulation curves with some set up and event selection of the ground calibration . . . . . 74

A.2 Comparison of modulation curves between the ground calibration (left) and the Geant4

simulation (right) . . . . . . . . 74
Appendix B 93
B.1 2D histogram and the projection (means energy spectrum) with the threshold 0 ADC
channel and 60 ADC channel . . . . . . ... ... .. 93
Appendix C 108

C.1 Comparison between scattering event and absorption event of 2-hit event based on flight-data108

Appendix D 111
D.1 List of grand calibration data . . . . . . . . . . .. ... ... .. 111



LIST of FIGURE

1.1
1.2

1.3

1.4
1.5

1.6

1.7

1.8

1.9

1.10

Mass attenuation coefficient (cm?/g) for photon interactions in carbon, adopted from NIST. 10

Left: Concept diagram of focusing Bragg-crystal polarimeters. Right: Exploded view of

OSO-1 polarimeter assembly. . . . . . . . ... L oL 11
Distribution in space of K-shell photo-electrons after the absorption of a polarized photo

beam.[8] . . . . 12
Geometry of the Compton scattering process. . . . . . . . . .. ... ... ... .. 12

Three-dimensional geometry of the Compton scattering process. Left: The incident pho-
ton has momentum k¢ and polarization €) along the z-axis and x-axis, respectively. It
scatter toward the direction of a polar angle 6 relative to the z-axis, whereafter it retains
momentum k?(). Right: ¢ is the azimuthal angle of the scattered photon with respect to
the polarization vector of the incident photon. . . . . . . . . .. ... ... L. 13
The geometry of the pair production process [10]. Left: This is a general case for pair
production. Vectors k, p™ and p~ indicate the momenta of the incident photon, positron
and electron, respectively. Angles 6 * and 6 ~ are the polar angles of the positron and
electron respect to the direction of incident photon (vector k). The polarization direction is
indicated by ¢, and ¥ is the angle between this direction and the projection of p™ onto the
plane perpendicular to the direction of the incident photon. Finally, ¢ is the angle between
the projections of p* and p~ on this plane. Right: This is a special case (® = 180 degree),
but it is the most common (=80 %) in the co-planar case, i.e. the electron-positron pair
is in the same plane as the incident photon. . . . . . ... .. ... 0oL 14
An example of polarization-induced modulation. The the horizontal axis is azimuthal
angle. A is an Amplitude of this curve, and B is a mean value of a fitted sinusoidal
modulation curve. . . ... Lo L 15
Color composite of the Crab nebula, blue: Chandra X-ray image, green: Hubble Space
Telescope optical image, red: Very Large Array radio image. . . . . . . . . ... ... ... 16
Cartoons of the Crab. Left: a simple X-ray structure of the Crab pulsar, inner ring
(termination shock), torus and jets [13]. Right: conceptual diagram of pulsar wind nebula,
pulsar wind (electron-positron pair) is emitted by pulsar, are accelerated to high energy
at the termination shock, and emit synchrotron radiation. . . . . . ... .. .. ... ... 17
The broad spectrum of the Crab nebula [14]. Below 1 GeV radiation is well described by

synchrotron emission and above that due to inverse Compton scattering. . . . . . . . . .. 17



1.11 The polarization vectors for the Crab Nebula at (a) 2.6 keV and (b) 5.2 keV. Surrounding
vectors in the order of increasing size correspond to the 67% and 99% confidence contours
[15]. o o
1.12 The energy dependency of modulation factors for SPI and IBIS onboard INTEGRAL
satellite [17]. . . . o o e
1.13 Left: The light curve of the Crab pulsar. There are two pulse phases (0.88 <¢< 0.14 and
0.25 <¢< 0.52), off-pulse phase (0.52 <¢$<0.88), and last phase called as ”Bridge” phase
(0.14 <¢< 0.25). The data for polarization analysis for INTEGRAL/SPI is selected from
within the phase interval from 0.5 to 0.8 of the pulsar period (shaded area) in 100-1000 keV.
Right: The composite image of the Crab, blue: Chandra X-ray image, green: Hubble Space
Telescope optical image, and the gamma-ray polarization vector is superimposed with the
limits on the direction of the vector (shaded area). The direction of the polarization vector
is along with the jet. . . . . . . . . . e
1.14 The polarization of Crab nebula observed by INTEHRAL/IBIS. The polarization angle
and polarization degree are measured for the Crab data between 200-800 keV, in the off-
pulse (top), off-pulse and bridge (middle), and two-peak (bottom) phase intervals. The
error bars for the profile are at 1. The 68%, 95%, and 99% confidence regions are shaded
from dark to light gray. The SPI result [16] is indicated in the top figure by a cross [18]. .
1.15 The spectrum of Cyg X-1 observed by Suzaku satellite. Black: XIS (CCD), red: HXD-
PIN, green: HXD-GSO. The spectrum in the high/soft state has a dominant soft emission
below 10 keV while that in the low/hard state is dominated by higher energy component
[19]. .
1.16 The averaged polarization vectors for the Cyg X-1 at 2.6 keV and 5.2 keV [20]. . . . . ..
1.17 The energy spectrum of Cyg X-1 observed by INREGARL/IBIS. The spectral shape of
Cyg X-1 requires the presence of two components, a cutoff power-law in 20 — 400 keV and
a power-law spectrum up to 2000 keV [22]. . . . ... oo
1.18 The polarization of Cyg X-1 observed by INTEGRAL/IBIS. The polarization angle and
polarization degree are measured in 250-400 keV (left), and in 400—2000 keV (right).
These results show that upper limit of 20 % in 250-400 keV and 67% =+ 15% polarization
degree with 40 + 15 degree polarization angle in 400-2000 keV. [22] . . . . ... ... ..
1.19 The Cyg X-1 spectrum observed by INTEGRAL/SPI. Blue: ”standard (single) events”
in 22-2000 keV and “multiple event ” in 130-2000 keV. The solid lines is the fit model
composed of a thermal Comptonization plus a fixed cutoff power-law model (photon index
= 1.6, E¢yt = 700 keV; dashed line). 0.5% of systematic have been added to the data. [23]
1.20 The polarization of Cyg X-1 observed by INTEHRAL/SPI. Left columns are the polariza-
tion angle and polarization degree, and right columns are contours show that the confidence
regions at 1o, 20 and 3o, are shaded from dark to light gray. (i) to (iv) are in 130-230
keV, 230-370 keV, 370-850 keV, and 230-850 keV, respectively. [23] . . . ... ... ...

20

21

26



2.1

2.2

2.3

2.4

2.5

2.6

3.1
3.2
3.3
3.4

3.5

3.6

3.7

3.8

The launch of PoGOLite from Esrange on July 12th 2013, 0818 UT. The distance from
the top of the balloon to the gondola is ~300 m. . . . . . . . ... .. .. ... ......
Left: The main detector consists of 61well-type phoswich detector cells (PDCs) and 30
side anti-coincidence shields (SASs) with BGO for PoGOLite. Right: One of phoswich
detector cells (PDCs), which is consisting of a hollow ”slow” plastic scintillator (60 cm
long), a solid "fast” plastic scintillator (20 cm) and a BGO (bismuth germanate oxide,
BigGegOi2) crystal (4 cm). . . . .. oL
Output from the charge-sensitive amplifier (shown with a negative polarity). The rise time
is shorter for a signal from the fast plastic scintillator than for one from the slow scintillator
or BGO crystal. . . . . . . . L
Computer-generated top view of a 61-unit detector array. The PDCs (purple) are sur-
rounded by a segmented side anti-coincidence shield (green).. . . . .. . ... ... ...
The detection method of polarization. Left: Top view of the detector, polarization vector
and distribution of scattered photon make perpendicular direction. Right: Cross section
of the detector, tracking both of scattering and absorption position of X-rays. There are
other background signals shown together. . . . . . . ... ... .. ... .. ........
A photograph of the PoGO prototype mounted on the rotation stage attached to the

experiment table. . . . . . L L L

A photograph of the ground calibration with ?4* Am and PoGOLite flight detector. . . . .
Cartoons of the ground calibration setup. Upper: Top view. Lower: Cross section.
Photograph and cartoon of scattering piece. Left: 2012, Right: 2013. . . . . . . . . .. ..
Definition of the Ring0-4, PDC number, PDC name of the detector. Left: Position of the
scattering piece from the center to the Ring4 to irradiate every ring of the detector. Right:
Definition of PDC number (0-60) and name. . . . . . . .. . ... ...
The definition of some event selections of 2-hit events. There are three parameters to
define one event selection, irradiation site, scattering site and absorption site. . . . . . . .
Example of azimuth scattering angle reconstruction, and example of how two events with
two different angles are reconstructed the same angle. In order to take into account this
effect the azimuth angle distribution can be smeared out. [2] . . .. ... ... ... ...
Comparison between with Randomization and without Randomization data: the distribu-
tion of the with Randomization data (green histogram) are fitted with the (green) modu-
lation curve. The without Randomization data (red histogram) are fitted with the mod-
ulation (red) curve. The fit of the with Randomization data gives a modulation factor of
20.3% + 0.7% with 178.7 &+ 1.8 polarization angle. The fit of the without Randomization
data gives a modulation factor of 50.3% =+ 0.6% with 135.2 + 0.3 polarization angle. [2]
The spectrum of 24! Am measured by the central PDC, with irradiating gamma-ray at the
central PDC. . . . . . .

36
37
38

40



3.9

3.10

3.11

3.12

3.13

3.14
3.15

3.16
3.17

3.18

The setup of "new” background compared with (1): Normal polarized irradiation, (2): The
center PDC is covered with a 2-mm thick lead sheet, and (3): The lead block of scatter
holder is rotated by 90 degree, and the ' Am source is blocked. . . . .. ... ... ...
The distribution of the interaction site among 61 PDCs in 2012.. Black: Center irradiating
polarized gamma-ray with 90/270 polarization angle for 1440 minutes. Red: Center irradi-
ating polarized gamma-ray with 0/180 polarization angle for 600 minutes. Green: ”New”
background with lead sheet for 250 minutes (Fig. 3.9(2)). Blue: "New” background with
lead block for 250 minutes (Fig. 3.9(3)). Magenta: Room background for 200 minutes. . .
The distribution of the interaction site among 61 PDCs in 2012. Green: After subtracting
"new” background from Center irradiating polarized gamma-ray with 90/270 polarization
angle for 1440 minutes. Magenta: Room background for 200 minutes. . . . ... ... ..
The same as figure 3.11but for the comparison between different scatter pieces and with
out the scatter piece. Black: 2012 Center irradiating polarized gamma-ray with 90/270
polarization angle for 1440 minutes after subtracting "new” background of 2012. Red: 2012
Center irradiating non-polarized (without the scatter piece) gamma-ray for 30 minutes.
Green: 2013 Center irradiating polarized gamma-ray with 90/270 polarization angle for
750 minutes after subtracting "new” background of 2013. Blue: 2013 Center irradiating
non-polarized (without the scatter piece) gamma-ray for 30 minutes. . . .. ... .. ..
Modulation curves with irradiating polarized/non-polarized gamma-ray at the Center
PDC. The event selection is ” All-2hit” event. Upper left: Polarization angle is 90/270
degree without Randomization. Upper right: Polarization angle is 90/270 degree with
Randomization. Upper middle left: Polarization angle is 0/180 degree without Random-
ization. Upper middle right: Polarization angle is 0/180 degree with Randomization.
Lower middle left: Non-polarized gamma-ray without Randomization. Lower middle right:
Non-polarized gamma-ray with Randomization. Lower left: ”New” background without
Randomization. Lower right: New” background with Randomization. . . . .. .. .. ..
The same as those is figure 3.13but for the event selection of ”CenterCentral” event.

Comparison between ground calibration and Geant4 simulation of the distribution of the
interaction site among 61 PDCs. Red: The ground calibration, irradiating non-polarized
gamma-ray at Center PDC in 2013. Blue: The Geant4 simulation with the same setup for
as ground calibration. . . . . . .. .. e
The coordinate of the detector . . . . . . . . . .. ...
Comparison the modulation curves between the ground calibration (left) and the Geant4
simulation (right). . . . . . . .
The distribution of the interaction site among 61 PDCs with raising up the threshold of
the scattering energy from 0 to 60 ADC channel, corresponding from 0 to 4.95 keV. Left:
The raw data. Right: The normalized at the central PDC. . . . . . ... ... ... ...

46



3.19 2-D histogram and the projections (i.e., the energy spectra) with the threshold 0 and
60 ADC channel. The data are irradiating non-polarized gamma-ray at Center PDC.
Scattering site is one PDC in Ringl and absorption site is any PDC with threshold 0 ADC
channel and 60 ADC channel. Upper left: Scattering site is Jiro with threshold of 0 ADC
channel. Upper right: Scattering site is Jiro with threshold of 60 ADC channel. Lower
left: Scattering site is Hicks with threshold of 0 ADC channel. Lower right: Scattering site
is Hikes with threshold of 60 ADC channel. . . . . .. .. .. ... ... ... .......

3.20 The same as figure 3.19but for the two selections: (1) the scattering site is Barret (Center)
and absorption site is Jiro (Ringl), and (2) the scattering site is Barret (Center) and
absorption site is Hicks (Ringl). . . . . . . . ... . .. . o

4.1 The trajectory of PoGOLite after the launch from Esrange. The tendency for the balloon
to follow a Northerly track is seen in the days prior to termination. The launch took place
from Esrange on 12th July at 0818 UT and the gondola landed in Siberia on July 25th at
0015 UT. In the yellow and red circles, E-Link communications are available. . . . . . ..

4.2 The altitude of the PoGOLite balloon. From the launch to the end of E-Link region. . . .

4.3 An example of the number of hits in different units of the detector during the flight. The
exposure time i8 300 Sec. . . . . . ... L Lo e

4.4 The count rate per one SAS unit . Upper: The plot as a function of time (MJD). Lower:
The plot as a function of altitude. . . . . . . . . . . . ... ... ... ...

4.5 The count rate per PDC. Upper: The plot as a function of time (MJD). Lower: The plot
as a function of altitude. . . . . . . ...

4.6 The 2-hit count rate per PDC for scattering site. Upper: The plot as a function of time
(MJD). Lower: The plot as a function of altitude. . . . . . ... ... ... ... .....

4.7 The 2-hit count rate per PDC for absorption site. Upper: The plot as a function of time
(MJD). Lower: The plot as a function of altitude. . . . . . ... ... ... ... .....

4.8 The LiCAF count rate. Upper: The plot as a function of time (MJD). Lower: The plot as
a function of altitude. . . . . . . . ..

4.9 Left: Anexample of ”Fast” and ”slow” outputs of detector cell of LICAF. Right: Projection
of the left figure after selecting only LiCAF events and fitted with Gauss function.

4.10 Event rates of LICAF and BGO in the neutron detector. Blue: Total, Green: Events
of BGO crystal, Red: Events of LiICAF region, Magenta: Events in the Gauss function.
Upper: The plot as a function of time (MJD). Lower: The plot as a function of altitude.

72



LIST of TABLE

1.1

1.2
1.3
1.4

3.1
3.2

3.3

3.4
3.5

3.6

The polarization measurements of the Crab nebula observed by INTEGRAL/IBIS in 200—
800 keV . . . e
Past measurements of Crab nebula . . . . . . . ... ... oL 0oL
Polarization measurements of Cyg X-1 observed by OSO-8 . . . . . ... ... ... ....

Past measurements of Cyg X-1 . . . . . . . . ... L

The list of ground calibration measurements . . . . . . . . . . ... ... ... .......
The list of parameters of the modulation curves using Center irradiating data with 7 All-
2hit event” . ... L e
The list of parameters of the modulation curves using Center irradiating data with ” Cen-
terCentral” event . . . . . . . . L
The positions of the scatter piece (x, y) mm . . . . . . .. ...
The list of parameters of the modulation curves of the ground calibration and the Geant4
simulation . . . . ..o
Entry ratios of each Ring with raising up the threshold of the scattering energy from 0 to
60 ADC channel, corresponding from 0 to 4.95keV. . . . . .. ... ... ... ......



Chap.1 Introduction

1.1 X-ray and gamma-ray polarimetry

Astrophysical phenomena can be observed with electromagnetic radiations by imaging, spectroscopy,
timing analysis, and polarimetry. Since the X-ray observation began 50 years ago, many observatories
have provided us the data for imaging, spectroscopy, and timing analyses. On the other hand, polariza-
tion measurements of X-rays and gamma-rays have been technically difficult and no sensitive observations
have been performed. Nevertheless, polarized X-rays and gamma-rays are expected to be emitted from
a wide variety of astronomical sources, including pulsars, X-ray binary systems, strongly magnetized
neutron stars, collimated outflows from active galactic nuclei and gamma-ray bursts. Therefore, polari-
metric studies of these sources are expected to provide important new insight into the physics of such
high energetic objects. In particular, it is important to understand the acceleration site and magnetic
field structure of pulsars and their ambient wide nebulae by identifying the emission mechanisms with

polarimetry.

1.2 Measurement techniques

Measurements of polarization of X-rays and gamma-rays depend on the physical processes of photons
with materials, and there are four types of polarimetry. In the soft X-ray band, Bragg refraction and
photoelectric effect are utilized. Compton scattering dominates in an intermediate energy region of several
tens keV to MeV, and the pair production process takes over in the highest energy region above 10 MeV.
Because these processes dominate in different energy regions (Fig. 1.1), polarimetric instruments should

be designed to utilize an appropriate process in the target energy band.

1.2.1 Bragg reflection

In the Bragg reflection, an incident photon is refracted by a mosaic crystal, and the angular dependence

of the integrated reflectivity is given by equation (1.1).

NN EE 1 sin 20

Af - —
20 sin 26 2

(14 P cos 2¢) (1.1)

Here ) is the wavelength of Bragg refraction, u is the absorption coefficient, N is the number of scattering
cells per unit volume, F' is the crystal structure factor, that is, the effective number of scattering electrons

per cell, rq is the classical electron radius, P is the polarization of the incident radiation, € is the Bragg
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Figure. 1.1: Mass attenuation coefficient (cm?/g) for photon interactions in carbon, adopted from NIST.

angle, ¢ is the azimuth angle between the plane of incidence and the plane formed by the incident photon
direction and polarization vectors.
In the case of a 45 degree Bragg angle (6 = 45 degree), equation (1.1) becomes equation (1.2).
N N3 F?rd
4p
Obviously operating at an angle 45 degree acts as a perfect polarization analyzer over the energy

Af (1 = P cos 2¢) (1.2)

bandwidth characteristic of the Bragg reflection, and also in the equation (1.2), Af is the largest when
the ¢ is 90 degree. Therefore refracted X-ray tends to have perpendicular angle with the crystal [6].
Rotating the instrument with uniform angular velocity, we can know the modulation of the celestial
targets, and modulation factor using Bragg reflection technique is quite high (e.g. modulation factor of
the OSO-8 satellite is 0.93 [7]).
To reduce background, the detector should be small, and the parabolic panels are formed from a mosaic

of small flat crystals (Fig. 1.2) [6].

1.2.2 Photoelectric effect

In the photoelectric effect, an incident photon interacts with an atom through the electromagnetic
process, and disappear with an ejection of a bound electron having a kinetic energy by equation (1.3).

Ey.- =hv—E (1.3)

where h is Planck’s constant, v is the frequency of the incident radiation and FEj, is the binding energy of

the electron in question (1.3).

10
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do 2 75 4 M /2 4\/§sin200052¢
— =12«
o 0 hv (1 — Beosh)*

where rg is the classical electron radius, Z is the atomic number of the absorbing material, « is the

(1.4)

fine-structure constant, m. is the mass of the electron, c is the speed of light, 6 is the polar emission
angle of the electron, ¢ is the azimuthal angle of emission from the polarization plane and § = v/c with
v being the final velocity of the emitted electron. When ¢ = 0 or 180, j—g in equation (1.4) becomes
largest, and the direction of emission is peaked around the same direction of polarization angle (Fig.1.3

[8])-
Therefore, by measuring the azimuthal distribution of emitted electrons, the polarization of the incident

radiation can be measured.

1.2.3 Compton scattering

In the Compton scattering, an incident photon is scattered off an atomic electron, and gives some of
the energy to the electron. The scattering angle 6 of the incident photon is defined as figure 1.4.
The energy of the scattered photon is given by equation (1.5).

B mc?Ey
"~ Eo(1 — cos 0) + mc?
where Eg = hv is the energy of the incident photon (Fig. 1.4).

Ey (1.5)

The Compton process follows the Klein-Nishina formula [9] [5], which gives the differential cross-section
for a photon to scatter toward the direction of a polar angle 6 relative to the direction of incidence and

azimuthal angle ¢ relative to the polarization vector which is written in equation (1.6).

11
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Figure. 1.4: Geometry of the Compton scattering process.
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do 1 k2 /k ko .
= irg% <k‘0 + % 2 sm290082¢> (1.6)

where ko and k are the momenta of the incident and scattered photon, respectively (Fig. 1.5).

X Z
A
Polarization vector | Incident photon
& K z
e »Y
o Scattered photon
€
X
—> Y B
ko

Figure. 1.5: Three-dimensional geometry of the Compton scattering process. Left: The incident photon
has momentum kg and polarization ¢j along the z-axis and x-axis, respectively. It scatter toward the
direction of a polar angle 6 relative to the z-axis, whereafter it retains momentum k?). Right: ¢ is the

azimuthal angle of the scattered photon with respect to the polarization vector of the incident photon.

When ¢ = 90 or 270, g—g in equation (1.6) becomes largest, and polarized photon tends to scatter

toward the perpendicular direction respect to polarization vector.

1.2.4 Pair production

In the pair production process, an incident photon interact with the Coulomb field of an atom and is
transformed into an electron-positron pair [10] [11](Fig. 1.6).

The incident photon must have an energy exceeding the 2m.c? = 1022 keV for the pair production,
and a close proximity to an atom is needed for the conservation of momentum. The process tends to be
co-planar (¢ = 180 degree) i.e. the electron-positron pair is mostly in the same plane as the momentum of
the incident photon (vector k in Fig. 1.6). When ¥ is defined as an angle between the polarization vector
of the incident photon and the plane of the produced electron-positron pair, the differential cross-section
of this process is given in equation (1.7) [10].

3—; = A(1 — Acos®¥) (1.7)

where an asymmetric factor which represents a ratio of A ~ 0.8 (ratio between number of pairs
produced in the plane of polarization and number of pairs produced in the plane perpendicular to the
polarization, i.e. 80% events of all are produced in that plane) and A ~ 0.2 is the degree of asymmetry in
the distribution and is approximately constant at high energy. Therefore, since the electron-positron pair

plane has a higher probability to be oriented perpendicular to the polarization vector (¢ = 90 degree), the
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Figure. 1.6: The geometry of the pair production process [10]. Left: This is a general case for pair
production. Vectors k, p* and p~ indicate the momenta of the incident photon, positron and electron,
respectively. Angles 0 T and 6 ~ are the polar angles of the positron and electron respect to the direction
of incident photon (vector k). The polarization direction is indicated by &, and W is the angle between this
direction and the projection of p™ onto the plane perpendicular to the direction of the incident photon.
Finally, ¢ is the angle between the projections of p* and p~ on this plane. Right: This is a special case
(® = 180 degree), but it is the most common (/80 %) in the co-planar case, i.e. the electron-positron

pair is in the same plane as the incident photon.

process will be modulated by the polarization of the incident radiation and pair production can therefore

be used for polarimetry [10].

1.2.5 Modulation factor

As described above, momentum directions of electrons or positrons emitted by polarized X-rays or
gamma-rays are not uniform and thus modulated (anisotropic) (Fig. 1.7).

The modulation factor (MF) is an indicator characterizing a performance of X-ray and gamma-ray
polarimeters and defined as a ratio between the amplitude A and the mean value B of a modulation

curve. That is, M F is given in the equation (1.8).

_ A Nz — Nmin
B Npao + Noin

where Nyppq. and Ny, are the maximum and minimum numbers of events of the angular distribution
(Fig. 1.7).

Polarized radiation is characterized by two parameters: polarization degree and polarization angle.

MF (1.8)

Polarization degree is a fraction of the radiation with polarization aligned in a certain direction. Po-
larization angle is a rotation between a chosen frame of reference and the polarization direction. These

parameters are able to be deduced from the modulation curves. The intrinsic polarization degree of P

14



Number of events

IllIlIIIlllllllllllllllllllll TTTT

A I IR B AP VU B R A
-150 -100 -50 0 50 100 150
Angle (degree)

Figure. 1.7: An example of polarization-induced modulation. The the horizontal axis is azimuthal angle.

A is an Amplitude of this curve, and B is a mean value of a fitted sinusoidal modulation curve.

from the target is written in equation (1.9)

B M
Mg

P (1.9)

where M is the observed modulation and Mjqg is the modulation for observing a 100% polarized beam.
To obtain Mg, there is a need to simulate and/or measure a beam with a known polarization degree.
The intrinsic modulation from the celestial object is affected by the efficiency of the instrument. If there
is a perfect instrument, the Mjgy becomes 1, and the observing modulation is equal to the intrinsic
modulation. Worse performances of the instruments, i.e. low Mjgg, will lead to a large uncertainty of

polarization measurement.

1.2.6 Minimum Detectable Polarization

Another indicator of performance of X-ray and gamma-ray polarimeters, which is called as MDP

(Minimum Detectable Polarization), written in equation (1.10)

. 4.29 Rs+ Rp
MDP = W = Rs“ T (1.10)

where M is modulation factor, Rg is a signal rate, Rp is a background rate and T is exposure time.

This represents the minimum polarization degree measured by the instrument. A large M, a large Rg,
a small Rp, and a large T" makes the MDP small. For a given source, a large Rg corresponds to a large
effective area of the instrument. Therefore, in other words, instruments with a larger modulation factor,

a larger effective area and a lower background rate can be a better polarimetry.
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1.3 Target objects

1.3.1 Crab nebula
outline

The Crab nebula is a remnant of the historical supernova in 1054 A.D., located around 2 kpc away
from the Earth. The supernova was recorded in Meigetsuki, which was a diary of a noble in Japan and
remains now, and was visible during the daytime for three weeks, and was visible at night for 22 months.
This celestial object is named ”Crab nebula” after the characteristic filament structure in optical, and
has been studied intensively in all wavelength from radio to gamma-ray since the early stage of astronomy
(Fig.1.8). The Crab consists of a pulsar, a synchrotron nebula, a bright expanding shell of thermal gas
[12]. We can also see a highly collimated bipolar outflow (jet), which is aligned to the spin axis of the
pulsar, a circumstellar torus in X-ray, and high energy emission is brightest near the center of the nebula
(Fig. 1.8).

Figure. 1.8: Color composite of the Crab nebula, blue: Chandra X-ray image, green: Hubble Space

Telescope optical image, red: Very Large Array radio image.

The Crab pulsar considered as a neutron star with a radius 10 km, a mass 1.4 Mg, a rotation period P
= 33 ms, P = 4.21x 10~'3, magnetic field B ~ 10'? G, spin-down luminosity L, ~ 5 x 103® erg/s. The
strong magnetic field and short rotation period produce a relativistic outflow of electron-positron pairs
which is called pulsar wind. This ultrarelativistic pulsar wind is confined by the thermal ejecta from the
explosion into which is expanding thermal ejecta of the supernova. There is a termination shock between
the wind and the synchrotron nebula under the momentum balance, which corresponds to the inner ring

(Fig. 1.9 left), and was reported to locate about 3 x 10'” cm from the pulsar. It is considered that pulsar
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wind and possibly other particles are accelerated to as high energy as ~ 10'® eV at the termination
shock. High energy charged particles interact with magnetic field in the nebula (~ a few mG), and emit
synchrotron radiation (Fig. 1.9 right). X-ray emission becomes softer toward the outer region owing
to adiabatic and radiative losses. At the edge of the nebula, there are only low-energy radio-emitting
electrons. The spectrum of X-ray and gamma-ray below 1 GeV for the Crab nebula is well described by

synchrotron emission, and the inverse Compton scattering dominates above 1 GeV.

Pulsar Wind
(e/e?)

synchrotron emission

Shock

Jet

Figure. 1.9: Cartoons of the Crab. Left: a simple X-ray structure of the Crab pulsar, inner ring (ter-
mination shock), torus and jets [13]. Right: conceptual diagram of pulsar wind nebula, pulsar wind
(electron-positron pair) is emitted by pulsar, are accelerated to high energy at the termination shock,

and emit synchrotron radiation.
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Figure. 1.10: The broad spectrum of the Crab nebula [14]. Below 1 GeV radiation is well described by

synchrotron emission and above that due to inverse Compton scattering.
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Past polarization measurements of Crab nebula

There is only a few polarization measurements of the Crab nebula in the X-ray and gamma-ray band,
and they were performed by OSO-8 and INTEGRAL satellites.

Measurement by OSO-8 The OSO-8 satellite carried an X-ray polarimeter consisting of a panel of
mosaic graphite crystals, which were utilized for Bragg reflection. The modulation factor achieved 0.93
and was able to measure X-ray linear polarization [15].

The polarization degree of Crab nebula observed by OSO-8 is 19.19% =+ 0.97% with 156.36 + 1.44
degree polarization angle in 2.6 keV, and 19.50% =+ 2.77% polarization degree with 152.59 + 4.04 polar-
ization angle in 5.2 keV, these errors were in the 67% confidence contours, and these results agree with

optical polarization measurement (Fig. 1.11) [15].

(a) 2.6 keVv [o] (b) 5.2 kev

£ 90

Figure. 1.11: The polarization vectors for the Crab Nebula at (a) 2.6 keV and (b) 5.2 keV. Surrounding

vectors in the order of increasing size correspond to the 67% and 99% confidence contours [15].

Observation by INTEGRAL/SPI The SPI (spectrometer onboard INTEGRAL; International Gamma-
Ray Astrophysics Laboratory) has a capability of polarization measurement by using Compton scattering,
and has a modulation factor of 17-25% in 150-600 keV band (Fig. 1.12) [17].

Polarization measurement of the Crab nebula was performed with the data from February 2003 to
April 2006, where only the events during the off-pulse fraction of the pulsar cycle were selected (Fig. 1.13
left).
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Figure. 1.12: The energy dependency of modulation factors for SPI and IBIS onboard INTEGRAL
satellite [17].

The 46% + 10% polarization degree with the polarization angle of 123 4+ 11 degree was observed,
which is closely aligned with the pulsar spin axis (124 + 0.1 degree) (Fig. 1.13 right), the errors are
dominated by non statistical effects. This result, the alignment of the polarization angle along the
jet axis, suggests an orthogonal magnetic field configuration toward the jet axis if the soft gamma-ray
emission was synchrotron emission. The observed polarization degree is quite high but lower than the

maximum limit of polarization degree of the synchrotron radiation of ~75%. [16]

Observation by INTEGRAL/IBIS The IBIS (imager on INTEGRAL) is also using Compton scat-
tering for polarimetry and has the modulation factor 30% + 2% for a Crab-like E~2-? spectrum between
200 and 800 keV [18]. There is also a report about the polarization of the Crab nebula by IBIS.

The results are shown with respect to each pulsar phase (Fig. 1.13 left), and the polarization degrees
of off-pulse phase and ”off-phase and bridge” are quite high (>72%) with the polarization angle along
the jet axis (Table 1.1, Fig. 1.14). This result seems marginally consistent with INTEGARL/SPI result
(polarization degree ~46%) and close to the maximum physical limit. However, the lower limit of the
INTEGRAL/IBIS results is computed for any value of the polarization angle. Then, the SPI and IBIS
results are consistent at the 95% level, if the polarization angle are fixed at the SPI measured best-fit
value. This results suggests that the off-pulse polarized emission recorded above 200 keV can come from
the striped wind, jets, and/or the equatorial wind near the bright knot. The MHD models predict that
polarization is strongest at the pulsar, in the knot, and along the jets and that it should be mostly parallel

to the rotation axis [18].
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Figure. 1.13: Left: The light curve of the Crab pulsar. There are two pulse phases (0.88 <¢< 0.14 and
0.25 <¢< 0.52), off-pulse phase (0.52 <¢<0.88), and last phase called as ”Bridge” phase ( 0.14 <¢<
0.25). The data for polarization analysis for INTEGRAL/SPI is selected from within the phase interval
from 0.5 to 0.8 of the pulsar period (shaded area) in 100-1000 keV. Right: The composite image of the
Crab, blue: Chandra X-ray image, green: Hubble Space Telescope optical image, and the gamma-ray
polarization vector is superimposed with the limits on the direction of the vector (shaded area). The

direction of the polarization vector is along with the jet.

A brief summary of the past measurements of the Crab nebula are shown in table 1.2.

Table. 1.1: The polarization measurements of the Crab nebula observed by INTEGRAL/IBIS in 200-800
keV

Phase Interval of Crab Pulsar Polarization angle (degree) | Polarization degree (%)
On-pulse (0.88 <¢< 0.14 and 0.25 <¢< 0.52) 70 £ 20 42138
Off-pulse (0.52 <¢<0.88) 120.6 + 8.5 >T72
Off-pulse and Bridge (0.52 <¢< 0.88 and 0.14 <¢< 0.25) 1220 £ 7.7 >88
All 100 + 11 47719

1.3.2 Cyg X-1

outline

Cyg X-1 is one of the most famous black hole (BH) X-ray binaries in our Galaxy, located at 2.1 kpc
away from the Earth, forming a binary system with a high-mass blue O star. It has been widely observed
with many telescopes over the whole electromagnetic band, and it is well known that Cyg X-1 exhibits a
transition between low/hard state and high/soft state in the X-ray band (Fig. 1.15). It radiates mainly
in the X-ray and soft gamma-ray, and the X-ray emission is thought to be produced by accretion of the
matter from the companion onto the BH [22]. Cyg X-1 is known to show a radio emision from the jet in
the hard state, and the position angle of the jet orientations are around — 20 or — 25 degree from radio

observations [23].

20



1006C

8000 + % o5

counts

20 40 60 &0 100

azimuth (deg)
‘
00 A
2000 08
2
5 & os
1500
0a
03
1000 L
02
o
500
20 40 B B0 100 120 M0 180 18 % 2 a0 - -
azrmuth (deg)

Figure. 1.14: The polarization of Crab nebula observed by INTEHRAL/IBIS. The polarization angle and
polarization degree are measured for the Crab data between 200-800 keV, in the off-pulse (top), off-pulse
and bridge (middle), and two-peak (bottom) phase intervals. The error bars for the profile are at 1o.

The 68%, 95%, and 99% confidence regions are shaded from dark to light
indicated in the top figure by a cross [18].

Table. 1.2: Past measurements of Crab nebula

gray. The SPI result [16] is

Satellite 0SO-8 (1976-78) INTEGRAL(2002-)
SPI (Off-pulse phase) | IBIS (Off-pulse and Bridge phase)
Energy (keV) 2.6 5.2 100 — 1000 200 — 800
Polarization degree (%) 19.19 + 0.97 | 19.50 £ 2.77 46 = 10 >88
Polarization angle (degree) | 156.36 £ 1.44 | 152.59 + 4.04 123 £ 11 122.0 £ 7.7
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Figure. 1.15: The spectrum of Cyg X-1 observed by Suzaku satellite. Black: XIS (CCD), red: HXD-PIN,
green: HXD-GSO. The spectrum in the high/soft state has a dominant soft emission below 10 keV while
that in the low/hard state is dominated by higher energy component [19].
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Past polarization measurement of Cyg X-1

The polarization modulation of Cyg X-1 also has been detected by only OSO-8 and INTEGRAL

satellites.

Observation by OSO-8 0OSO-8 observed Cyg X-1 three times in 1975, 1976 and 1977 (table 1.3).
During the 1975 observation, Cyg X-1 was in the high/soft state, and in both 1976 and 1977, in the
low/hard state. The averaged polarization degree and angle of these three measurements are 2.44% =+
1.07% and 162 + 13 degree at 2.6 keV, and 5.3% + 2.5% and 155 + 14 degree at 5.2 keV.

These errors are in the 67% confidence level and contours at the 99% level are not well rescricted at
a 99% level (Fig. 1.16) [20]. This result is consistent with a magnitude of the polarization from thermal

disc emission, which is at most ~10% [21].

Table. 1.3: Polarization measurements of Cyg X-1 observed by OSO-8

Year Observation Beginning — End (day: hour UT) | Polarization angle (degree) | Polarization degree (%)
1975 312:00 - 314:21 174 + 19 242 + 147
2.6 keV 1976 305:23 - 313:02 162 £+ 21 2.61 +£1.74
1977 305:16 — 314:05 163 + 17 2.46 + 1.49
Average 162 + 13 244 £ 1.07
1975 312:00 - 314:21 105 + 33 4.8+ 4.4
5.2 keV 1976 305:23 — 313:02 146 + 34 39+36
1977 305:16 — 314:05 162 + 12 73 +£20
Average 155 + 14 5.3 25

Observation with INTEGRAL/IBIS The INTEGRAL/IBIS has observed two components in Cyg
X-1 spectrum, a cutoff power-law in 20-400 keV and a power-law spectrum up to 2000 keV (Fig. 1.17).
The observed polarization degree and angle were 67% 4 15% and 40 4 15 degree, while the polarization
in 250-400 keV could not be constrained with an upper limit of 20%.

This result of non-polarized lower energy part and highly polarized higher energy part, can be un-
derstood in terms of two emission mechanisms. The emission process radiating non-polarized photons
would dominate in the lower energy band and the emission is cut off above 150 keV. This is explained
by thermal Comptonization. The highly polarizated emission in the higher energy band shows a hard
spectral shape up to 1000 keV, suggesting the synchrotron or inverse Compton emission from the jet
already observed in the radio band, and the synchrotron process is the most probable way to produce
such strongly polarized emission [22]. However, radio observations gave a polarization angle at 20-25
degree, which is different from the IBIS result by ~60 degree. Therefore the results of INTAGRAL/IBIS
are not totally understood [22].

Observation by INTEGRAL/SPI INTEGRAL/SPI also measured the polarization of Cyg X-1. The
gamma-ray emission was detected in 22-2000 keV (Fig. 1.19). Events are classied into two categories,

“standard (single) events“ and “multiple event“ when events are recorded in the detector. The “standard
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Figure. 1.16: The averaged polarization vectors for the Cyg X-1 at 2.6 keV and 5.2 keV [20].
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Figure. 1.17: The energy spectrum of Cyg X-1 observed by INREGARL/IBIS. The spectral shape of
Cyg X-1 requires the presence of two components, a cutoff power-law in 20 — 400 keV and a power-law

spectrum up to 2000 keV [22].
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Figure. 1.18: The polarization of Cyg X-1 observed by INTEGRAL/IBIS. The polarization angle and
polarization degree are measured in 250-400 keV (left), and in 400—2000 keV (right). These results
show that upper limit of 20 % in 250-400 keV and 67% =+ 15% polarization degree with 40 + 15 degree
polarization angle in 400-2000 keV. [22]

event“ deposits the energy within a single pixel, and “multiple event“ deposits energy within more than
one pixel. The spectrum is fitted with two components model; a thermal Comptonization model for
lower energy part, plus cut-off power-law model for high energy part. Because of limited significance, a
photon index and a cut-off energy are poorly constrained to be ~1.6 and ~700 keV, respectively. The
two components intersect around 240 keV, in agreement with a scheme where the polarized component
dominates above this energy while the non-polarized one dominates below this energy [23].

INTEGRAL/SPI also reported that upper limit of 20% polarization in the low energy part (130-230
keV), and high polarization in the high energy part (230-850 keV) (Fig. 1.20, table. 1.4). There results
suggest that Cyg X-1 has two components, as the INTEGRAL/IBIS result. It is also not consistent
with radio observation because the direction of polarization angle measured by INTEGRAL/SPI is ~40
degree, and ~60 degree away from the radio jet direction [23]. Moreover, the polarization degree of 67%
=+ 30% is close to the maximum physical limit for the high linear polarization.

Here, I make a brief summary of the Past measurements of Cyg X-1 in table 1.4.

1.3.3 Short summary of past measurements

Only a few observations of polarization measurements have been performed in the X-ray and soft
gamma-ray band, in spite that the polarization measurement is a powerful method to constrain the
emission mechanisms and geometries of the celestial objects. In addition, the polarization measurement
in the several tens keV band (hard X-ray band) has never been performed. Therefore, new observations
in the 10-100 keV band and also above 100 keV band are needed for the Crab nebula and Cyg X-1. In
both objects, the highly polarized X-rays and gamma-rays are expected to come from the jet, but this

scenario is not yet conclusive.
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Figure. 1.19: The Cyg X-1 spectrum observed by INTEGRAL/SPI. Blue: "standard (single) events”
in 22-2000 keV and “multiple event ” in 130-2000 keV. The solid lines is the fit model composed of
a thermal Comptonization plus a fixed cutoff power-law model (photon index = 1.6, E.,; = 700 keV;
dashed line). 0.5% of systematic have been added to the data. [23]
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Figure. 1.20: The polarization of Cyg X-1 observed by INTEHRAL /SPI. Left columus are the polarization
angle and polarization degree, and right columns are contours show that the confidence regions at 1o, 20
and 30, are shaded from dark to light gray. (i) to (iv) are in 130-230 keV, 230-370 keV, 370-850 keV,
and 230-850 keV, respectively. [23]
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Table. 1.4: Past measurements of Cyg X-1

Energy (keV) Instrument Polarization angle (degree) | Polarization degree (%)
Radio -20 ~ -25
Soft X-ray 2.6 0S0-8 2.44 + 1.07 162 + 13
5.2 0S0-8 5.3 £ 25 155 + 14
130 — 400 keV 130 - 230 INTEGRAL/SPI <20
200 — 400 INTEGRAL/IBIS <20
230 — 2000 keV 230 — 370 INTEGRAL/SPI 41+ 9 47+ 4
370 — 850 INTEGRAL/SPI >75 39+ 3
230 — 850 INTEGRAL/SPI 76 £ 15 42+ 3
400 - 2000 INTEGRAL/IBIS 67 £ 30 40 + 15
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Chap.2 The PoGOLite experiment

2.1 Overview of the PoGOLite

The PoGOLite (Polarized Gamma-ray Observer Light-weight version) is a balloon-borne polarimeter,
using Compton scattering for polarimetry, measures the polarization of hard X-rays/soft gamma-ray from
celestial objects in the energy range of 25—80 keV. This energy band has not been observed in the past.
The general informations about PoGOLite is well described in Doctoral Thesis by Mézsi Kiss, Royal
Institute of Technology[l]. There are some target objects for PoGOLite: Crab nebula, Cyg X-1 and
so on, and PoGOLite has a ability to detect 10% liner polarization from the Crab nebula for 15 hours
exposure time with above 99% confidence. It is optimized for point sources, with a narrow field of view of
~1.25 msr (2.0 x 2.0 degree), and the accuracy of pointing observation is better than 0.1 degree. Because
radiation from the sources, which spectrum is absorbed in the atmosphere follows an inverse power-law,
the high float altitude of the instrument (~40 km) and sensitivity extending as low as possible are crucial,
and allow data to be collected with good statistics even in a limited duration flight. The operation is
international, involving institutes and universities from Japan', Sweden? and the United States?.

The original version of PoGO consists of 397 detector cells, but evaluate backgrounds, cost estimates,
prototype tests and Monte Carlo simulations demonstrated that a comparable performance could be
achieved using a smaller detector array, consisting of 217 units. Such a “light-weight” instrument could
reach a float altitude of up to 40 km and be able to measure a polarization degree as low as 10% from a 200
mCrab source in a six-hour flight [3]. The 61 PDC-unit version of PoGOLite “Pathfinder” , is prepared
for a maiden-flight from northern Sweden in 2011 and 2013. In this thesis, I simply call ”PoGOLite
Pathfinder” as "PoGOLite”. At July 6th, 2011 (UTC), there was a launch at Kiruna, Sweden. The flight
was planned toward Canada (duration ~5 days). However, there was He-leak from the balloon, and the
gondola was returned to ground after ~5 hours. At July, 2012, the gondola became flight ready at Kiruna
for 2-week circumpolar flight. However, the weather was so bad that the flight was cancelled. Finally,
PoGOLite was successfully launched from Kiruna, Sweden to Norilsk, Russia on July 12th at 0818 UT
in 2013 (Fig. 2.1), using a 1.1 million cubic meter helium-filled balloon. A pioneering circumpolar flight
was possible thanks to permission received from Russian authorities. The flight ended on July 26th when
the gondola touched down close to the Siberian city of Norilsk (~3000 km to the East of Moscow) at
0015 UT. At mid-September the gondola has been transported from the tundra to an aircraft hangar

1Hiroshima University, Tokyo Institute of Technology, Yamagata University, Japan Aerospace Exploration Agency
(JAXA).

2Royal Institute of Technology (KTH), Stockholm University (SU).

3Stanford Linear Accelerator Center (SLAC), Kavli Institute for Particle Astrophysics and Cosmology (KIPAC), Uni-
versity of Hawaii.

29



at Norilsk airport, and customs formalities are performed to secure further transport towards Sweden,
PoGOLite has been transported to Kiruna in Sweden at mid-December and finally returned to Royal

Institute of Technology at mid-January in 2014.

Figure. 2.1: The launch of PoGOLite from Esrange on July 12th 2013, 0818 UT. The distance from the
top of the balloon to the gondola is ~300 m.

2.2 Main detector of PoGOLite

There is a high rate bakecground in the region of aviation altitude (~40 km). So there is need to reduce
background, and we adopted well-type phoswich detector and BGO active shield for the main detector.
The main detector consists of 61 well-type phoswich detector cells (PDCs), and 30 side anti-coincidence
shields (SASs) with BGO (Fig. 2.2 left). Each PDC consists of three active components: a hollow
”slow” plastic scintillator (60 cm long), a solid ”fast” plastic scintillator (20 ¢cm) and a BGO (bismuth
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germanate oxide, BiyGesO12) crystal (4 cm). The three components are glued together using an optically

transparent polyurethane-based adhesive (Fig. 2.2 right).

1 deg

Im v

PDC

Slow plastic
scintillator

Fast plastic \Q\%‘\\

scintillator

PDC unit

Figure. 2.2: Left: The main detector consists of 61well-type phoswich detector cells (PDCs) and 30 side
anti-coincidence shields (SASs) with BGO for PoGOLite. Right: One of phoswich detector cells (PDCs),
which is consisting of a hollow ”slow” plastic scintillator (60 cm long), a solid ”fast” plastic scintillator
(20 cm) and a BGO (bismuth germanate oxide, BiyGesO12) crystal (4 cm).

Each scintillator has difference decay times, and the output from the charge-sensitive amplifier has
different rise times (Fig. 2.3) — short (~2 ns) for signals in the fast scintillator and longer (~300 ns) for
signals from the slow scintillator or the bottom BGO crystal —, and we can recognize reaction locus, and
subtract background events. The PDC units are hexagonal so they can be tightly packed in a honey-comb
structure, while surrounding SAS segments have two different pentagonal shapes to fit closely around

detector array (Fig. 2.4).

2.3 Detection method of polarization

As indicated above, the PoGOLite instrument is using Compton scattering for polarimetry. Actual

analysis procedures are followings (Fig. 2.5):
e Incident X-ray scatter in one of the PDC detectors.
e Scattered X-ray will scatter or be absorbed on another PDC.
e Tracking scattering event and detect scattering angle.

Because polarized photon tends to scatter toward the perpendicular direction (as mentioned in §1.2.3),
tracking individual photons through coincident detection of Compton scattering and photoelectric ab-

sorption in a segmented detector volume of PDCs, can determine the polarization from celestial objects.
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Figure. 2.3: Output from the charge-sensitive amplifier (shown with a negative polarity). The rise time
is shorter for a signal from the fast plastic scintillator than for one from the slow scintillator or BGO

crystal.

Figure. 2.4: Computer-generated top view of a 61-unit detector array. The PDCs (purple) are surrounded

by a segmented side anti-coincidence shield (green).
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Figure. 2.5: The detection method of polarization. Left: Top view of the detector, polarization vector
and distribution of scattered photon make perpendicular direction. Right: Cross section of the detector,
tracking both of scattering and absorption position of X-rays. There are other background signals shown

together.

2.4 The ground calibration with prototype detector

The detector response is indispensable to measure polarization. To make the accurate response, Geant4
simulation and good statistic ground calibration are needed, and the simulation must be consistent with
the calibration.

To examine the capability of PoGOLite, a beam test of a simplified prototype detector array was con-
ducted at KEK (# L % V¥ — NI EZEHME) in 2008, and this results is reported in H. Yoshida, Master
thesis (Hiroshima Univ. 2009) [4]. The detector array consisted of 19 PDCs, and was irradiated by 90%
polarized pencil beams of 50 keV. The data showed a clear polarization signal, with a measured modula-
tion factor of 34% = 5%. This was successfully reproduced at the ~5% level by the computer simulation
package Geant4 after modifications to its implementation of polarized Compton/Rayleigh scattering. To
examine the capability of the PoGOLite flight detector, we have performed ground calibration with a
radioisotope at Esrange Space Center (Sweden/Kiruna) in 2012-2013. The next chapter will be devoted
to describing the ground calibration with the PoGOLite flight detector.

Detail about subtracting background events, threshold settings, attitude control system, instrument
pointing, gondola and supplementary systems is written in Doctoral Thesis by Mézsi Kiss, Royal Institute

of Technology [1].
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Figure. 2.6: A photograph of the PoGO prototype mounted on the rotation stage attached to the exper-

iment table.
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Chap.3 Ground calibration

3.1 Requirement of the ground calibration

There are requirements for PoGOLite detector to detect polarization from celestial objects, and some

tests have been done on ground.

Gain of each PDC: To know the gain and energy resolution of each PDC, ground calibration for all
PDCs has been done. 59.5 keV gamma-rays from 24! Am were irradiated to each PDC for 60 seconds,
and the peak of 59.5 keV is corrected at 1200 ADC channel with adjusting the high voltage of the PMT.

Angular response: Since we need to decide the flux of celestial objects, angular response of the
detector has been measured. There is a also need to recognize the component which has a periodic wave
of 360 degree in the modulation factor caused by the miss alignment between on-axis of the detector
and direction of the celestial object. Fixing the elevation and changing azimuth of the detector, we have

irradiated 59.5 keV gamma-rays from 24! Am, and we have measured angular response of the detector.

Time resolution: There is a also need to measure time resolution of the detector, since we observe
the Crab pulsar in the Crab nebula, whose period is 33 milli seconds, and we want to resolve the pulse
with 128 bins. Therefore we need the time resolution of ~26 us. Using cosmic muons and GPS signal,
we have evaluated the time resolution of the detector, and confirmed that the time resolution is better

than ~1 us.

Modulation factor: As mentioned above, the ground calibration with prototype detector has carried
out in KEK, Japan, and it is consistent with simulation. We also calibrate the flight-detector. For
non-polarized gamma-ray, we need to suppress the MF caused by systematic error less than ~1% (flat)
in order to observe the modulation of the celestial objects. For polarized gamma-ray, we also need to
determine the MF with the statistics better than ~1%. To achieve the requirement, we have carried out
over 150-hour calibration with scatter piece and 24! Am source for several setups (Table. 3.1).

Following sections, I show results of spectrum, modulation curve, event distribution among 61 PDCs

and so on.
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3.2 The ground calibration with the flight detector of PoGOLite

3.2.1 Setup of the calibration

For the ground calibration, we irradiated the detector with 59.5 keV gamma-ray from the radioisotope
of 2! Am (Fig. 3.1). With setting the scatter piece by the radioactive source, the gamma-ray will be
polarized (~90% polarization) at the scattering. Without the scatter piece, we irradiate non-polarized
gamma-ray. The geometry between the radioactive source, the scatter piece, the scattered photon and the
polarization angle is showed in figure 3.2. In upper left of figure 3.2, we irradiate polarized gamma-ray
with 90/270 polarization angle. In upper right of figure 3.2 , we irradiate polarized gamma-ray with
0/180 polarization angle.

Figure. 3.1: A photograph of the ground calibration with 24! Am and PoGOLite flight detector.

We use a ”fast” plastic scintillator or a polyethylene as a scatter, and the source and the scatter are
covered with lead blocks with the hole size of 5 mm diameter. In 2012, we used a ”fast” plastic scintillator
and acrylic cover as a scatter, and the scattering scintillator was unintentionally rotated, so when the
beam comes into the scatterer from the source, it is not going through the groove that it is supposed to
go through, but rather irradiating at least some part of the acrylic holder itself. Furthermore, even if
the beam goes through the groove, it can scatter in the holder itself (after passing through the scattering
scintillator without interacting). This means that the beam is not as uniform as previously expected and
the beam might be shifted relative to the central this position (a order of a few mm). Therefore we have
changed the scatter piece for a polyethylene in 2013 (Fig. 3.3).

From the simulation and actual measurement described below, we found that the difference of these
scatter pieces do not cause significant differences in the current configurations (c.f. §3.3.2).

When the detector is measuring some modulations, instrument uniformly rotate with a period of five
minutes to cancel systematic error. Moving the source from Center PDC to Ring4 of the detector, we
irradiate every part of the detector using the instrument rotation (Fig. 3.4). We have operated ground

calibration experiment all-day long continuously for over 150 hours (Table. 3.1).
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Figure. 3.2: Cartoons of the ground calibration setup. Upper: Top view. Lower: Cross section.
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Cross section Cross section

Figure. 3.3: Photograph and cartoon of scattering piece. Left: 2012, Right: 2013.
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Figure. 3.4: Definition of the Ring0-4, PDC number, PDC name of the detector. Left: Position of the
scattering piece from the center to the Ring4 to irradiate every ring of the detector. Right: Definition of
PDC number (0-60) and name.
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Table. 3.1: The list of ground calibration measurements

2012
Source position/background Polarized (90/270 degree) | Polarized (0/180 degree) | Non-polarized
Center 1440 min 600 min 30 min
Ringl 505 min 610 min 30 min
Ring2 625 min 570 min 30 min
Ring3 600 min - 30 min
Ring4 925 min - 30 min
Room background with plastic cover 30 min
Room background without plastic cover 200 min
"New” background with lead sheet 250 min
”New” background with lead block 250 min
2013
Source position/background Polarized (90/270 degree) | Polarized (0/180 degree) | Non-polarized
Center ("fast” plastic) 500 min - -
Center (polyethylene) 750 min - -
Center (with rotation) - - 30 min
Center (without rotation) - - 15 min
Ringl 275 min - 20 min

Room background without plastic cover

300 min

”"New” background with lead sheet

295 min

others

Center irradiating, with collimator (1.25 ¢m length, 2.0 mm phi), 5 min

Center irradiating, with collimator (1.25 cm length, 2.5 mm phi), 5 min

Center irradiating, with collimator (1.25 cm length, 3 mm phi), 5 min

Center irradiating, with collimator (2.5 cm length, 2.0 mm phi), 5 min

Center irradiating, with collimator (3.75 cm length, 2.0 mm phi), 5 min

Center irradiating, with collimator (5.0 cm length, 2.0 mm phi), 10 min

Center irradiating, with collimator (6.25 cm length, 2.0 mm phi), 5 min

Center irradiating, with collimator (7.5 cm length, 2.0 mm phi), 5 min

Center irradiating, with collimator (7.5 ¢cm length, 2.0 mm phi), 5 min

Barbie irradiating, without collimator, 5 min

Barbie irradiating, with collimator (2.5 cm length, 2.0 mm phi), 5 min

Wall-e irradiating, without collimator, 5 min

Wall-e irradiating, with collimator (2.5 cm length, 2.0 mm phi), 15 min

Wall-e irradiating, with collimator (5.0 cm length, 2.0 mm phi), 5 min

Wall-e irradiating, with collimator (7.5 cm length, 2.0 mm phi), 5 min

Wall-e irradiating, with collimator (10.0 cm length, 2.0 mm phi), 5 min
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3.2.2 The techniques to make modulation curve
Event selections

We apply some event selections to measure the MF performance of the detector. Here, we select
only 2-hit events which mean that a gamma-ray scatter at one PDC and then absorbed at another site.
There are three parameters to define one set of the event selection: irradiation site, scattering site, and
absorption site. For example, irradiating gamma-ray at Center PDC, scattering site is any PDC among
61 and absorption site is also any PDC, we call with events with this selection as Center irradiating
any scattering any absorption event. Similarly, irradiating at Center PDC, scattering site is restricted
only at Center PDC, while absorption site is any PDC, we call the event as Center irradiating Center
scattering any absorption event. In addition, irradiating at Center PDC, scattering site is also Center
and absorption site is limited at one of the 6 PDCs in Ringl, we call the event as Center irradiating
Center scattering Ringl Absorption event. Using a similar method, we define event selections in figure
3.5.

” Any scattering any absorption” events independent from the source position are also called as ” All-
2hit” events since we choose all the 2-hit events. ”Center irradiating Center scattering Any absorption”

is often used and sometimes called as ”CenterCentral” event.

Centerlrradiating Centerlrradiating Centerlrradiating Centerlrradiating
AnyScattering CenterScattering CenterScattering CenterScattering
AnyAbsorption AnyAbsorption Ring| Absorption Ring2Absorption

Ring I Irradiating Ring2lrradiating
Ring|Scattering Ring2Scattering
AnyAbsorption AnyAbsorption

Figure. 3.5: The definition of some event selections of 2-hit events. There are three parameters to define

one event selection, irradiation site, scattering site and absorption site.
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Fitting functions

To evolute a modulation curve (c.f. Fig. 1.7), we use two factions to fit the curve in the following way:

fi(x) Py[1 + Pycos(2(x — Py))] (3.1)
fa(x) = Po[l+ Pycos(2(x — Pz))] + Pscos(x — Py) (3.2)

where z is azimuthal angle, and P is polarization angle of the source, equation (3.1) is the function
for "normal” modulation curve fitting with the azimuthal-angle period of 180 degrees. Equation (3.2) is

equation (3.1) and the asymmetric background, which is represented with the period of 360 degree.

Randomization

There is a special technique to make a modulation curve, which we call as ”Randomization”. Ran-
domization is studied in Doctoral Thesis by Cecilia Marini Bettolo, Royal Institute of Technology [2].
When reconstructing the azimuthal angle of the real data, there is no positional information of where the
energy is deposited within the scintillator. With the simulated data, this information is available, but
the same conditions as with real data are used here. When a photon undergoes Compton scattering in a
PDC and is photo-absorbed in a second PDC, there is an uncertainty of where exactly both events take
place.

The reconstructed azimuth angle is the one obtained by connecting the two centers of the PDCs even
though the events are not centered in the PDCs, so 2-hit events with two different angles are reconstructed
as having the same azimuthal scattering angle (Fig. 3.6). In order to take into account this effect, the
azimuth angle distribution is smeared out. This is done by choosing randomly the azimuthal scattering
angle from a Gaussian distribution, so we call this technique as ”Randomization”. The standard deviation
width, o, is obtained by fitting the distribution of the simulated events in the PDCs with a Gaussian
centered around the center-to-center angle. If the hits are not in adjacent PDCs cells, the o will be smaller.
The value of ¢ has been found to depend on d, the separation between Compton and photo-absorption

site as shown in equation (3.3).

1 + 1 )
d+0.356 d—0.356

o =11.09 x ( [degree] (3.3)

where d is given in units of numbers of PDCs. The smearing reorders statistically the scattering angles,
and this is enough to remove the uncertainty on the azimuth angle.

It is shown that the azimuthal scattering distribution, both in the case of with Randomization and
without Randomization for a 100% polarized signal with 0 polarization angle (Fig. 3.7). The modulation
curve has been fitted with a equation (3.1). The fit of the with Randomization data (Fig. 3.7: green
curve) gives a modulation factor of 20.3% =+ 0.7% with 178.7 £ 1.8 polarization angle. The fit of the
without Randomization data (Fig. 3.7: red curve) gives a modulation factor of 50.3% + 0.6% with 135.2

£ 0.3 polarization angle. This shows that if the data are not randomized, polarization angle is away
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Figure. 3.6: Example of azimuth scattering angle reconstruction, and example of how two events with two
different angles are reconstructed the same angle. In order to take into account this effect the azimuth

angle distribution can be smeared out. [2]

from the actual angle, and modulation factor is higher than randomized one. If the analysis would be
performed on each ring of PDCs separately, then the Randomization would not be needed. We can get
modulation curves for each ring of PDCs around the Compton scattering center. The Randomization
allows to reconstruct angles smaller than 60 degree, thus the number of bins when reconstructing the
azimuthal distribution can be increased.

In the case of PoGOLite, Randomization is not needed, since the instrument is rotating during obser-

vations as mentioned §3.2.1, so inherently, there are a lot of bins. [2]

3.3 The results of the calibration

I have analyzed all calibration data and made spectra, 2-hit event distribution among 61 PDCs, and
modulation curves. I have also estimated the modulation factor of PoGOLite detector. These results are

compared with results of simulation.

3.3.1 Energy spectra

Irradiating non-polarized gamma-ray from 24 Am at the central PDC, I selected all the event detected
at the PDC (Fig. 3.8), where the hit threshold and trigger threshold were 10 ADC channel (corresponding
to 0.97 keV) and 300 ADC channel (corresponding to 14.4 keV), respectively. Since the gain is adjusted
by the high voltage, the 59.5 keV peak appears at ~1200 ADC channel. The number of events below
trigger threshold of 300 ADC channel is small because these events are stored only when other PDC

issues the trigger simultaneously.

3.3.2 Distribution of the interaction site among 61 PDCs

Using 2012 data, I have made distributions of 2-hit events for 61 PDCs with statistical errors, and

all data are normalized per one minute (Fig. 3.10). The data sets are two sets of the ! Am polarized
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Figure. 3.7: Comparison between with Randomization and without Randomization data: the distribution
of the with Randomization data (green histogram) are fitted with the (green) modulation curve. The
without Randomization data (red histogram) are fitted with the modulation (red) curve. The fit of the
with Randomization data gives a modulation factor of 20.3% + 0.7% with 178.7 + 1.8 polarization angle.
The fit of the without Randomization data gives a modulation factor of 50.3% =4 0.6% with 135.2 £ 0.3

polarization angle. [2]
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Figure. 3.8: The spectrum of 24! Am measured by the central PDC, with irradiating gamma-ray at the

central PDC.
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gamma-ray irradiating the central PDC with the different polarization angles of 0/180 and 90/270, room
background and "new” background, where "new” background is estimated with the special setup using
241Am and a lead sheet or a lead block (Fig. 3.9). Selecting all 2-hit events, I plotted scattering site.

In the figure 3.10, "new” background with the lead sheet (Fig.3.9 (2)) and "new” background with
the lead block (Fig.3.9 (3)) have the same event rate, and can explain almost all events for polarization
measurements of Ring3 and Ring4. Therefore, we think almost all scattering events at Ring3 or Ring4 are
background, and the number of the events is twice larger than that of the room background. Following
sections, I simply say "new” background with the lead sheet as "new” background, because there is no
difference between sheet and block. We can also see the direction of the polarization degree does not

effect the distribution of the interaction site.

Cross section

' i PDCs
Source(**'Am)
Holder(lead)
Scatter Holder(lead)
( I ) (2) (3) Scatter(Polyethylene)

Figure. 3.9: The setup of "new” background compared with (1): Normal polarized irradiation, (2): The
center PDC is covered with a 2-mm thick lead sheet, and (3): The lead block of scatter holder is rotated
by 90 degree, and the 24! Am source is blocked.

Subtracting "new” background from the polarization measurements, we can obtain more accurate
distribution (Fig. 3.11). In the figure, we can see less events in the polarization measurement than that
in the room background one in Ring3 and Ring4.

To check the difference caused by changing scatter piece from 2012 to 2013, I have compared four data:
(1) 2012 Center irradiating polarized gamma-ray with 90/270 polarization angle for 1440 minutes after
subtracting "new” background of 2012, (2) 2012 Center irradiating non-polarized (without the scatter
piece) for 30 minutes, (3) 2013 Center irradiating polarized gamma-ray with 90/270 polarization angle for
750 minutes after subtracting "new” background of 2013, and (4) 2013 Center irradiating non-polarized
(without the scatter piece) gamma-ray for 30 minutes (Fig. 3.12). In this figure, it is normalized that the
number of events in Center PDC becomes 1, Therefore, I concluded that there are no significant effects
by different scatter pieces, and that the high statistical data obtained in 2012 are better to be analyzed
and compared with simulation in detail. Here, the number of non-polarized events is much higher than
that of background events, and there is no need to subtract background. Jiro (PDC number = 3, c.f.

Fig. 3.4) always has lower number of events in Ringl. This is discussed later.

45



events with two hits with each PDC per minute

‘% L + + 2012, Center Irradiating, 1440 min, 90/270 degree
E B + 2012, Center Irradiating, 600 min, 0/180 degree
@
E 10— + 2012,“New” background with lead block, 250 min
S = + 2012, Room background, 200 min
2z -
s [ om
= L =
5 L
S
E g s ? ¢ ¥ "
o g e ;%E
- fﬂ{ ; iﬁ? % %
L I } } T f H
i o ? g P
B 11
1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
1075 10 20 30 20 50 60

PDC number

Figure. 3.10: The distribution of the interaction site among 61 PDCs in 2012.. Black: Center irradiating
polarized gamma-ray with 90/270 polarization angle for 1440 minutes. Red: Center irradiating polarized
gamma-ray with 0/180 polarization angle for 600 minutes. Green: ”New” background with lead sheet
for 250 minutes (Fig. 3.9 (2)). Blue: "New” background with lead block for 250 minutes (Fig. 3.9 (3)).

Magenta: Room background for 200 minutes.
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Figure. 3.11: The distribution of the interaction site among 61 PDCs in 2012. Green: After subtracting
"new” background from Center irradiating polarized gamma-ray with 90/270 polarization angle for 1440

minutes. Magenta: Room background for 200 minutes.
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Figure. 3.12: The same as figure 3.11 but for the comparison between different scatter pieces and with out

the scatter piece. Black: 2012 Center irradiating polarized gamma-ray with 90/270 polarization angle for

1440 minutes after subtracting "new” background of 2012. Red: 2012 Center irradiating non-polarized

(without the scatter piece) gamma-ray for 30 minutes. Green: 2013 Center irradiating polarized gamma-

ray with 90/270 polarization angle for 750 minutes after subtracting "new” background of 2013. Blue:

2013 Center irradiating non-polarized (without the scatter piece) gamma-ray for 30 minutes.
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3.3.3 Modulations curves

I created many modulation curves with changing the selection way, and show some results here. Others
are in Appendix A.

The data sets shown here are measured in 2012 as irradiating polarized /non-polarized gamma-ray
(polarization angle is 90/270 or 0/180) at Center PDC, and "new” background. Event selections are
7 All-2hit” event (Fig. 3.13) and ”CenterCentral” event (Fig. 3.14). We can estimate MF from these
figures. After subtracting "new” background, we can obtain more accurate MF. These modulation curves
are fitted with equation (3.2), and the results are listed in table 3.2 and table 3.3.

If polarization angle is 90/270 degree, scattered gamma-rays tend to take a scattering angle of 0/180
degree (c.f. §1.2.3). In these figures, we can see clear sinusoidal modulation curves. Modulation curves
without Randomization have higher MF than those with Randomization. The MFs after subtracting
"new” background are roughly 22% for ” All-2hit” event, and 35% for ” CenterCentral” event. The sys-
tematical error can be shown as MF of non-polarized gamma-ray, and is better than ~1 %. Therefore

the requirement of the ground calibration has been achieved.

Table. 3.2: The list of parameters of the modulation curves using Center irradiating data with ” All-2hit

event”
MF before subtracting MF after subtracting
” All-2hit” event Entries "new” background (%) "new” background (%)
Exposure time
(minutes) without Randomization | with Randomization | without Randomization | with Randomization
90/270 degree 1440 148565 13.66+0.37 11.81+0.37 22.240.59 18.8+0.58
0/180 degree 600 61460 13.18+0.57 11.11+0.57 21.14+0.91 17.8£0.91
Non polarized 30 274746 0.067+0.27 0.24+0.27 0.067+0.27 0.24+0.27
”New” background 250 9902 2.5+1.4 2.2+1.4 - -

Table. 3.3: The list of parameters of the modulation curves using Center irradiating data with ” Center-

Central” event

MF before subtracting MF after subtracting
”Center Central event” Entries "new” background (%) "new” background (%)
Exposure time
(minutes) without Randomization | with Randomization | without Randomization | with Randomization
90/270 degree 1440 45184 33.84+0.64 29.89+0.64 34.7+0.70 31.5+0.68
0/180 degree 600 19102 32.1540.99 28.59+1.00 33.0£1.05 30.2£1.1
Non polarized 30 118789 0.4940.41 0.4040.41 0.4940.41 0.4040.41
"New” background 250 191 6.3£11 3.3£11 - -

3.3.4 Comparison with the simulation

In this section, I compare the results of the ground calibration with Geant4 simulation. The simulation

has been performed by the PoGOLite team.
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Figure. 3.13: Modulation curves with irradiating polarized /non-polarized gamma-ray at the Center PDC.
The event selection is 7 All-2hit” event. Upper lef80 Polarization angle is 90/270 degree without Ran-
domization. Upper right: Polarization angle is 90/270 degree with Randomization. Upper middle left:
Polarization angle is 0/180 degree without Randomization. Upper middle right: Polarization angle is
0/180 degree with Randomization. Lower middle left: Non-polarized gamma-ray without Randomiza-
tion. Lower middle right: Non-polarized gamma-ray with Randomization. Lower left: ”New” background

without Randomization. Lower right: New” background with Randomization.
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Figure. 3.14: The same as those is figure 3.13 but for the event selection of ” CenterCentral” event.
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Comparison of the distribution of the interaction site

I compared the results of the distribution of the interaction site among 61 PDCs between ground
calibration and Geant4 simulation (Fig. 3.15). In this figure, it is normalized that the number of events
in Center PDC becomes 1, and both data show almost the same events in Ring2, Ring3 and Ring4.
However, in the ground calibration, there are twice higher events is in the Ringl than that of the Geant4

simulation.

events with two hits with each PDC

__.CQ B + Ground Calibration, Non-polarized, 2013
g + Geant4 Simulation
s 1 == +
s
g -
g —
L ot
10" = *
E -I-I_I.-I-_I‘I_
B + #
102 — i % :I: i{'
ﬂ f 0 gl
I 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 ﬁ.} l% i I 1 1
10° 0 10 20 30

PDC number

Figure. 3.15: Comparison between ground calibration and Geant4 simulation of the distribution of the
interaction site among 61 PDCs. Red: The ground calibration, irradiating non-polarized gamma-ray at

Center PDC in 2013. Blue: The Geant4 simulation with the same setup for as ground calibration.

Comparison of the MF's

I also compared the modulation curves of the ground calibration and the Geant4 simulation (Fig.
3.17). For the ground calibration, the data of irradiating polarized gamma-ray with 90/270 polarization
angle at Center for 1440 minutes are used. These modulation curves for the ground calibration are
after subtracting “new” background. The setup of the Geant4 simulation is realistic to reproduce the
ground calibration: the scatter piece is made of a polyethylene and has the same size of 2013, the
energy of irradiated beam is 59.5 keV, rotation of the polarimeter is over 360 degrees by 0.1 degree step.

Both analysis does not apply Randomization. However, the irradiating site of gamma-ray is somewhat
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different between the ground calibration and the Geant4 simulation (table. 3.4, Fig. 3.16). These results
of modulation curves are listed in table 3.5. In this table, ratios of entries to that of ”CentreCentral”
event are listed to compare between ground calibration and Geant4 simulation. Additionally, the entries
of "new” background and their ratios are listed together, which ratios are normalized with the observation
time and entries of ” CentreCentral” event of the polarized gamma-ray. The ratio of entries of the Geant4
simulation should be consistent with background-subtracted ratio of the ground calibration (the ratio of
”entries of Center Irradiating polarized gamma-ray” minus "normalized entries of "new” background”).
Almost all results of the ratio of the ground calibration are roughly consistent with the ratio of the Geant4
simulation. However, there are large difference in ” All-2hit” event and RinglScattering AnyAbsorption

event.

Table. 3.4: The positions of the scatter piece (x, y) mm

Center Ringl Ring2 Ring3 Ring4
Gound calibration | (0.0, 0.0) | (0.0, 30.0) | (0.0, 60.0) | (0.0, 79.5) | (0.0, 108)
Geant4 simulation | (0.0, 0.0) | (0.0, 30.0) | (0.0, 56.0) | (0.0, 83.0) | (0.0, 110)

y -60, 103.92 60, 103.92 %
‘ @ @ X
X -
)
O
OJ‘
60, 51.96 90, 51.96 -/

Figure. 3.16: The coordinate of the detector

The simulated source and scatterer are rotated by 90 degrees relative to the measurement setup. This
causes a 90-degree shift between the measured and simulated modulation curves, but should not affect
the final results of MF. For the setups where the instrument is irradiated off-center (irradiation in Ringl,
Ring2, Ring3 or Ring4), the simulated source position is shifted in a direction offset by 90 degrees relative
to the direction of the shift in the measurement. This causes any simulated 360-degree component to
be shifted by 90 degrees relative to its measured counterpart. However, this should not affect the final

results.
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As expected, the modulation factor increases with increasing separation between the scattering site
and the absorption site, due to the improved angular resolution. On the other hand, the number of events
decreases. In the simulation, when irradiating the central unit and requiring scattering in Ringl,Ring
2, Ring3 or Ring4, the number of events decrease with increasing distance from the central unit to the
scattering point, as expected. For the measurement, the number of events is essentially unchanged when
irradiating the central unit and scattering in Ring3 or in Ring4. This is probably due to the fact that there
are more PDCs in Ring4 than in Ring3. The number of events per PDC decreases, as expected. MFs
of the event selections of Centerlrradiating CenterScattering Ringl, Ring2, Ring3 or Ring4 Absorption
are roughly consistent between ground calibration and Geant4 simulation. However, there are large
difference between them in the event selections of Centerlrradiating ” All-2hit” and Centerlrradiating

RinglScattering AnyAbsorption, as entries.

Table. 3.5: The list of parameters of the modulation curves of the ground calibration and the Geant4

simulation
Center Irradiating polarized gamma-ray Ground calibration Geant4 simulation
Entries | MF (%) | Ratio of entries (%) | Entries | MF (%) | Ratio of entries (%)
All-2hit 148565 | 22.2+0.59 328.8 14220 | 31.4%+1.16 154.0
CentreCentral 45184 | 34.7+0.66 100.0 9234 38.7+£1.4 100.0
CenterScatteringRingl Absorption 23115 | 28.0+0.95 51.16 4237 33.1+2.2 45.88
CenterScatteringRing2Absorption 10534 40.0£1.3 23.31 2415 43.7£2.9 26.15
CenterScatteringRing3Absorption 7078 48.1+1.6 15.66 1687 47.1£3.6 18.27
CenterScatteringRing4 Absorption 4457 49.9+2.1 9.86 1016 32.3+5.1 11.00
RinglScattering Any Absorption 40267 9.7+0.8 89.12 2809 33.44+2.7 30.42
Ring2Scattering AnyAbsorption 18648 10.1£2.6 41.27 1108 19.8+4.9 12.00
Ring3ScatteringAnyAbsorption 22234 | 21.1+£5.7 49.21 664 11.6+6.3 7.19
Ring4Scattering Any Absorption 22232 | 15.1+£14.6 49.20 351 7.5+8.5 3.80
"new” background Ground calibration Background-subtracted ratio
Entries Ratio of entries (%) of the ground calibration (%)
All-2hit 9902 126.2 207.63
CentreCentral 191 2.43 100.00
CenterScatteringRing1 Absorption 130 1.66 50.74
CenterScatteringRing2 Absorption 25 0.32 23.57
CenterScatteringRing3Absorption 20 0.25 15.79
CenterScatteringRing4Absorption 16 0.20 9.90
RinglScattering Any Absorption 1146 14.61 76.37
Ring2Scattering Any Absorption 1866 23.79 17.92
Ring3Scattering Any Absorption 3158 40.26 9.17
Ring4Scattering AnyAbsorption 3541 45.14 4.16
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3.3.5 Changing threshold

AnyAbsorption. After considerations, we suspect that there could be light leakage among PDCs.

7350

Figure. 3.17: Comparison the modulation curves between the ground calibration (left) and the Geant4

Between ground calibration and Geant4 simulation, there is a factor 2 difference in Ringl about the
entry in the distribution of the interaction site among 61 PDCs. This discrepancy also make the difference

of MFs in the event selections of Centerlrradiating ” All-2hit” and Centerlrradiating RinglScattering

To test the possibility if there is light leakage or not, I have analyzed the ground calibration data with
raising up the threshold of scattering energy, since the leaking photon should have very low energy and
higher threshold might reduce that. Here, I note that in Geant4 simulation, the threshold is corresponding
to 10 ADC channel, the same as the hit threshold in the detector.

I used the data of irradiating non-polarized gamma-ray at Center PDC in 2012 with selecting ” All-
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2hit” event, and ploted the distribution of the scattering site. The results are shown with the different

threshold of scattering energy (Fig. 3.18). It shows that the number of events in Ringl is getting small

more efficiently than other Ring, and threshold of 60 ADC channel (corresponding to ~5 keV) is roughly

consistent with Geant4 simulation (Table 3.6). Specially, the deviation between Jiro and other PDCs in

Ringl becomes small.

events with two hits with each PDC

£ F +Threshold Och (0 keV)
2 10 + + Threshold 10ch (0.97 keV)
< E
= E +Threshold 30ch (2.71 keV)
2 r
% o ++i¥++ + Threshold 50ch (4.24 keV)
! E 4t
E Lk
r Y g
10° + #TIT o d 28 o
E #&*’M:aﬁféiw‘
+ €3 2
r # i’-‘ 1% ¥-¢’*
1025— P A}
e b b b b b Ly
0 10 20 30 40 50 60
PDC number

events with two hits with each PDC

£ f +Threshold Och (0 keV)
g + Threshold 0ch (0.97 keV)
2 e
% E + Threshold 30ch (2.71 keV)
€ C .
% , I + Threshold 50ch (4.24 keV)
107 = ¢A¥'”’*
E = + Geant4 Simulation
[ E R
r Dottt
102 — bt 2l BTS2
10° =
ol L P ol b b b e
0 10 20 30 40 50 60
PDC number

Figure. 3.18: The distribution of the interaction site among 61 PDCs with raising up the threshold of

the scattering energy from 0 to 60 ADC channel, corresponding from 0 to 4.95 keV. Left: The raw data.
Right: The normalized at the central PDC.

Table. 3.6: Entry ratios of each Ring with raising up the threshold of the scattering energy from 0 to 60

ADC channel, corresponding from 0 to 4.95 keV.

Threshold Center | Ringl | Ring2 | Ring3 Ring4

0 ch (0 keV) 1 0.156 | 0.0197 | 0.00592 | 0.00224

10 ch (0.97 keV) 1 0.156 | 0.0197 | 0.00592 | 0.00224
20 ch (1.87 keV) 1 0.148 | 0.0191 | 0.00581 | 0.00214
30 ch (2.71 keV) 1 0.130 | 0.0183 | 0.00563 | 0.00197
40 ch (3.50 keV) 1 0.100 | 0.0166 | 0.00530 | 0.00167
50 ch (4.24 keV) 1 0.0740 | 0.0141 | 0.00478 | 0.00146
60 ch (4.95 keV) 1 0.0610 | 0.0122 | 0.00423 | 0.00132
Geant4 Simulation 1 0.0533 | 0.0128 | 0.00532 | 0.00169

I have also analyzed two data sets with making spectra between scattering and absorption sites, and

their 2-D histogram with several combinations of the threshold. One data set is irradiating non-polarized

gamma-ray at Center PDC, and I plotted the spectra with the scattering site of one PDC in Ringl and

absorption site of any PDC (Fig. 3.19). The another is irradiating non-polarized gamma-ray at Center
PDC with the scattering site of Center PDC and absorption site of one PDC in Ringl (Fig. 3.20). Both
are plotted with the thresholds from 0 to 60 ADC channels. In these 2-D histograms, the horizontal axis

shows energy of the scattering site, and the vertical axis shows energy of the absorption site. Here, I
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show only 0 and 60 ADC channel for Jiro (PDC number =3) and Hicks (PDC number = 5), and others
are in Appendix B.

In figure 3.19, there is a large difference around the events of the scattering site with a few keV and the
absorption site with 40-80 keV, between two PDCs with threshold of 0 ADC channel, while it decreases
with threshold 60 ch. It might suggest that there is light leakage next (Ringl) to the irradiation position
(Center) and higher threshold (~5 keV) can reduce it.

In figure 3.20, there is less difference between thresholds of 0 and 60 ADC channels. It suggests that

there are no significant affects at the irradiated position (Center).
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Figure. 3.19: 2-D histogram and the projections (i.e., the energy spectra) with the threshold 0 and 60
ADC channel. The data are irradiating non-polarized gamma-ray at Center PDC. Scattering site is one
PDC in Ringl and absorption site is any PDC with threshold 0 ADC channel and 60 ADC channel.
Upper left: Scattering site is Jiro with threshold of 0 ADC channel. Upper right: Scattering site is Jiro
with threshold of 60 ADC channel. Lower left: Scattering site is Hicks with threshold of 0 ADC channel.
Lower right: Scattering site is Hikes with threshold of 60 ADC channel.
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Figure. 3.20: The same as figure 3.19 but for the two selections: (1) the scattering site is Barret (Center)
and absorption site is Jiro (Ringl), and (2) the scattering site is Barret (Center) and absorption site is
Hicks (Ringl).
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3.3.6 Summary and future works for the ground calibration

We have carried out ground calibration for over 150 hours. There are results of ground calibration
about gain of each PDC, angular response, time resolution, the distribution of the interaction site among
61 PDCs, and modulation factor. The gain of each PDC, angular response, and time resolution are
analyzed by other PoGOLite members and match the requirements. The distribution of the interaction
site among 61 PDCs has the factor 2 difference in Ringl between ground calibration and simulation, while
the other Ring is consistent. It is confirmed that the systematical error of MF is better than ~1% with
polarized gamma-rays irradiation at the central PDC. MFs of the ground calibration is consistent with
the Geant4 simulation, except for those including the events of Ringl scattering. The differences might
suggest that there are effects of the light leakage between PDC, and the light leakage can be reduced
with the higher threshold.

For the future works, we need ground calibration tests, such as irradiating *7Cs at bottom BGO,
which emits more number of photons, to confirm this problem. After investigating this issue in more

detail, we will construct a new simulator and re-calibrate the MF of the PoGOLite instrument.
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Chap.4 Analysis of 2013-flight data

While in the line-of-sight of Esrange communications, the gondola were operated through the high
bandwidth E-Link system which offers ~1 Mbit/sec full duplex. E-Link stations are located at Esrange
in Sweden and the Andoya rocket range in Norway (Fig. 4.1). E-Link is available in the yellow and red
circles, and outside of these circle, we utilize the Iridium communications. E-Link communications were
lost at ~0100 UT on 13th July. The Iridium data link is much slower than E-Link, with data rates of, at
best, ~1 kbit/s. This means that only a summary of scientific data and housekeeping can be downloaded.
A full scientific analysis of the polarimeter data therefore requires recovery of the solid state storage units
in the gondola, and finally returned to Royal Institute of Technology at mid-January in 2014. In this

chapter, preliminary results based on data downlinked over E-Link are presented.

HEEH [BEE

Figure. 4.1: The trajectory of PoGOLite after the launch from Esrange. The tendency for the balloon to
follow a Northerly track is seen in the days prior to termination. The launch took place from Esrange on
12th July at 0818 UT and the gondola landed in Siberia on July 25th at 0015 UT. In the yellow and red

circles, E-Link communications are available.

Altitude In figure 4.2, the altitude of PoGOLite during the ascent is shown. In this region, the altitude

is at most ~40 km and over the requirement of 38 km.

Number of hits in different units of the detector Figure 4.3 is an example of the number of
hits in different units of the detector during flight. The unit number of 0-60 is corresponding to PDC,
62-91 is corresponding to SAS, 93 is corresponding to LICAF (neutron scintillator). For SAS, the unit
number of 62-84 is connected to FADC 9-11 and, 85-91 is connected to FADC 12, which the LiCAF is
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Figure. 4.2: The altitude of the PoGOLite balloon. From the launch to the end of E-Link region.
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also connected to and has a special trigger function to obtain neutron events. This function issues more
triggers, and the units of 85-91 have a large number of events than the other SASs. The channels on
FADC 12 are always read out when there is a hit in the neutron scintillator, which means that this board

can cause triggers even without the involvement of the DIO board.
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Figure. 4.3: An example of the number of hits in different units of the detector during the flight. The

exposure time is 300 sec.

Counting rates In figure 4.4, the average counting rate in SAS is shown. The counting rate increases
during ascent and displays a maximum. In the top of this figure, there is a flare around 56485.9061226852—
56485.910162037. It seems to be a solar flare or a gamma-ray burst, but it is dismissed because there is
no observation/detection with any satellite at that time.

In figure 4.5, the average counting rate in one PDC unit is shown. The counting rate also increases
during ascent and displays a maximum. In this figure, we can see different behavior with different Ring.
The averaged count rate of Ring2 shows the highest rate. Ringl, Ring3, Center and Ring4 follow it.
It might be caused that Ring4 locates neighbor to SAS and is covered most efficiently from gamma-ray
or cosmic-ray background events. Center is the farthest away from outside and less affected by neutron

background events stopped by the polyethylene shield and outer PDCs.
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The counting rate for 2-hit events is shown in figure 4.6 and 4.7. In figure 4.6, only the scatting sites
are shown, and in figure 4.7, only absorption sites are shown. In these figures, the event rates are so low
that there is no clear different among the Rings. Detail comparison of 2-hit event is in AppendixC.

The counting rate for LICAF event is shown in figure 4.8. Since LICAF and BGO crystal are connected
together as the phoswich detector, this event is including both LiCAF and BGO crystal events. To
investigate the ratio of figure 4.8, I have operated the following detail analysis.

Figure 4.9 left is an example of ”Fast” and ”slow” outputs of detector cell of LICAF. Since LiCAF and
BGO crystal have different decay time, ~1200 ns for LICAF and ~300 ns for BGO crystal, there are two
branches: one corresponding to events detected by LiCAF and another for events by BGO crystal. Figure
4.10 right is projection of the left and fitted with detected by gauss function. The separated LiCAF and

BGO event rates are shown in figure 4.10.
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Chap.5 Summary and future works

In 2012 and 2013, we have operated the ground calibration over 150 hours, and studied the capability
of the detector. There are results of the ground calibration about the gain of each PDC, angular response,
time resolution, the interaction site distribution of 61 PDCs, and modulation factor. The gain of each
PDC, angular response, and time resolution are analyzed by the other members and confirmed they
achieve the requirements. It is confirmed that the systematical error of MF is better than ~1% with
polarized gamma-rays irradiation at the central PDC. The distribution of the interaction site among 61
PDCs has the factor 2 difference in Ringl between ground calibration and simulation, while the other
Ring is consistent. MFs of the ground calibration is consistent with the Geant4 simulation, except for
those including the events of Ringl scattering. There is a doubt of light leakage in the detector. The
light leakage might cause the factor 2 difference of the Ringl in the distribution of the interaction site
among 61 PDCs and lower MF.

For the future works, we need ground calibration tests, such as irradiating '37Cs at bottom BGO,
which emits more number of photons, to confirm this problem. After investigating this issue in more
detail, we will construct new a simulator and re-calibrate the MF of the PoGOLite instrument. The

detail analysis of of flight full-data will be performed after these analyses of the ground calibration.
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Appendix A

A.1 Modulation curves with some set up and event selection of

the ground calibration

A.2 Comparison of modulation curves between the ground cal-
ibration (left) and the Geant4 simulation (right)
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Centerlrradiating, Ring/Scattering, AnyAbsorption, NonRandomized, 90-270degree, 1440m(2012)
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Centerlrradiating, Ring!Scattering, AnyAbsorption, WithRandomized, 90-270degree, 1440m(2012)
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Ring | Irradiating, ???Scattering, ??? Absorption, NonRandomized, 90-270degree, 505m(2012)
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Ring2lrradiating, ???Scattering, 2! Absorption, NonRandomized, 90-270degree, 625m(2012)
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Ring2lrradiating, ???Scattering, ??? Absorption, WithRandomized, 90-270degree, 625m(2012)
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Ring3lrradiating, ???Scattering, ??? Absorption, NonRandomized, 90-270degree, 600m(2012)
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Ring3lrradiating, ???Scattering, ??? Absorption, WithRandomized, 90-270degree, 600m(2012)
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Ring4lrradiating, ???Scattering, 2! Absorption, NonRandomized, 90-270degree, 925m(2012)

[ Distribution of scattering angles |

ScatteringAngles

150

Entries 66885
@ P " Mean oo
5250 -4 RMS 98.86
S %2 I ndf 450.7 / 355
5 A PO 1845+ 0.7
8200 | ‘z p1 0.01416 + 0.00551
£ Yl p2 -10.62 £ 10.99
3 4 p3 -0.1604 + 0.0055
= p4 1.03+1.95

L

RN )

TTTT

50

TTTT

) ST T A A

o

50 100 150

200

250 300 350

Azimuthal scattering angle (deg)

AnyScattering
AnyAbsorption

[_Distribution of scattering angles | ScatteringAngles

Entries 32995
m S N B e e Y PO 179.3
S 160F 1. | RMs 81.7
3160 : 72 | ndf 785.3/355
5 | | po 89.47 £ 0.50
S140f W1l e 0.1118 £ 0.0076
g F p2 -88.72 +1.82
E120F T s -0.6172 + 0.0068
2 F k p4 1.133 + 0.751

100

v T T Lo Loy Ty

ao 50 100 150 200 250 300
Azimuthal scattering angle (deg)

Ring3Scattering
AnyAbsorption

N
o0

Ring4lrradiating, ???Scattering, 72! Absorption, WithRandomized, 90-270degree, 925m(2012)
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Centerlrradiating AnyScattering AnyAbsorption

The Geant4 simulation The ground calibration
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The Geant4 simulation
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[ Distribution of scattering angles
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Appendix B

B.1 2D histogram and the projection (means energy spectrum)
with the threshold 0 ADC channel and 60 ADC channel
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Appendix C

C.1 Comparison between scattering event and absorption event
of 2-hit event based on flight-data
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Appendix D

D.1 List of grand calibration data
o 2012_Centerlrr_24h_90-270.list
e 2012_CenterIrr_30m_ThroughScatter.list
e 2012_CenterIrr_600m_0-180.list
e 2012_RinglIrr_30m_ThroughScatter.list
e 2012_RinglIrr_505m_90-270.list
e 2012_RinglIrr_610m_0-180.list
e 2012_Ring2Irr_30m_ThroughScatter.list
e 2012 _Ring2Irr 570m_0-180.list
e 2012_Ring2lrr_625m_90-270.list
e 2012_Ring3Irr_30m_ThroughScatter.list
e 2012 _Ring3Irr_600m_90-270.list
e 2012_Ring4lrr_30m_ThroughScatter.list
e 2012_Ring4lrr_925m_90-270.list
e 2012_BackGround_200min_WO_cover.list
o 2012_BackGround_250min_Lead.list
e 2012_BackGround-250min_NoHole.list
e 2012_BackGround_30min_Room.list
e 20130620_Centerlrr_250m_FastPra_90-270.list
e 20130622_Centerlrr_250m_FastPra_90-270.list
o 2013_CenterIrr_15m_Non.list

e 2013_CenterIrr_15m_Non_WO_Rotation.list
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2013_Centerlrr_-5m_1.25cmLen_2.0mmPhi.list
2013_CenterIrr_5m_1.25cmLen_2.5mmPhi.list
2013_CenterIrr_5m_1.25cmLen_3mmPhi.list
2013_CenterIrr_5m_2.5cmLen_2.0mmPhi.list
2013_Centerlrr_-5m_3.75cmLen_2.0mmPhi.list
2013_Centerlrr_-5m_5.00cmLen_2.0mmPhi.list
2013_CenterIrr_5m_5.00cmLen_2.0mmPhi_2.list
2013_CenterIrr_5m_6.25cmLen_2.0mmPhi.list
2013_CenterIrr_5m_7.5cmLen_2.0mmPhi.list
2013_CenterIrr_5m_Non.list
2013_CenterIrr_-5m_WO_Collimator.list
2013_CenterIrr_-5m_WO_Collimator_2.list
2013_CenterIrr_750m_LargePra_90-270.list
2013_RinglIrr_20m_Non.list
2013_RinglIrr_275m_90-270.list
2013_Barbielrr_bm_2.5cmLen_2.0mmPhi.list
2013_Barbielrr_5m_WO_Collimator.list
2013_Wall-elrr_10m_2.5cmLen_2.0mmPhi.list
2013-Wall-elrr_5m_10.0cmLen_2.0mmPhi.list
2013-Wall-eIrr_5m_2.5cmLen_2.0mmPhi.list
2013_Wall-elrr_5m_5.0cmLen_2.0mmPhi.list
2013_Wall-elrr_5m_7.5cmLen_2.0mmPhi.list
2013_Wall-eIrr_5m_WO _Collimator.list
2013_BackGround_295min_Lead.list

2013_BackGround_300m_Room.list
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