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Abstract

This thesis summarises work done in the preparation for the PANDA (an-
tiProton ANnihilations at DArmstadt) experiment, that will be built at the
HESR (High Energy Storage Ring) at FAIR (Facility for Antiproton and Ion
research) and for the PAX (Polarised Antiproton eXperiment) experiment pro-
posed for the HESR.

For PANDA, characteristics of the electromagnetic calorimeter have been
measured at the tagged photon beam facility at the MAX IV laboratory for 61
photon energies in the range 12-63 MeV. The tested detector array consisted of
5×5 PbWO4 (lead tungstate) crystals designed for the forward end-cap. The
array was cooled to -25 ◦C and read out with either conventional photomul-
tiplier tubes or vacuum phototriodes (VPTs), the photo-sensor proposed for
the forward end-cap. The measured relative energy resolution with photomul-
tiplier tubes, σ/E, (for example 6 % at 20 MeV) is well within the limits of
the PANDA requirements. In tests with VPTs the lower signal-to-noise ratio
deteriorates the resolution to a level suggesting that VPTs should not be used
in PANDA.

For PAX, the analysing power with respect to the neutron in pd → ppn,
with a transversely polarised proton beam with energy 49.3 MeV, has been
measured. Data was taken at the COSY storage ring, Forschungszentrum
Jülich, during an experiment in which the PAX collaboration successfully po-
larised a stored proton beam by spin �ltering. In the measurement the beam
was scattered o� a deuterium cluster-jet target and the scattered protons were
detected in the two silicon tracking telescopes of the ANKE detector system.
The measured analysing power is compared to the predictions by chiral ef-
fective �eld theory at next-to-next-to-leading order by interpolating on a pre-
calculated grid and using the sampling method.



ii

Content of this thesis

This thesis is comprised of a written section, presented in parts I and II,
that provides details of the author's contributions, and three scienti�c papers
presented in part III. The papers are:

I K. Marcks von Würtemberg et al., The Response of lead-tungstate scin-
tillators (PWO) to photons with energies in the range 13 MeV-64 MeV,
Nucl. Instrum. Meth. A679 (2012) 36-43.

II K. Makónyi et al., Exploring vacuum phototriodes for photon calorimetry,
Submitted to Nucl. Instr. Meth. September 2013.

III W. Augustyniak et al., Polarization of a stored beam by spin-�ltering,
Physics Letters B 718 (2012) 64-69.

Reprints were made with permission from Elsevier.

Part I of this thesis, concerning results of measurements with photomulti-
plier tubes, has to large extent been presented in the licentiate thesis Response
of the PANDA electromagnetic calorimeter to photons with energies below 100
MeV, Klas Marcks von Würtemberg, Department of physics, Stockholm uni-
versity (2011).
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The author of this thesis has contributed to the accompanying papers as fol-
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signing parts of the support structure for the light sensors, creating work-
shop blueprints and testing equipment. Performed full analysis of the
obtained data and wrote a major part of the paper.

II Took part in the planning, preparation and conduction of the experiments.
Tested the VPTs and designed a new support structure for the light sen-
sors. Shared responsibility of the experiment during data taking and wrote
large parts of the paper.

III Took part in data taking during the experiment. Developed a partly
separate analysis code for cross-checking the existing analysis code used
for the polarimetry.
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Sammanfattning på svenska

Denna avhandling beskriver instrumenteringsutveckling och metodutveckling
för två experiment planerade för lagringsringen HESR vid forskningsfaciliteten
FAIR som är under byggnation i Darmstadt, Tyskland. Där kommer forskning
att bedrivas med hjälp av antiprotoner accelererade till energier som möjliggör
studier av den starka kraft som verkar mellan partiklar inuti atomkärnor.

För experimentet PANDA har en mindre prototyp av den elektromag-
netiska kalorimetern konstruerats för att karaktärisera dess egenskaper. Kalori-
meterns uppgift är att med hög precision mäta energier hos laddade partiklar
och fotoner som skapas då antiprotonerna i lagringsringen interagerar med
protoner som förs i deras väg. Den precision med vilken energier kan mätas
beror på egenskaperna hos det scintillerande detektormaterialet och de fotode-
tektorer med tillhörande elektronik som omvandlar den i detektormaterialet
deponerade energin till en mätbar laddningsmängd. Resultaten från de ut-
förda experimenten visar att de fotodetektorer med tillhörande elektronik som
har planerats för en del av den elektromagnetiska kalorimetern inte kan använ-
das eftersom den statistiska �uktuationen i en signal ut ur detektorsystemet
för en given signal in är för stor.

En proton eller antiproton har ett inneboende magnetiskt dipolmoment,
spinn, vars projektion på en given axel är positiv eller negativ. Om sanno-
likheten för att mäta ett positivet värde är större än för att mäta ett negativt
värde (eller vice versa) då projektionen mäts över en ensemble av partiklar så
sägs ensemblen vara polariserad. PAX-kollaborationen lyckades i ett experi-
ment 2011 vid lagringsringen COSY i Jülich, Tyskland, polarisera en lagrad
protonstråle genom så kallad spinn�ltrering, vilken är den metod med vilken
man även tänker sig polarisera en lagrad antiprotonstråle. Vid samma experi-
ment erhölls data som möjliggjorde mätningen av en spinnasymmetri; en ob-
servabel som beror av graden och riktiningen av polarisationen hos den lagrade
strålen. I reaktioner av typen pd → ppn, mättes spinnobservablen "analysing
power" för den utgående neutronen. Observabeln är grundläggande för den
teoretiska förståelsen för hur nukleoner växelverkar vid låga energier. Den
observerade diskrepansen mellan den mätta observabeln och den teoretiska
förutsägelsen kan inte förklaras av de uppskattade systematiska osäkerheterna.





Preface

The antiproton is and has been an important tool for understanding the forces
and architecture of the universe.

Antiprotons are produced naturally when protons collide with nuclei in the
interstellar medium. The production of cosmic antiprotons is also predicted
within dark matter models. These antiprotons can be detected in satellite
experiments.

In particle physics the antiproton can be produced by colliding high en-
ergy protons with a dense target. The development of electron cooling [1]
and stochastic cooling [2] in the 1970's and 1980's have made it possible to
store high-quality beams which makes high-luminosity and high-precision ex-
periments possible. This has lead to the discovery of the W± and Z0 bosons
at the UA1 [3] and UA2 [4] experiments at CERN in pp̄ collisions at a centre-
of-mass energy of 600 GeV.

At Fermilab, where pp̄ collisions with a centre-of-mass energy of 2 TeV were
possible, the top quark was discovered at the Tevatron [5].

At CERN physics with antiprotons have been performed during the 1980's
and 1990's at signi�cantly lower energies at LEAR in the range 5 MeV to 1.3
GeV (kinetic energy) and later at the AD ring.

At the HESR (High Energy Storage Ring) [6] of the FAIR facility, currently
(2013) under construction, antiprotons with momentum up to 15 GeV/c will
be stored. At optimal performance a relative momentum spread, ∆p/p, of the
order of 10−5 is expected which will allow for precision studies of the strong
interaction, presently described by QCD, in the non-perturbative regime.

This thesis presents work done within two collaborations, PANDA and
PAX, both aiming at experiments at the HESR. A main part of PANDAs ex-
tensive physics program is linked to hadron spectroscopy while PAX will study
the structure of nucleons with a polarised antiproton beam and a polarised
target. PANDA is planned to be operational in 2018 while the PAX project is
a potential upgrade of the HESR. On a shorter time scale PAX has proposed
an experiment at the AD ring at CERN in order to optimise the parameters
for the spin-�ltering of an antiproton beam in situ.

Part I of this thesis presents the development and testing of a detector array
representative of a segment of the forward end-cap of the PANDA electromag-
netic calorimeter. The goal has been to test a realistic array by determining
the energy resolution and spatial resolution for photons below 100 MeV. A



xii Preface

realistic array is equipped with crystals, photosensors and readout electronics
arranged in a support structure following the design parameters stated by the
PANDA collaboration. The results of this work are presented in Paper I and
Paper II. Paper I describes the development and results of the tests for an
array with crystals mounted in a realistic support structure and read out by
conventional photomultiplier tubes. Paper II describes the tests done when the
array is equipped with vacuum phototriodes and di�erent readout electronics.
The work has been done in collaboration with Uppsala University and Lund
University.

Part II of this thesis presents the measurement of a spin observable, the vec-
tor analysing power with respect to the neutron, in the pd → ppn reaction with
transversely polarised protons. During an experiment with the main purpose
of polarising an unpolarised proton beam through spin-�ltering, presented in
Paper III, relevant data was obtained when measuring the polarisation lifetime
of a stored, polarised beam. The spin-�ltering technique is crucial for PAX to
obtain a polarised antiproton beam. The spin observable has not before been
measured at the present energy and a prediction is available through chiral
e�ective �eld theory.



Part I

Response of the PANDA

electromagnetic calorimeter





Chapter 1

Introduction

1.1 PANDA � antiProton ANnihilations at DArm-

stadt

The PANDA experiment is one of the key experiments at the Facility for
Antiproton and Ion Research (FAIR) which is under construction on the area of
the GSI Helmholtzzentrum für Schwerionenforschung in Darmstadt, Germany.

The central part of FAIR is a synchrotron complex providing intense ion
beams (from protons to Uranium nuclei). Antiprotons produced by a primary
proton beam will be �lled into a High Energy Storage Ring (HESR). The
antiprotons with kinetic energy up to 14.1 GeV will collide with a �xed H2

pellet or cluster-jet target inside the PANDA detector. The physics at PANDA
will bene�t from the high intensity and quality of the beam.

Table 1.1 shows parameters for the PANDA experiment and for the HESR.
An schematic illustration of the PANDA detector system is shown in Figure
1.1

1.2 Physics at PANDA

One of the main objectives of PANDA is to study the strong interaction cur-
rently described by QCD. Speci�cally the existence/properties of glueballs
(bound states with only gluonic degrees of freedom (gg)), and hybrids (mesons
with gluonic degrees of freedom (qq̄g)) will be investigated through hadron
spectroscopy.

The concept of PANDA allows for precision studies of states with exotic
and non-exotic quantum numbers. In the hypothetical process pp̄ → Y a
larger number of quantum number con�gurations is accessible compared to
the e+e− → Y ′ reaction since the latter is restricted to the quantum numbers
of the exchange photon.

In measurements of produced states with exotic quantum numbers, like
X in pp̄ → X + Z, the performance of the detector governs the precision of
measured masses and widths. In studies of non-exotic states (pp̄ → Y ) the
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Figure 1.1: Schematic view of the PANDA detector system.

Experimental requirements

Ion species Antiprotons

p̄ production rate 2 · 107 s−1

Momentum / Kinetic energy range 1.5 to 15 GeV/c / 0.83 to 14.1 GeV

Target thickness 4 · 1015 atoms/cm2 (H2 pellets)

Luminosity

High luminosity mode 2 · 1032 cm−2s−1

High resolution mode 2 · 1031 cm−2s−1

Momentum spread

High luminosity mode σp/p ∼10−4

High resolution mode σp/p ≤2·10−5

Table 1.1: Experimental requirements for PANDA

p̄-energy will be scanned over the energy region of interest. Here the precision
is dependent of the quality of the beam rather than that of the detector.

In the PANDA physics performance report [7] the physics case is described
in detail.
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1.3 The PANDA electromagnetic calorimeter

1.3.1 Basic demands

In the technical design report for the PANDA calorimeter [8], demands on its
performance are stated. Some key issues could be summarised as follow.

• Energy resolution

• Dynamical range

• Spatial resolution

• Time resolution

• Geometrical coverage

• Radiation hardness

• Cost

A schematic illustration of the PANDA EMC is shown in Figure 1.2.

Figure 1.2: Schematic view of the barrel and forward end-cap of the PANDA elec-
tromagnetic calorimeter.

The physics performed at PANDA requires an e�ective background rejection.
Failing to detect a low energy photon belonging to a background channel could
cause an event to meet the selection criteria of a signal channel.
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A benchmark channel that puts the threshold of the EMC (electromagnetic
calorimeter) in focus is

p̄p → hc → ηcγ → φφγ → K+K−K+K−γ.

Here hc is the exited state of cc̄ with n2s+1LJ = 11P1. ηc is the exited state of
cc̄ with n2s+1LJ = 11S0. For this process the main background channels are

1. p̄p → K+K−K+K−π0

2. p̄p → φφπ0

3. p̄p → φK+K−π0

where the π0 decays to two γ. If one of the γ are lost, the �nal particles are
the same as in the hc decay. Simulations [7] show that lowering the threshold
from 30 MeV to 10 MeV improves the signal to background ratio by 19% and
33% respectively for the channels 2 and 3 above. This shows the importance
of a low threshold.

A limit of the width of the reconstructed π0 and η masses, for accurate �nal
state decomposition, sets the limit of the energy resolution stated in Table 1.2.
The limits are 8 MeV/c2 and 30 MeV/c2 for the π0 mass and the η mass
respectively which can be compared to their rest masses of 135 MeV/c2 and
548 MeV/c2.

Identi�cation of individual photons whose imprints in the calorimeter over-
lap due to a small opening angle of a decaying π0 meson, sets the limit of the
granularity.

There is also a constraint on the time resolution due to the p̄p annihilation
rate that is estimated to be of the order of (several) 107 s−1. Demands on the
EMC are shown in Table 1.2.

1.3.2 Scintillating material

The timing properties, relatively short radiation length and radiation hardness
of PbWO4 (PWO) makes it the choice for scintillating material of the EMC.
However PWO, as designed for the CMS experiment, does not meet PANDA's
requirements of light output and the PWO material designed for PANDA,
sometimes referred to as PWO-II, is therefore modi�ed. Since the light output
of PWO increases with decreasing temperature (2 % / K), a calorimeter con-
sisting of PWO-II crystals operating at -25 ◦C is estimated to ful�l the demands
of PANDA. Table 1.3 summarises some properties of PWO and PWO-II.

1.3.3 The crystals and the geometry of the forward end-cap

The crystals of the forward end-cap, mounted in carbon �bre containers re-
ferred to as "alveoli" (singular "alveolus"), are tapered, which allows the nor-
mal of each crystal surface to be directed towards the same point 950 mm
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Property Required value

Energy resolution σE/E ≤ 1% ⊕ < 2 %/
√

E/GeV

Energy threshold (photons) 10 MeV (20 MeV tolerable)

Energy threshold (single crystal) 3 MeV

Rms noise (single crystal) 1 MeV

Angular coverage % 4π 99

Energy range 10 MeV - 14.6 GeV

Angle equivalent of crystal size ∆θ 1◦

Spatial resolution σθ 0.1◦

Maximum signal load 500 kHz

Table 1.2: Requirements for the forward end-cap as stated in the technical design
report [8]

Parameter Value PWO Value PWO-II

Density 8.28 g/cm3

Radiation length 0.89 cm

Molière radius 2.00 cm

Decay time 6.5 ns

dE/dx (minimum ionising particle) 10.2 MeV/cm

Light yield relative to NaI

at room temperature 0.3 % 0.6 %

at -25◦ C 0.8 % 2.5 %

dLY/dT at room temperature -2.7 %/◦C -3.0 %/◦C

Table 1.3: Properties of PWO and PWO-II as stated in the technical design report [8]

in front of the target. This prevents photons from passing the calorimeter
between adjacent crystals without interaction. Schematic drawings of the for-
ward end-cap and a crystal are shown in Figure 1.4 and Figure 1.5 respectively.
As can be seen in Figure 1.4, the forward end-cap is not isotropic. The relative
positioning of the alveoli depends on the distance from the beam axis. There-
fore the performance of the forward end-cap can be expected to vary with this
distance. The set-ups tested in this work consists of four alveoli arranged so
that they represent a central part and a peripheral part of the forward end-cap
respectively.

The tapering has the e�ect that the light output varies depending on where
in the crystal energy is deposited. The probability for scintillating light to reach
the photosensor decreases with decreasing(!) distance to it. This is because the
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average angle of incidence of light on the short end of the crystal increases with
distance from the photosensor as illustrated in Figure 1.3. Also the average
number of re�ections and average path travelled increases [9]. However, the
in�uence on the energy resolution due to light non-uniformity of forward end-
cap crystals is small. Figure 1.6 shows the light yield as a function of distance
to the front end of a crystal.

The average number of photoelectrons for a PMT covering the end of the
crystal is 67 photoelectrons/MeV. Shielding the end of the crystal, leaving a
circular opening with diameter 15 mm (the diameter of PMTs used for readout
of the PWO matrix) yields 25 photoelectrons/MeV at -25 C◦.
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Figure 1.3: Schematic illustration of the paths travelled of two scintillation photons
in a tapered crystal. The angle of incidence on the short-end of the crystal is larger
for the photon created close to the end.

Figure 1.4: Schematic view of the placement of the forward end-cap alveoli. Each
alveolus houses 16 PWO crystals

A feature of PWO is that the material is radioactive. The observed activity
is believed to be caused by the α-decaying isotope 210Pb that could contaminate
the lead used in the crystal production [10]. The energy released in this decay
is converted to scintillating light and can be detected. For a forward end-cap
type crystal the rate of these decays is of the order of 1 kHz and the average
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Figure 1.5: Schematic drawing of a forward end-cap type crystal. The tapering is
such that the edge of length 200 mm is perpendicular to both ends.
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Figure 1.6: Light yield in number of photoelectrons/MeV as a function of distance
from the front end of a forward end-cap crystal at -25 C◦. The measurement is done
with a PMT covering the end of the crystal (solid squares) and with a 15 mm aperture
(open squares). The dashed line marks the average values of the two measurements.
Data is taken from [9].

light output corresponds, at -25 ◦C, to a 1.3 MeV photon depositing its energy
in the front end of the crystal.

In total, the calorimeter will consist of 15552 crystals of which 3600 will
make up the forward-end cap.
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1.3.4 Photodetectors

Unlike the barrel part of the calorimeter, where avalanche photodiodes (APDs)
will be used as photodetectors, vacuum phototriods (VPTs) has been proposed
for the forward end-cap. In essence these are phtomultiplier tubes (PMTs) with
only one dynode, capable of handling the high count rate (relative to the barrel
part) of the forward end-cap. The in�uence on the gain of the VPTs due to the
magnetic �eld of approximately 1 T in the forward end-cap section is expected
to be small since the �eld is approximately aligned with the central axis of the
VPTs. Some speci�cations of the PANDA VPTs are shown in Table 1.4. A
schematic image of a VPT is shown in Figure 1.7. The working principle of
VPTs are described in Paper II. Note that the investigated VPTs have a gain
of 6-8 compared to the demanded gain of 10-30 stated in the technical design
report.

Parameter Required value

External diameter max 22 mm

Overall length about 46 mm

Gain 10-30

Magnetic �eld 1.2 T (angle to VPT axis ≤ 17◦)

Quantum e�ciency 20 %

Rate capacity above 500 kHz

Table 1.4: Speci�cation for the PANDA VPTs as stated in the technical design
report [8].

Figure 1.7: Schematic drawing of a VPT.



Chapter 2

Experiment

2.1 Purpose and method

The purpose of the experiments has been to determine the energy resolution
and the position resolution of a matrix of 25 (5×5) PWO crystals of forward
end-cap type for photons in the energy range 10-100 MeV. When the planned
electronics, photosensors and parts of the support structure has been delivered,
the matrix has been upgraded.

In the experiments, conducted at the facility for tagged photons at the
MAX IV laboratory in Lund, Sweden, photons are incident on the matrix.
For the investigated photon energies the matrix is su�ciently large to contain
the electromagnetic shower created by the photons. Energies and positions of
incidence are reconstructed o�ine.

2.2 The tagged photon facility at the MAX IV Lab-

oratory

The tagged photon facility at the MAX IV Laboratory uses bremsstrahlung
photons produced when an electron beam interacts with a thin radiator. Bunches
of electrons are accelerated by two linear accelerators and then injected, with a
frequency of 10 Hz, into the storage ring MAX-I. Here the pulses are stretched
from 200 ns to 100 ms. The extraction of the electrons to the tagging facility
is repeated with a frequency of 50 Hz, where the duration of each extraction is
approximately 10 ms. The available electron energy range is 142 to 200 MeV.

The energy of the produced photons are measured indirectly by an electron
spectrometer: the tagger. The path of an electron interacting with the radiator
creating a photon, and thereby losing energy, is bent in a magnetic �eld. The
curvature of the path is determined by the energy of the electron and the
strength of the magnetic �eld along the path. Ideally, the magnetic �eld works
like a lens, guiding electrons with the same energy but di�erent directions
onto the same point on a plane: the focal plane (FP). This one-to-one relation
between energy and a point in space is used to calculate the energy of a photon
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detected in the experiment by the relation

Eph = Eb − Ee (2.1)

where Eph represents the energy of a bremsstrahlung photon, Eb is the beam
energy and Ee is the energy of the scattered electron determined by its position
on the focal plane. Figure 2.1 shows a schematic view of the tagger facility.

Figure 2.1: Overview of the tagging facility. The electron beam interacts with the
radiator producing bremsstrahlung photons. The photons enter the cave where the
experiment is set up. The experiment is monitored from the DAQ (data acquisition)
room.

A set of 63 plastic scintillators equipped with PMTs are placed along the
focal plane. The scintillators are oriented in two rows where a detector in
one row partly overlaps two detectors in the other row. Figure 2.2 shows a
photograph of the hodoscope. Figure 2.3 shows a schematic drawing.

The focal plane trigger signal is given when a coincidence of two overlapping
detectors occurs, which gives a total number of 62 FP channels. A focal plane
trigger signal is thus correlated to a photon according to Equation 2.1. The
overlap and the angle between the electron trajectories and the normal of the
focal plane are such that the energy width of the even numbered detectors
are consistently smaller than the energy width of the odd numbered detectors.
Therefore the resolution of the odd detectors is consequently lower than the
even detectors.

The nominal photon energy that each focal plane detector represents is
calculated theoretically. The energies depend on the physical location of the
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Figure 2.2: The tagger hodoscope. The plastic scintillators (black) are connected
to PMTs (grey).

Figure 2.3: Schematic top view of the tagger hodoscope. If the overlap of the front
and back row is even and the electrons are incident along the normal of the focal plane,
two consecutive tagging detectors will cover the same spatial width (a) perpendicular
to the trajectories of the electrons. If the electrons are not incident along the normal
(or if the overlap is not even) this distance will not be equal (b6=b′).

tagger plane, the energy of the incident electron beam and the magnet settings.
The results of the 2010 run suggest two corrections to the nominal focal plane
characteristics (cf. section 3.4):

• The true tagged energies were lower than those calculated. The relation
was Etrue = 0.93 · Ecalculated.

• Below 35 MeV, the resolution of the tagging system was deteriorated.
although the energy di�erence of consecutive mean tagged energies re-
mained Ewidth ≈ 0.8 MeV over the tagged energy range.
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2.3 Overview of the experiments

This thesis presents the experiences and results of six experiments performed
between October 2008 and April 2013. Parts of the two experiments performed
in October 2008 and March 2009 are described by Grape [11]. Previous mea-
surements, before October 2008, are described in a di�erent work by Grape [12].

2.3.1 October 2008

The experiment was the �rst attempt to measure the energy resolution below
90 MeV of a 5×5 PWO matrix of tapered crystals designed for the forward
end-cap. The crystals were manually wrapped with DF2000MA (also known as
VM2000) and equipped with Hamamatsu PMTs (R1450) operated at a typical
voltage of -1500 V.

As a result of the analysis a hypothesis was formed that non-linearities of
the read-out system were responsible for unexpected results. It was decided
that the intrinsic alpha-activity of the crystals would be used as a low energy
calibration point in future experiments.

A test of the linearity of the PMT-base combination was performed using a
NaI crystal and standard gamma sources. In this way pulses containing repre-
sentative amounts of charge at the anode were created and the performance of
the PMTs was con�rmed to be linear. Therefore the cause of the non-linearities
remained to be veri�ed.

2.3.2 March 2009

In previous experiments the cable length between the PMTs and the ampli�ers,
approximately 20 m, decreased the signal-to-noise ratio to a level where the
alpha-activity signature was no longer resolvable. Therefore the PMTs were
equipped with preampli�ers. With the wider calibration region it was con-
�rmed that previous problems were caused by non-linearities not accounted
for in the analysis. The results, now less distorted by the in�uence of calibra-
tion errors, revealed additional unexpected features in the energy resolution
below 30 MeV. These could be explained if the post-bremsstrahlung electrons,
for these photon energies, were scattered o� their paths before reaching the tag-
ger hodoscope. It was decided that an independent measurement of the focal
plane resolution in connection with a future experiment should be performed.

Two new independent tests of the PMTs were performed in an attempt
to trace the origin of the non-linearities (Section 3.5). In the �rst test a
LaBr3 crystal was used instead of a NaI crystal together with standard gamma
sources. The decay time of the scintillating light pulses of LaBr3 (<20 ns de-
cay time [13]) is comparable to those of cooled PWO crystals (<10 ns at -25
◦C [8]). This is not the case for NaI, which has a signi�cantly longer decay
time (230 ns decay time [14]). This made it possible to not only reproduce the
pulse amplitude created by the integrating ampli�ers, but also to recreate the
momentary current running through the PMTs. The calibrations of the PMTs
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were now found to be non-linear and the conclusion was that the higher mo-
mentary currents through the PMTs created by shorter pulses with the same
total charge saturated the PMTs. In the second test the photocathode of the
PMTs was exposed to a pulsed laser beam (780 nm). The length of the pulses
was changed between 20 ns and 500 ns and the number of photons in each pulse
was adjusted using an attenuator and two polarisers. Although the pulse shape
created by this system is not exponential it was con�rmed that non-linearities
increased with shorter pulse length for the same integrated pulse. At 500 ns
the PMTs responded linearly. At 20 ns the non-linearities were signi�cant.

The strategy adopted was to run the PMTs with lower voltage in future
experiments.

The analysis also showed a noticeable crosstalk among the pre-ampli�ers.
These were therefore equipped with simple Faraday cage-like protections as a
precaution for future experiments.

2.3.3 February 2010

A new support structure for the crystals and the PMTs was constructed using
carbon �bre alveoli planned to be used in the PANDA-calorimeter. The hand
made wrapping was replaced with pre-shaped wrapping increasing the e�ective
light yield of the crystals. Since the combination of PMTs and bases showed
non-linear behaviour, 19 of the old PMTs were replaced by Photonis PMTs
(XP1912). The new con�guration showed better performance in tests prior to
the experiment where the typical voltage applied to the PMTs was -1000 V.

The new construction demanded the use of dummy crystals to arrange the
PWO crystals properly. The larger weight of the matrix caused occasional
malfunction of the coordinate table resulting in a larger uncertainty of the
beam position relative to the matrix. A more powerful stepping engine was
obtained for future experiments.

The energy and resolution of the individual detectors of the hodoscope was
measured independently with CATS, a 0.5 ton NaI detector. It was con�rmed
that the unexpected results from March 2009 were caused by bad resolution of
the tagging spectrometer. In addition it was noticed that the measured energies
of the focal plane detectors di�ered by a factor of 0.93 from the theoretical
predictions used in the analysis of previous experiments. Reliable data for the
energy resolution could now be presented.

An evaluation of the method, described in the technical design report [8],
for reconstructing the position of a photon impinging on the detector was
performed. The spatial resolution dependence of where a photon strikes the
matrix was measured by aiming the photon beam at di�erent positions within
the matrix. The contribution from the spatial pro�le of the beam itself was
measured with a ccd-camera.
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2.3.4 November 2011

The support structure of the matrix was modi�ed so that the alveoli could be
shifted relative each other (cf. Figure 2.6). In this way the geometry of matrix
could be altered to resemble that of the peripheral part of the forward end-cap.

Two measurements were performed, one using the peripheral geometry and
one using the geometry of the central part of the end-cap (as in previous
experiments) for comparison of results measured under similar conditions.

2.3.5 March 2012

The matrix was equipped with the VPTs (Hamamatsu R11357 MOD 3) and
the preampli�ers suggested for the forward end-cap. In this experiment the
ampli�ers were installed in the cave with as short cables as possible (0.3 m)
between the preampli�ers and the shaping ampli�ers which were controlled
remotely via a USB interface from the counting room. The resolution of the
matrix for the central geometry was measured and the noise contribution to
the resolution was estimated.

For best possible resolution the optimal single crystal threshold was found
to be so large that contributions from the peripheral 16 crystals e�ectively
were excluded. It was decided that future studies of the VPT, at the present
energies, could be performed with a single crystal read-out.

2.3.6 April 2013

A complementary study was done to con�rm the results of the 2012 experiment
with only six crystals read out. These were equipped with VPTs, PMTs and
APDs, two of each type, for comparison. Besides a measurement using the
shaping ampli�er of previous experiments, the VPTs vere read-out using a
shaping ampli�er designed for PANDA at KVI (University of Groningen) with
a signi�cantly shorter integration time (40 ns compared to 400 ns and 800
ns) compared to the Mesytech shaper. A �nal conclusion regarding the VPT
performance in the context of PANDA could be made.

2.4 Read-out system and data acquisition

2.4.1 PMT measurements

A schematic drawing of the readout system used in the four experiments be-
tween March 2009 to November 2011 is shown in Figure 2.4. In these ex-
periments PMTs were used exclusively as light sensors. In October 2008 no
preampli�ers were used but in every other aspect of Figure 2.4, the set-up was
the same. In all four experiments the anode signals of the PMTs were used.

The core of the readout system consisted of two 16 chn shaping ampli�ers
(Mesytec MSCF16) and a peak sensing ADC (Caen V785). The two MSCF16
units were receiving signals from the peripheral 16 PMTs and the central 9
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PMTs respectively. The units produce trigger outputs when an or condition
of the inputs is true. This made it possible to either demand peripheral or
central signals when the main trigger was created. This was a desired feature
since the number of false triggers due to the internal α-decays (∼1000 s−1 per
crystal) could be lowered. Demanding peripheral or central signals was decided
depending on the position of the beam or given to the peripheral PMTs when
cosmic muons were supposed to give the trigger.

The main trigger was created as a coincidence between an or condition
of the MSCF16 triggers and a focal plane (FP) trigger. In addition, anti-
coincidence with the machine signal was demanded. The machine signal stre-
tches over the �rst 3 ms of the beam pulse which contains a large number of
photons creating false triggers and/or sum-up e�ects. If not eliminated, this
results in contamination of spectra. The main trigger was used as an ADC-
gate and to trigger the TDCs which were run in common start mode. In order
to eliminate time �uctuations in the focal plane trigger, a delayed copy of the
FP TDC trigger was stored. The time of this signal was subtracted o�-line
from the time of the focal plane signal, improving the time resolution. Data
was stored in ROOT-tree structure �les.

2.4.2 VPT measurements

Due to the comparable amplitudes of the noise and energy signals from the
VPT unit it was not possible to generate a timing signal with the Mesytech
shaping ampli�ers in the VPT measurements of 2012 and 2013. Therefore the
trigger was generated solely by a hit in the focal plane and no TDC information
was stored. Approximately 6 % of the triggers corresponded to a detected
photon in the PWO array.

In the 2013 measurement shaping ampli�ers specially designed for PANDA
by KVI (University of Groningen) was used instead of the Mesytech shapers.
The polarity of the output of the KVI shapers is negative and the signals were
digitised by a QDC (Caen V792) instead of the ADCs previously used.

2.5 Experimental set-up

2.5.1 Climate chamber

In order to maintain a constant temperature of -25 ◦C during the experiment
the PWO matrix was placed in a climate chamber (Vötsch VT 4021). The test
chamber, with an approximate volume of 200 l, can maintain the temperature
with a deviation over time of ±0.5 ◦C. Supply of pressured air prevents frost
and condensation on the equipment. Figure 2.5 shows a photograph the climate
chamber. An opening in the side of the chamber allows beam access. If sealed
with a low Z material, the number of photon interactions before the beam
reaches the matrix is low compared to the number of interactions in the support
structure of the matrix in front of the crystals. Other openings give access to
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Figure 2.4: Read-out system and data acquisition
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Figure 2.5: Climate chamber. The matrix equipped with PMTs is visible inside the
chamber. The beam enters the chamber from the right side.

high voltage and signal cables through two connection plates while the control
cables to the coordinate table enters through an opening where unused space is
�lled with isolating material. Additional light shielding of the climate chamber
was necessary because of leakage at the pressure vent and the drainage pipe.

2.5.2 The matrix

As the development of support structure and electronics planned for the calorime-
ter progressed, the test matrix was uppgraded. In October 2006 the response of
a single PWO crystal was measured. In March 2012 a realistic set-up with 5×5
tapered crystals placed in carbon �bre alveoli equipped with VPTs and accom-
panying pre-ampli�ers was tested. In Figure 2.6 two of the matrix arrange-
ments used are shown. An alveolus houses 4×4 crystals in 4 compartments
with 2×2 crystals in each compartment. The thickness of the walls separat-
ing the compartments is 0.36 mm. The dimensions of the compartments are
such that an extra layer of carbon �bre, 0.36 mm thick, �ts horizontally and
vertically between the crystals. In this way all crystals in the forward end-cap
can be encapsulated by the same amount of material. Figure 1.4 illustrates
how the alveoli are arranged in the forward end-cap. Since the relative posi-
tion of the alveoli change with axial distance the resolution can be expected
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(a) (b)

(c) (d)

Figure 2.6: Matrix con�gurations used in the experiments. (a) PWO matrix prior
2010. Temperature sensors (yellow cables) are visible. (b) Matrix support structure
in 2010. The carbon �bre alveoli are visible inside. A brass dummy crystal indicates
the position of the crystals inside the construction. (c) Shifted geometry resembling
the peripheral part of the forward end-cap. (d) VPT set-up. Copper tubes shield the
preampli�ers. Metal hoses shield the power and signal cables.

to be position dependent. The arrangement of alveoli in the 2010 experiment
resembles the central part of the forward end-cap. A set-up representative of
the peripheral part was used in the 2011 experiment.

2.5.3 PMTs

The two types of PMTs used, Hamamatsu R1450 and Photonis XP1912, have
very similar gain and spectral characteristics but di�erence in performance is
possible because of the higher age of the Hamamatsu tubes. In all experiments



2.5 Experimental set-up 21

with PMTs, these were mounted so that the connecting surfaces of each crystal
and its PMT were parallel. Grease was used as optical coupling. The bases,
Hamamatsu E974-13, were originally used in a di�erent experiment but their
physical design o�ered a mounting solution. The bases were designed to yield
a high ampli�cation of the PMT which was at not considered to be a problem
when the choice was made.

In the experiment in 2008 the shaping ampli�ers (Mesytec MSCF 16)
showed signs of being saturated due to the short fall time of PWO light pulses.
Therefore pre-ampli�ers (Scionix VD 14/ E2) generating a pulse with a fall
time of 50 µs were successfully used in the experiments in 2009, 2010 and
2011.

2.5.4 VPTs

The investigated VPTs (Hamamatsu R11357 MOD3) and preampli�er and
voltage divider are described in Paper II.

2.5.5 Wrapping

In all experiments re�ective material DF2000MA (also known as VM2000) was
used as wrapping to increase the e�ective light yield of the crystals. In 2010
and later experiments, pre-shaped wrapping 0.066 mm thick was used. This
has been shown to increase the light yield by approximately 10 % compared
to manually wrapped crystals.

2.5.6 Coordinate table

The calibration procedure chosen demanded that the beam could be guided
towards each crystal in the matrix which therefore was placed on a coordinate
table. Two remote controlled step motors allowed position control, vertically
and horizontally of the matrix. The heavier set-up of the experiment in 2010
including dummy crystals, caused the vertical step engine to jam occasion-
ally. Therefore an engine with greater power was obtained and used in later
experiments.





Chapter 3

Analysis

3.1 Photon interactions with PWO

Figure 3.1 shows the mass attenuation coe�cients as a function of energy for
photons interacting with PWO. For energies above 10 MeV, pair-production
is dominant. A noticeable feature is that the overall interaction cross-section
increases with energy from 6 MeV to higher energies. This means that the
distance between the front end of a PWO crystal and the �rst interaction
point of a photon with the crystal will decrease on average with increasing
energy.

Figure 3.2 shows a typical PWO crystal response to mono-energetic pho-
tons. The skewness towards low energies is because a single crystal is unable to
contain the electromagnetic shower due to a 40 MeV photon. Note, however,
that not all photons interact with the crystal along its central axis since the
size of the beam (full width at half maximum of the spatial intensity distribu-
tion) was 7 mm when the spectrum was recorded. The further from the central
axis a photon interacts, the larger the probability for energy escaping the crys-
tal. Apart from escaped energy, the �uctuation of the number of scintillation
photons and noise contribute to the variance of the distribution as discussed
below.

3.2 Detector response

The read-out of a scintillating detector interacting with a photon is determined
by stochastic processes. Scintillation photon statistics and noise are examples
of such processes. The following discussion makes use of the Poisson distribu-
tion and the binomial distribution. The Poisson distribution is de�ned by

P (N ;N0) =
NN

0 e−N0

N !
(3.1)
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Figure 3.1: Mass attenuation for photons interacting with PWO. Coherent scatter-
ing is not accounted for. Pair production is assumed to occur in the nuclear �eld.
Data is taken from the photon cross-section database XCOM [15].

where P is the probability of the outcome N and N0 is the mean value of N .
The binomial distribution is de�ned by

B(N ;N0, p) =
N0!

N !(N0 −N)!
pN (1− p)(N0−N) (3.2)

where B is the probability of N successes, N0 is the number of trials and p is
the probability for success in each trial.

A photon or charged particle deposits its energy, E, in a scintillator through
a number of interactions, n, each for which there is small probability p0 for
creating a scintillating photon. If n is large and p0 is small this binomial process
is approximated by a Poisson process with mean value np0. For inorganic
scintillators the number of scintillation photons is normally proportional to
the energy of the incident particle i.e. n0p = αE. The number of scintillating
photons, S, is distributed as P (S;αE).

For each scintillation photon there is a probability p that the photon reaches
the photocathode and creates a photoelectron. Given that S scintillation
photons are produced, the number of photo electrons, N , is distributed as
B(N,S, p). Taking both processes, P (S;αE) and B(N ;S, p), into account,
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Figure 3.2: Response of a PWO crystal of forward end-cap type due to photons
with a nominal energy of 38.9 MeV. Data from the run in 2010. PMTs were used for
readout.

the distribution of N , is

X(N ;αE, p) =

∞
∑

S=N

B(N ;S, p)P (S;αE). (3.3)

Inserting Equation 3.1 and 3.2 and evaluating the sum yields

X(N,αE, p) = P (N ; pαE). (3.4)

The number of photoelectrons is thus Poisson distributed with the mean value
βE where β = pα is the number of emitted photoelectrons per unit deposited
energy in the scintillator.

If N electrons impinge on a dynode with multiplication factor δ, the mul-
tiplied number of electrons M can be modelled by a Poisson distribution
P (M ;Nδ). For a PMT with d dynodes the expectation value of the num-
ber of electrons at the anode is then

〈NA〉 =
∑

N1...Nd

NAP (N1;NCδ)P (N2;N1δ) . . . P (NA;Ndδ) = NCδ
d (3.5)
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where NC is the mean number of photoelectrons at the cathode. In the same
manner 〈N2

A〉 can be calculated and the variance becomes

VA = 〈N2
A〉 − 〈NA〉2 = NC

2d
∑

i=d

δi. (3.6)

The relative resolution due to electron statistics is then

V
1
2
A

〈NA〉
≈ N

− 1
2

C (1 + (2δ)−1). (3.7)

For the VPT-unit (VPT and preampli�er) the process is a slightly di�erent.
The number of photo electrons at the cathode is Poisson distributed according
to P (N ;NC). These electrons are accelerated towards the mesh anode where a
fraction is picked up. The number of electrons passing the anode and impinging
on the dynode is described by a binomial distribution B(N ′;N, p) where p
is the probability of passing the anode. The multiplied number of electrons
at the dynode is Poisson distributed according to P (N ′′;N ′δ) where δ is the
multiplication factor. The total number of electrons at the anode is thus NA =
N −N ′ +N ′′ and the expectation value is

〈NA〉 =
∑

NN ′N ′′

(N −N ′ +N ′′)P (N ;NC)B(N ′;N, p)P (N ′′; δN ′) (3.8)

= NC(1 + p(δ − 1)). (3.9)

Further

〈N2
A〉 =

∑

NN ′N ′′

(N −N ′ +N ′′)2P (N ;NC)B(N ′;N, p)P (N ′′; δN ′) (3.10)

which can be evaluated term by term From the following relations

〈N2〉 = NC(NC + 1) (3.11a)

〈N ′2〉 = NCp(NCp+ 1) (3.11b)

〈N ′′2〉 = NCpδ(NCpδ + δ + 1) (3.11c)

〈NN ′′〉 = 〈NN ′σ〉 = δpNC(1 +NC) (3.11d)

〈NN ′〉 = 〈NNp〉 = pNC(1 +NC) (3.11e)

〈N ′N ′′〉 = 〈δN ′2〉 = δpNC(1 + pNC). (3.11f)
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The variance of the number of electrons at the anode is then

VA = 〈N2
A〉 − 〈NA〉2 = NC(1 + p(δ2 + δ − 1)). (3.12)

De�ning the gain as

g ≡ 〈NA〉
NC

= 1 + p(δ − 1) (3.13)

gives

δ =
g − 1 + p

p
(3.14)

and NA can be expressed in terms of the gain. For the investigated VPT the
transparency of the mesh anode is approximately 50 % and inserting p = 0.5
in the above equations yields

VA =
1

2
(1 + 4g2 − 2g). (3.15)

The relative resolution then becomes

V
1
2
A

〈NA〉
=

(

2

NC

) 1
2
(

1− 1

2
g−1 +

1

4
g−2

) 1
2

(3.16)

which should be compared to Eq. 3.7 which describes the relative resolution
of a standard PMT. Evidently the fact that, on average, one half of the pho-
toelectrons is picked up at the anode deteriorates the relative resolution by a
factor

√
2.

The compound distribution of independent stochastic variables, like elec-
tron statistics and noise, is the convolution of the underlying probability distri-
butions. The variance of the compound distribution is the sum of the variances
of the underlying distributions i.e.

σ2
1+2 = σ2

1 + σ2
2 (3.17)

where σi represents the standard deviations of the distributions.
A standard parametrisation of the response includes Poisson statistics,

noise and a term that is linear in energy accounting for energy leakage and
other energy dependent e�ects. The variance of the readout then takes the
form

σ2
E = σ2

Poisson + σ2
noise + σ2

linear =
E

a
+ b2 + (cE)2 (3.18)

where a is related to the number of photoelectrons/unit energy and b is the
rms noise. According to Equation 3.7 the Poisson term for PMT readout takes
the form σ2

poisson = E/β (to 0th order in δ) where β is the number pf photo-
electrons/MeV. Thus for a PMT a = β. For a VPT σ2

poisson = 2E/β according
to Equation 3.16 (to 0th order in g) and a = β/2. The interpretation of the
parameters of Equation 3.18 if �tted to data is however not straight forward.
E.g. if a photon deposits its energy over M crystals, the noise contribution
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is σ2
total_noise = Mσ2

single_crystal_noise. If M is a second degree polynomial in
energy, the noise can alone be parametrised by Equation 3.18. In Table 1.2 the
required response of PANDA is expressed in terms of σE/E. The requirements
corresponds to c = 0.01 and a = 2500 GeV−1. For a single crystal the noise
term is set to b = 1 MeV.

3.3 Calibration

3.3.1 General considerations

The calibration procedure of the matrix is two-fold. Firstly, if signals from
di�erent detector elements are to be summed, these must be calibrated to
a reference scale that is linear in energy. Secondly, when this is achieved
an absolute calibration can be performed by associating a summed read-out
spectrum with the nominal energy of an incoming photon.

A relative calibration is obtained by creating functions that map the read-
out from identical events for all detector elements onto a representative refer-
ence read-out. The read-out of one of the detector elements would itself be a
suitable reference if its output is linear in energy. Since the read-out by na-
ture is statistical there is a spectrum of possible outcomes although the inputs
are identical. This distribution is known as the response. A measure of the
location of the response can be used as a calibration point.

Some criteria for the choice of measure and its estimator can be stated
if the errors of the calibrations are to be minimised. The measure must be
stable to di�erences in resolution among the detector elements. If tagged
photon spectra are used for calibration the measure must not be sensitive
to the relative di�erences in beam positions that can occur when the beam is
aimed at individual crystals. Moreover it is not certain that the measure of a
distribution transformed by a calibration polynomial equals the transformed
measure of the original distribution. E�ectively this would create a bias in the
calibration point. The bias of the estimator itself should also be investigated.
Below, two measures of the location of a spectrum, the mean and the mode,
are discussed with respect to the issues mentioned.

3.3.2 Location of a spectrum - The mean

The sample mean value of a distribution de�ned by

x̄ =

∑n
1 xn
n

(3.19)

is an unbiased estimator of the true mean value of the underlying probability
distribution function. It is also simple to calculate, which is an advantage in
large scale data analysis when many spectra are handled. However, on the
other issues previously discussed, it su�ers from drawbacks.

If x is transformed by a polynomial of degree 1, i.e y = p0+p1x, the sample
mean transforms as ȳ = p0 + p1x̄. On the other hand, if the polynomial is of
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degree 2, y = p0 + p1x+ p2x
2, the sample mean transforms as

ȳ = p0 + p1x̄+ p2x̄
2 + p2(x̄2 − x̄2) (3.20)

A non-linear relative calibration will therefore introduce a bias that scales with
the non-linear coe�cient and with the variance of the distribution. Unless the
linearity of the calibration can be guaranteed, knowledge about the ratio of
these two parameters should be obtained before the sample mean is used for
calibration. Expressed in the x-variable the bias is

xbias = x̄+
p1
2p2

− (
p21
4p22

+
p1
p2

x̄+ x̄2 + σ2)1/2 (3.21)

As shown in Figure 3.4, the sample mean of a tagged photon spectrum is
also sensitive to the position of the beam relative to the crystal it is aimed
at. Finally, the sample mean is a�ected by the individual thresholds of the
detector elements.

The conclusion is that the sample mean is a useful measure if clean spectra
with locations not dependent on the beam position are used for a calibration
that is guaranteed to be linear. Cosmic muons, for example, give such spectra.

3.3.3 Location of a spectrum - The mode

The mode is a measure of the most probable outcome of a probability distri-
bution locally or globally. If there is only one global mode the distribution is
said to be unimodal.

Since the 1950s work has been done aimed at �nding a non-parameterized
unbiased estimator of the sample mode of a unimodal distribution. Such an
estimator would be useful in this context since tedious curve �tting procedures
associated with parameterized estimators could be avoided. These are also
often biased when the true model function is not available.

A non-parameterized asymptotically unbiased estimator has been presented
by Grenander [16]. Although simple to implement, a better mathematical
understanding of the algorithm than that obtained within the frames of this
work is needed to evaluate the performance of the estimator in terms of bias
and error.

The distribution of total deposited energy due to monoenergetic photons
interacting with a detector can in general be modelled by a skewed Gaussian
distribution. Figure 3.5 shows an example of this. A parameterized estimator
of the mode of such a distribution is accessible by means of the �Novosibirsk
function�. This function, de�ned by

f(x; τ, σ̃, µ0, A) = Ae−
1
2
(
ln2(1+Λτ(x−µ0))

τ2
+τ2), (3.22a)

where

Λ =
sinh(τ

√
ln 4)√

ln 4σ̃τ
, (3.22b)
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is parameterized by its asymmetry (τ), width (σ̃ ≡ FWHM
2
√
ln 4

≈ FWHM
2.35 ) and

mode (µ0). It is a standard tool used to model skewed distributions in particle
physics. The function approaches a true Gaussian when τ → 0. It should
be noted that the standard deviation of the Novosibirsk distribution depends
on both τ and σ̃. Figure 3.3 shows the ratio σ (standard deviation) / σ̃ as a
function of τ . Simulations have shown that this relation is independent of σ̃.

Figure 3.3: σ (standard deviation) / σ̃ as a function of τ for the Novosibirsk distri-
bution. The relation is independent of σ̃.

If the independent variable of a Gaussian distribution described by

1√
2πσ

e−
(x−µ0)

2

2σ2 (3.23)

is transformed by a 2nd degree polynomial y = p0+p1x+p2x
2, it can be shown

[17] that the bias, expressed in x, of the mode of the transformed distribution
takes the form

xbias = µ0 +
p1
2p2

− (
p21
4p22

+
p1
p2

µ0 + µ2
0 − 2σ2)1/2 (3.24)

in a neighbourhood of µ0. Since the Novosibirsk distribution, for small τ , is
Gaussian-like, the same relation could be used as a qualitative measure of the
bias of its transformed mode.
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Compared to the mean, the mode of a tagged photon single crystal spec-
trum is relatively stable to shifts in beam position (Figure 3.4). A beam shift
of 6.25 mm yields a shift in relative calibration of 3 % which is considered small
in the context. The uncertainty in beam position during the experiment is es-
timated to be considerably smaller than 6 mm since a shift of this magnitude
can be visually detected during run-time by inspection of the distribution of
energies over the detector elements. Figure 3.6 shows the energy distribution
over the matrix when the beam is aimed at the centre of the matrix.

Figure 3.4: Beam position in�uence on the sample mean (squares) and mode (circles)
of tagged photon spectra. The vertical scale shows pulse height when the beam is
aimed at the nominal centre of the crystal. The horizontal scale shows pulse heights
when the beam is shifted 6.25 mm horizontally. The scales cover the range 0-50 MeV
where the lowest lying point represents the intrinsic α-decay with light yield equivalent
to a 1.3 MeV photon. The �tted lines are 1st degree polynomials (y = p0 + p1x) with
the following parameters: Modes (circles) p0 = −5.9 ± 1.9 chn, p1 = 1.032 ± 0.002.
Sample mean (squares) p0 = −22.8 ± 1.8 chn, p1 = 1.077 ± 0.002. Uncertainties are
smaller than the size of the markers.

The bias of the estimator itself is considered to be of low order since the
minimal χ2 for a �t of a quasi-Gaussian function to a quasi-Gaussian distribu-
tion is obtained when the distance between the true and the estimated mode
is minimised.
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In the present work the Novosibirsk function tends to overestimate the
height (Ae−

1
2
τ2 in Equation 3.22) of distributions with an underestimated

FWHM value as consequence. By shrinking the �tting region (compare Fig-
ure 3.5) a lower χ2/ndf is obtained with less biased height and FWHM. The
change of parameters when the �tting region is reduced is larger than the un-
certainties for the �t shown. Up to the experiment in 2011 the �tting was done
over a region where the intensity of the pulse-height distribution is larger than
10 % of its maximum intensity. In later experiments, where VPTs were used,
the trigger was generated by a hit in the tagger hodoscope only. Therefore the
bremsstrahlung background was signi�cant in the collected spectra and the
�tting was done with an exponential background.

Figure 3.5: χ2 �t of a Novosibirsk function (Equation 3.22) to the pulse height
distribution of photons with the nominal energy 38.9 MeV interacting with a PWO
crystal. Data from the 2010 run. In the histogram chn/bin = 8. Parameters of the �t:
µ0 = 1640.4±2.4 chn, σ̃ = 203.8±1.2 chn, A = 358.9 bin−1±3.3, τ = −0.400±0.007,
χ2/ndf = 243.4/184. The �tted function is plotted over the �tting region.

3.3.4 Relative calibration

The conclusion of the previous section is that the mode is preferred as an
estimator of the location of a distribution in this context since it is stable to
shifts in beam position and the bias is controlled if the calibration is non-linear.
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In the experiments described the relative calibration was done using tagged
photons. By moving the matrix, which was mounted on a coordinate table, the
beam was aimed at each crystal. This yields one spectrum for each functioning
focal plane detector for each crystal. The spectra of the central crystal were
used as model spectra. Examples of relative calibrations are shown in Figure
3.7.

To aim the beam properly a procedure relying on visual inspection of the
energy distribution of the beam interacting with the matrix was used (Figure
3.6). If the distributed energies are symmetrical with respect to the central

Figure 3.6: Pulse height spectra for each of the matrix elements. The beam is aimed
at the central element.

matrix element the beam is aimed at the centre of the matrix. However, if the
matrix elements are not calibrated yet an uncertainty in beam position relative
to the centre of the matrix cannot be avoided. By adjusting the high voltage of
the PMTs so that the modes of cosmic muons spectra and the intrinsic α-decay
peaks are similar in location, single crystal spectra can be compared. In this
way the beam can be aimed to the centre of the matrix with an acceptable bias.
Since the relative distances between the crystals were measured individually,
the beam could, although not aimed at the centre, be aimed at the same
relative position of each crystal. This is all that is needed for an accurate
relative calibration.
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Figure 3.7: Calibration of a peripheral matrix element relative to the central matrix
element for the runs in 2009 (squares) and 2010 (circles). Each point represents the
mode of the pulse height distribution of a tagged photon. The PMT voltage was
typically 1500 V in 2009 and 1000 V in 2010. The uncertainties are comparable to
the size of the markers or smaller. The point corresponding to the lowest mode for
each run represent the α-decay signature equivalent of a 1.3 MeV photon. The point
corresponding to the highest mode in each run represents a photon with the nominal
energy 46 MeV in 2009 and 60 MeV in 2010.

From parameters of the �ts in Figure 3.7 and Figure 3.5 it can be concluded
that the bias in relative calibration due to non-linearities is small. Typical
values of the parameters in Equation 3.24 are µ0 ∼ 103 chn, σ̃ ∼ 102 chn
(Figure 3.5) and p1 ∼ 1, p2 ∼ 10−5 chn−1 (the lower curve of Figure 3.7). This
gives a bias in the order of 10−1 chn in the transformed variable which is small
in this context.

3.3.5 Absolute calibration and summing procedure

When all matrix elements are calibrated relative to the same reference, indi-
vidual contributions from the elements can be summed if the reference is linear
in deposited energy. If the chain of ampli�cation is linear this holds since the
light output of the forward end-cap crystals can be considered to be uniform
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in the spatial region where photons with energies between 12-60 MeV deposit
most of their energy.

Since this work is aimed at determining the resolution for photons with
di�erent initial energies, the absolute calibration is obtained by associating
the modes of spectra of summed calibrated pulses with the nominal energy of
incoming photons. This is possible since the energy leakage out of the matrix
is small. Simulations show that Edep = 0.99Eγ−1.3·10−4 over the investigated
energy region. Therefore σEdep

/Edep = σγ/Eγ . When the energy scale is set
the width of the distributions can be measured in terms of incoming photon
energy. Figure 3.9 shows the absolute calibration from the 2010 run.

In the VPT experiments, due to high thresholds, the full photon energy
could not be reconstructed and the calibration was done by comparing the
location of the single crystal pulse-height spectra corresponding simulated dis-
tributions of energy depositions.

Knowing the absolute calibration, the transverse energy distribution within
the matrix can be studied. Figure 3.8 shows the summed deposited energies
at di�erent radial distances from the central crystal.

Figure 3.8: Transverse energy distribution. The three histograms show summed
deposited energies in the central crystal (rightmost histogram), surrounding eight
crystals (middle histogram) and peripheral 16 crystals (leftmost histogram) when
62.6 MeV photons are incident on the central crystal.
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Figure 3.9: A 2nd degree polynomial �t of the modes of summed pulse height
spectra to incoming photon energies. The �t is forced through the intrinsic α-decay
signature equivalent to a 1.3 MeV photon. Parameters for the �t: p0 = 0.37 ± 0.05
MeV, p1 = 0.0230± 0.001 MeV/chn, p2 = −0.39 · 10−6 ± 0.03 · 10−6 MeV/chn2

The following observation should be considered when the summing is per-
formed. Consider two events where a photon with energy Etot = E′ + E′′

deposits its energy in two crystals. The threshold of the read-out system is
equivalent to the energy X for each crystal. For the two events the deposited
energies are as follows:

1. The photon deposits the energies E′ > X and E′′ = X − ǫ respectively
in the crystals.

2. The photon deposits the energies E′ > X and E′′ = X + ǫ respectively
in the crystals.

Here ǫ is an arbitrary amount of energy that relates E′′ to the threshold X.
Direct summing of the read-outs yieldsEsum = Etot−X+ǫ and Esum = Etot

respectively for the two cases. If instead the summing is performed only of
the parts of the read-outs exceeding the thresholds, the sums are Esum =
Etot − 2X + ǫ and Esum = Etot − 2X respectively. The variances of Esum for
the two cases are measures of how well the summing procedures reconstruct the
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deposited energies. A large variance will result in lower energy resolution. The
sample variance for direct summing is σ2

direct =
1
2(ǫ−X)2 and for summing over

threshold σ2
thres =

1
2ǫ

2. From these expressions it follows that σ2
thresh < σ2

direct

if 2ǫ ≤ X can be deduced. It is therefore not obvious, even in this simple
model, which of the summing procedures that gives the smallest variance if
the distribution of ǫ is not known. Simulations by Grape [11] suggests that
summing contributions above the thresholds is preferable for a threshold energy
of 0.75 MeV compared to 1.5 MeV. The threshold value during the run in 2010
was 0.5 MeV and therefore summing above the threshold was the method
chosen in the analysis of data from 2010.

In 2009 the read-outs were non-linear in energy so a direct summing could
not be performed. Instead an absolute calibration was made based on simula-
tions by Grape [11]. The calibration parameters were then manually changed
to obtain the best possible resolution.

3.4 Characterisation of the focal plane

Results from the 2009 run showed that tagged photon spectra of the PWO
matrix increased their widths with decreasing energy below 30 MeV. This
is in contradiction to the expected

√
E behaviour due to Poisson statistics.

Therefore, in 2010, an independent measurement of the resolution and mean
tagging energy of the individual detectors of the tagger was performed with
CATS [18], a 0.5 ton NaI(Tl) detector.

3.4.1 CATS

The CATS detector (Figure 3.10) consists of a cylindrical core, with diameter
26.7 cm and length 63.5 cm, and six segments, 10.8 cm thick, surrounding the
core. These seven NaI(Tl) parts contain the electromagnetic shower produced
by photons interacting with the detector. The core is read out by 7 PMTs and
the segments are read out by 4 PMTs each whose signals are summed before
being registered by the data acquisition system. The detector is shielded by
10 cm of lead to suppress the room background. Plastic scintillators act as
active shields against muons and against charged particles passing through the
collimator of the detector.

3.4.2 Calibration of CATS

The signals from CATS are integrated by a QDC and the core of CATS was
calibrated with a pedestal run and the 15.11 MeV line of 12C [19]. CATS was
placed at 90◦ angle with respect to the photon beam and a block of graphite
was placed in the beam in front of the collimator of CATS. To achieve the
necessary statistics to resolve the 15.11 MeV line from the background within
6 h of run time, the beam intensity was brought to a level where the tagging
multiplicity for each event was > 1. Although this prevents tagging of photons
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Figure 3.10: The CATS detector at 90◦ angle to the beam. The carbon target, a
graphite block, is placed in front of the detector in the beam path.

exclusively in the 15 MeV region, an o�ine condition was set to reject events
with no photons below 17 MeV which reduced the background.

Figure 3.11 shows the response of the gamma decays of the 15.11 MeV
level obtained by summing the signals of the 7 PMTs of the core. Before the
summing the PMTs were calibrated individually by using the pedestals and
the 15.11 MeV line. A new overall calibration was then obtained by assigning
15.11 MeV to the centroid value of the summed peak. Other features visible
in Figure 3.11 are the unresolved single and double escape peaks skewing the
15.11 MeV line to lower energies. The 15.11 MeV → 4.44 MeV transistion is
also visible at 10.67 MeV.

The 6 segments of CATS were calibrated with the detector in-beam in
the following way: The energy sum of the core of CATS and of one of the
segments is always smaller or equal to the energy of the photon giving rise to
the electromagnetic shower i.e.

Ecore + Esegment ≤ Ephoton. (3.25)

Moreover, the calibration of the segments can be assumed to be linear,

Esegment = a+ b ·R, (3.26)

where R is the segment readout. Therefore the calibration constant b can be
obtained by estimating the slope of the line satisfying the equality in

Ecore + a+ b ·R ≤ Ephoton. (3.27)
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Figure 3.11: The 15.11 MeV line of 12C measured with CATS. The energy scale is
set to the spectrum. A Gaussian distribution with a linear background is �tted to
the spectrum over the range 14.75 MeV - 16.25 MeV and shown over a wider range.
The standard deviation of the Gaussian is σ = 0.29 MeV ± 0.01. Taking the noise
level of 0.11 MeV into account, this corresponds to 210 photoelectrons/MeV.

By plotting the segment read-out against core energy for tagged photons, this
can be estimated visually. In Figure 3.12 such a plot is shown for 63.5 MeV
tagged photons. This graph shows the relation

R ≤ −b−1(Ecore + a− Ephoton) (3.28)

and from the slope of the straight line shown the value −b−1 is obtained.

3.4.3 Tagged energies

The energies and energy widths of the focal plane detectors were measured with
CATS in beam. By �tting Novosibirsk distributions (Equation 3.22) to each
summed tagged photon spectrum the mode and σ̃ parameters were obtained
accordingly. This revealed two features. Firstly the tagged energies did not
match the theoretical predictions. Secondly the distortion of tagged photon
spectra (decreased resolution) observed with the PWO matrix (Figure 3.14)
below 35 MeV was also visible in the CATS data.
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Figure 3.12: Segment pulse height plotted against core energy for events tagged by
detector 0 (63.5 MeV). The slope of the solid line is related to the calibration constant
of the segment.

Figure 3.13 shows the measured energies plotted against the theoretical
predictions. A straight line �t to data for E > 35 MeV shows that the measured
energies are a factor 0.93 lower than predicted. Two possible explanations have
been proposed to explain this discrepancy.

It has been suggested [20,21] that the QDCs respond non-linearly to input
and that this would account for a part of the discrepancy. The straight line �t
in Figure 3.13 is however a good parametrisation that goes through the origin.
This fact does not support the theory of a nonlinear QDC. Investigations [22]
also show that the peak due to cosmic muons appears where it is expected.

A second explanation would be that the beam energy is a factor 0.93 lower
than estimated. Re-calculating the energies of the focal plane detectors with
an electron beam energy of 153.2 MeV, 7 % lower than the nominal energy
of 164.7 MeV, reproduces the measured energies accurately for the energies
above 35 MeV. The deviation from the straight line �t of the energies below 35
MeV is explained by a shift in the mean tagged energies due to bad focusing of
the tagging spectrometer in this region (see below). So far the reason for the
discrepancy is uncon�rmed but analysis of independent experiments [20, 21]
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Figure 3.13: Measured tagged energies plotted against calculated tagged energies
for nominal electron beam energies 164.7 MeV (open circles) and 153.2 MeV (�lled
circles). Straight line �ts are made to data for E > 35 MeV, where the tagger plane
is in focus and then extrapolated to E < 35 MeV. Parameters of the 164.7 MeV �t:
p0 = −0.12 ± 0.01 MeV, p1 = 0.93± < 10−3. Parameters for the 153.2 MeV �t:
p0 = −0.06± 0.02 MeV, p1 = 1.00± < 10−3.

supports the hypothesis of an electron beam energy lower than the nominal.
These analyses do, however, not show a discrepancy as large as 7 %.

3.4.4 Resolution of the focal plane

Figure 3.14 shows the σ̃ parameters as a function of energy for Novosibirsk
functions (Equation 3.22) �tted to tagged photon spectra. Two features are
noticeable in this graph: the peak of the σ̃ parameter below 35 MeV and the
�ne-structure pattern displaying alternating larger and smaller σ̃ for E > 16
MeV.

The peak could be explained either by poor focusing of the tagger magnet
or if the electrons correlated to photons in some energy interval below 35
MeV are scattered by an object before reaching the tagger plane. A schematic
illustration of the latter situation is shown in Figure 3.15. It shows that besides
an overall lowered resolution two more observations should be possible. Firstly,
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Figure 3.14: σ̃ parameter of Novosibirsk distributions �tted to tagged photon spec-
tra as a function of photon energy. Data for CATS are shown with empty circles and
for the PWO matrix with �lled circles. The curves represent parametrisations for
CATS and the focal plane. Lower curve: Poisson statistics and noise of CATS (Equa-
tion 3.30). Middle/upper curve: CATS convoluted with the resolution of even/odd
tagger detectors (Equation 3.31).

for high energies in the distorted region a shift towards lower energies could
be expected. Secondly, the opposite should hold for lower energies.

The skewness parameter of Novosibirsk distributions �tted to tagged pho-
ton spectra (Figure 3.16) indicates a contamination of lower energy photons
for E ≈ 34 MeV (lower values of the τ parameter) and contamination of high
energy photons for E ≈ 17 MeV (larger values of the τ parameter) in agreement
with the hypothesis.

In 2011 it was concluded that the solid interface between two windows
where the post-bremsstrahlung electrons exit the vacuum chamber causes ad-
ditional scattering thereby deteriorating the resolution of the tagger.

The alternating larger and smaller σ̃ for consecutive tagger plane detectors
is explained by the fact that the overlap of the detectors and the direction of
the electrons interacting with them are such that every second detector (even
numbered) covers a smaller part of the focal plane [22]. Therefore the corre-
sponding tagged spectra displays a smaller energy spread. This is supported



3.4 Characterisation of the focal plane 43

Figure 3.15: Schematic illustration of how the tagged photon spectra is a�ected if
an obstacle (�lled circle) scatters electrons in a certain energy region.

by the fact that the odd numbered detectors have an overall average count
rate twice as high as the even numbered detectors. This ratio also �ts into the
simpli�ed model for the measured resolution with CATS presented in section
3.4.

Figure 3.16: The τ -parameter of Novosibirsk distributions �tted to tagged photon
spectra measured with CATS (solid squares) and the PWO matrix (empty squares).
Negative values indicate skewness to lower energies and positive values indicate skew-
ness to higher energies.
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3.4.5 Modeling CATS and the focal plane

The measured resolution of CATS is the convolution of the response function of
CATS, the tagger plane, the beam energy spread and other non-focusing e�ects
(see below). For CATS, the minimum contribution to the resolution can be
based on white noise and Poisson statistics. From the pedestal measurements
of the core of CATS, the white noise was estimated to 0.11 MeV. The number of
photoelectrons/MeV (N/E) was, from Figure 3.11, estimated to 210 p.e./MeV
through the relation.

σN
N

=
1√
N

=
σE_Poisson

E
. (3.29a)

where

σ2
E_Poisson + (0.11 MeV)2 = (0.29 MeV)2 (3.29b)

for the 15.11 MeV line. Since the variables in this model are assumed to be
uncorrelated, the corresponding variances are added quadratically when the
variables are convoluted. The minimum contribution from CATS is thus

σNaI_min =

√

E

210 MeV−1 + (0.11 MeV)2 (3.30)

where the index "NaI" is used to pinpoint that this is a material dependent
contribution. Index "CATS" is reserved for quantities measured directly with
CATS. The relation 3.30 is shown in Figure 3.14.

To model the contribution of the tagger plane to the resolution the dif-
ferent energy widths covered by even and odd detectors should be taken into
account. Since the mean energy range covered by two consecutive detectors
was estimated to be 1.73 MeV where the tagger plane was in focus, i.e for E
> 35 MeV, the following assumptions were made:

• The energy range covered by two consecutive detectors was Ewidth_even+
Ewidth_odd = 1.73 MeV over the entire tagger plane where Ewidth_even
and Ewidth_odd are constants. The energy distribution of electrons along
each tagging detector was uniform (dE/dx = constant where x lies along
the tagger plane). The intensity of electrons along each tagging detector
was constant (dI/dx = 0). Thus the standard deviation of energies
tagged by each detector was σ = Ewidth√

12
which is the standard deviation

of a uniform distribution with the width Ewidth.

• σ (the standard deviation) is related to σ̃ (the width parameter of �tted
Novosibirsk distributions) by σ = f(τ)σ̃ where the function f is shown
in Figure 3.3. For E>35 MeV τ = −0.2 on average (see Figure 3.16),
which yields f(τ = −0.2) = 1.06.

• The variance of the electron beam's energy spread was (0.3 MeV)2.
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• Additional contributions to the response were constant.

Accordingly, the following function was �tted to data for E > 35 MeV and
extrapolated to lower energies:

σ̃CATS =
1

1.06

√

σ2
NaI_min +

E2
width

12
+ (0.3 MeV)2 +A2 (3.31a)

where

Ewidth =

{

Ewidth_even MeV even detector number
1.73− Ewidth_even MeV odd detector number

(3.31b)

The �t is shown with two curves, for even and odd tagger detectors re-
spectively, in Figure 3.14. The obtained values Ewidth_even = 0.49 ± 0.02
MeV and A = 0.45± < 0.005 MeV are reasonable. The observed doubled
count rate of the odd detectors suggests that Ewidth_even should take the value
Ewidth_even = 1.73/3 MeV = 0.58 MeV. The A parameter can be accounted
for as follows (in order of in�uence):

• Overestimated number of p.e./MeV for CATS.

• Unresolved single and double escape peaks not accounted for with lower
resolution as consequence.

• Calibration errors.

• Other non-focusing e�ects: Correlation between angle and energy of elec-
tron scattered by the radiator. Focusing error of the magnets.

3.5 Methods for testing linearity of photomultiplier

tubes

A typical reason for a non-linear output of a PMT is the voltage divider's
inability to maintain the voltage over the dynodes when the current through
the tube gets too large. This decreases the multiplication factor of one or
several dynodes.

This appendix describes two methods used to test the linearity of the output
of the PMT-base combination (Photonis XP1912 - Hamamatsu E974-13) prior
the experiment in 2010. Di�culties stem from the fact that light pulses with
the same length and light contents as those produced by a PWO crystal due
to photons with energy of several tenths of MeV are hard to reproduce in a
standard laboratory.

3.5.1 Using a pulsed laser to test the linearity of PMTs

A laser was used to create light pulses with desired photon contents and length.
What cannot be reproduced by a laser is the spectrum of wavelengths associ-
ated with the scintillating light and the exponential decay of its intensity. A
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laser is restricted to, in this context, one sharp frequency and the photons are
uniformly distributed in time over the pulse.

The setup used is shown in Figure 3.17. A pulsed laser beam (780 nm) is
sent through an attenuator and two linear polarisers where after the intensity
of the laser is described by

I = I0 cos
2(θ) (3.32)

where I0 is the intensity before the polarisers and θ is the angle between the
axes of polarisations. The beam is then guided into a �bre of which the other
end is mounted in front of the PMT located inside a box shielding it from
external light. The anode signal from the PMT is fed to a shaper (0.8 µs). The
integrated signal is thereafter registered by a MCA (multi channel analyser).

Preamp

Figure 3.17: Experimental setup for a PMT linearity test.

Three measurements were performed with di�erent high voltage and pulse
length settings: -1500 V and 20 ns, -1500 V and 500 ns and -800 V and 20
ns. The separation in time between two pulses was in the order of 10−3 s. To
relate the light contents of the laser pulses to that of PWO a cosmic muon
spectrum of a PWO crystal was recorded for each voltage setting at room
temperature. A cosmic muon deposits around 30 MeV when it passes a PWO
crystal oriented horizontally. Since the light yield of PWO is three times lower
at room temperature compared to -25 ◦C, the light yield of the cosmic muon
peak recorded in this experiment corresponds to that of a 10 MeV photon
interacting with a crystal cooled to -25 ◦C.

In Figure 3.18 the PMT read-outs are shown for the three settings. For the
-1500V setting the read-out is linear for a pulse with the length 500 ns, but a
20 ns pulse over the same range of photon content yields a non-linear output.
This means that the higher momentary current through the PMT due to the
shorter light pulse of PWO compared to for example NaI is su�cient to reduce
the gain.
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Figure 3.18: Integrated PMT read-out as a function of photon number incident on
the photocathode for -1500 V and 500 ns pulses (empty circles), -1500 V and 20 ns
pulses (�lled circles), -800 V and 20 ns pulses (�lled squares). The cosmic muon peak
of a PWO crystal at room temperature was recorded around channel 400 and 900 for
-1500 V and -800 V respectively. Therefore the horizontal scale represents the light
output of a PWO crystal at -25 ◦C due to photons with energy up to 200 MeV. The
1500 V and 800 V measurements are done with di�erent ampli�cations.

At -800 V and 20 ns pulses, the lowered voltage reduces the current through
the tube and the multiplication factor of the each dynode remains constant.
Thus a linear output is observed.

3.5.2 Using a LaBr3 crystal and standard calibration sources

as substitute for PWO and higher energy photons.

The scintillating light of LaBr3 [13] has a decay time less than 20 ns, which is
similar to the fast component of PWO that has a decay time less than 10 ns.
LaBr3 yields 180 times more photoelectrons/MeV compared to a PWO crystal
of a forward end-cap type cooled to -25 ◦C read out by with an XP1912 PMT.
Therefore it is possible to use LaBr3 together with standard calibration sources
to test electronics for light yields similar to that of PWO due to photons with
energy of several 100 MeV. For example the light yield of LaBr3 due to the 1.8
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MeV photons from a 88Y source corresponds to the light produced by a 324
MeV photon depositing all its energy in a single PWO crystal.

The PMT-base combination was tested for three di�erent voltage settings:
-1500 V, -1000 and -800 V. The pulse heights as a functions of energy are
shown in Figure 3.19. The absolute value of the pulse heights in the three
measurements are not comparable since the ampli�cation was di�erent in the
three cases. The test suggests that cooled PWO crystals equipped with the
tested PMT-base combination should yield a linear read out for energies up to
and over 60 MeV if the magnitude of the applied voltage is less than 1000 V.

Figure 3.19: Pulse height vs. energy for a LaBr3 crystal red out by a PMT used in
the PWO experiments. The voltage applied to the PMT was -1500 V (upper curve),
-800 V (middle curve) ans -1000 V (lower curve). The markers represent calibration
points from standard calibration sources (137Cs and 152Eu) and 2nd degree polynomi-
als are �tted to data. The energy scale is equivalent to 0-120 MeV gamma deposited
in PWO. The fraction p2 (second degree coe�cient) / p1 (�rst degree coe�cient) of
the �ts are p2/p1 = −5.3 · 10−4 keV−1 for -1500 V, p2/p1 = −0.5 · 10−4 keV−1 for
-1000 V and p2/p1 = −1.0 · 10−4 keV−1 for -800 V. Note that the -1000 V setting
yields a more linear output than the -800 V setting.



Chapter 4

Results

4.1 Resolution and corrections - PMT readout

This section presents, in detail, the results on which Paper I is based.
Based on the analysis presented in section 8.6 the relative resolution of the

PWO matrix can be obtained. In this context the relative resolution is de�ned
by σ̃/E, where σ̃ is the width parameter of Novosibirsk functions (Eq. 3.22)
�tted to tagged photon spectra. Figure 4.1 shows σ̃/E as a function of E.

Two corrections can be made to the obtained "raw" relative resolution:

• Re�ned summing procedure that accounts for the correlation between
summed pulse height and the number of crystals with pulse height above
the single crystal threshold (the multiplicity) for events with the same
tagged energy

• Deconvolution of the tagger resolution.

4.1.1 Re�ned summing procedure

When contributions from crystals with signals above an o�ine threshold are
summed there is a clear tendency that summed spectra with high multiplicity
have peak positions shifted to lower energies compared to spectra with low
multiplicity. This causes a spread in a tagged spectrum where events with no
restriction in multiplicity are recorded. The spread can be compensated for as
follows:

1. Calibrate the matrix according to the procedure described in section 3.3.5

2. For tagged photons, sum contributions from matrix elements and add a
correction factor linear in energy and multiplicity:

P ′
sum = Psum + 0.2(E(MeV) + 8)M (4.1)

where Psum is the summed pulse height, E is the energy in MeV corre-
sponding to Psum given by the �rst calibration and M is the multiplicity
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Figure 4.1: Relative resolution, σ̃/E, as a function of photon energy. Readout with
PMTs. The threshold is 0.5 MeV. Open squares: Direct summing procedure. Filled
triangles: Re�ned summing procedure.

For a 45 MeV photon (pulse height 2000 chn) the correction factor is ap-
proximately 10M chn. Since the average multiplicity for a 45 MeV photon is
M ≈ 5 the correction is of the order of 2.5 %.

The linear model adopted is based on a qualitative study of the shifts in
mean values of tagged spectra as a function of multiplicity and serves the
purpose of showing the possibility of this correction. A more re�ned study
based on simulations, where there is no problem with statistics, could result
in a better model.

The improved resolution is shown in Figure 4.1. It shows that the correction
has a small but clear impact on the result.

In Figure 4.2 the mean multiplicity as a function of energy is shown together
with a typical distribution of multiplicities for 40 MeV photons.

4.1.2 Deconvolution of the contribution from the focal plane

In section 3.4 the contribution to the measured resolution due to the focal
plane has been estimated. A numerical deconvolution demands knowledge
of the underlying distributions and not only their standard deviations. A
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(a) (b)

Figure 4.2: Multiplicity for PMT readout and 0.5 MeV threshold. (a) Mean multi-
plicity as a function of energy. Vertical bars show the RMS-values of the underlying
distributions. (b) Distribution of multiplicities of 40 MeV photons depositing their
energy in the PWO matrix (5×5 crystals).

procedure based on such assumptions would be tedious and less transparent.
Therefore, a simpler approach has been used where the standard deviations of
deconvoluted quantities are quadratically subtracted according to

σ2
PWO = σ2

P25 − σ2
tagg (4.2a)

where

σ2
tagg = σ2

CATS − σ2
NaI . (4.2b)

Here σPWO is the standard deviation of tagged spectra measured with an ideal
tagging system. σP25 is the standard deviations of tagged spectra measured
with the PWO matrix (P25 referring to a Prototype with 25 crystals). σtagg
is the contribution from the tagging system. σCATS is the standard deviation
measured with CATS and σNaI is the estimated contribution from CATS itself.

An important remark is that the σ̃-parameter of the Novosibirsk distribu-
tion (Eq. 3.22) used to estimate widths of spectra in this thesis is not directly
related to their standard deviations (σ). Figure 3.3 shows how the ratio σ/σ̃
depends on the τ -parameter. Using

σP25 = f(τP25) · σ̃P25 (4.3a)

σCATS = f(τCATS) · σ̃CATS (4.3b)

σPWO = f(τPWO) · σ̃PWO (4.3c)
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where f(τ) is the function shown in Figure 3.3, Equation 4.2a takes the form

σ̃2
PWO =

f2(τP25)

f2(τPWO)
σ̃2
P25 +

1

f2(τPWO)
σ2
NaI −

f2(τCATS)

f2(τPWO)
σ̃2
CATS . (4.4)

In Equation 4.4, σ̃P25 and σ̃CATS are available through the �ts of Novosibirsk
functions. A lower bound of σNaI is given by Equation 3.30. A de�nite upper
bound is obtained through Equation 3.31a by setting σ2

NaI = σ2
NaI_min + A2.

E�ectively this means that the contribution from the free parameter A solely
is associated with the intrinsic resolution of the CATS detector.

The parameters τP25 and τCATS are also available through the �ts. How-
ever if the widths of tagged spectra are expressed through σ by transforming
σ̃ to σ through the function f , the pattern of alternating lower and higher
resolution (Figure 3.14) for odd and even detectors respectively is destroyed.
The conclusion is that the uncertainties of the τ -parameters propagated in the
transformation are too large to maintain the pattern. A correlation between τ
and energy over a wider range is still present (Figure 3.16).

Concerning τPWO, this parameter represents the skewness of an ideal PWO
matrix spectrum and is not known. The relation f(τPWO) > f(τP25) should
however hold since the convolution of the ideal spectrum that is associated with
τPWO and a distribution that is symmetric yields a less skewed distribution.

All together f(τP25), f(τCATS) and f(τPWO) have a decreasing e�ect on
σ̃PWO in Equation 4.4. This particularly holds where systematically f2(τCATS) >
f2(τP25). Where f(τP25) ≈ f(τCATS) the e�ect should be less than 6 % if
|τ | ≤ 0.2. Where f(τP25) > f(τCATS) the e�ect can be larger.

Thus omitting all in�uence of skewness from Equation 4.4 yields

σ̃PWO . (σ̃2
P25 + σ2

NaI − σ̃2
CATS)

1/2. (4.5)

where the systematic error is less than 6 % if |τ | ≤ 0.2. The upper bound of
the resolution calculated according to Expression 4.5 is shown in Figure 4.3.

4.1.3 In�uence of threshold on resolution

The calibration procedure described in section 8.6 gives the threshold in terms
of energy. The dependence of the resolution of the threshold can thus be stud-
ied. Figure 4.4 shows how the resolution changes with threshold. The re�ned
summing procedure has been used and the deconvolution is made assuming
a minimal contribution from the tagger i.e. σNaI is set to its upper limit in
Expression 4.5.

Due to a lower threshold and a higher number of produced photoelec-
trons/MeV compared to the requirements, the obtained resolution is well within
the limits of PANDA.

4.1.4 In�uence of matrix geometry on resolution

In the 2011 experiment the matrix geometry was altered to resemble the pe-
ripheral parts of the forward end-cap. This was done by shifting the positions
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Figure 4.3: Relative resolution, σ̃/E, as a function of photon energy. The threshold
is 0.5 MeV. Filled triangles: Raw resolution with re�ned summing procedure. Cir-
cles: Minimal contribution of the tagger deconvoluted from raw resolution. Squares:
Maximal contribution from the tagger deconvoluted. Filled squares and circles marks
points where a positive bias is expected because large di�erences in τ parameters
(Figure 3.16)

of the alveoli longitudinally as illustrated in Figure 4.5. A photograph of the
set-up is shown in Figure 2.6. The energy resolution with a �at geometry was
again measured for comparison. The result is shown in Figure 4.6. The shifted
geometry has only a small e�ect on the resolution for low energies.
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Figure 4.4: The deconvoluted relative resolution as a function of photon energy for
di�erent thresholds. The matrix is read out with PMTs. Empty circles: 0.5 MeV.
Filled circles: 1.0 MeV. Filled squares: 1.8 MeV. Empty squares: 3.0 MeV. The curve
represents the resolution limit speci�ed in the technical design report (Table 1.2)

2
1

5
5

Figure 4.5: (a) Illustration of a part of the forward end-cap. The shaded region
shows the part of the end-cap investigated in the 2011 experiment. (b) Arrangement
of the alveoli in the 2011 experiment. Measures are given in mm. The crystal marked
with black colour was put in the beam.
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Figure 4.6: Deconvoluted relative resolution of the matrix with a shifted geometry
compared to �at geometry in the 2011 experiment. The matrix is read out with
PMTs. The re�ned summing procedure is not used. Empty circles: Flat geometry.
Solid circles: Shifted geometry.
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4.1.5 In�uence of beam position on resolution

The energy resolution is dependent on the position of a photon hitting the
calorimeter since the shower of a photon of a certain energy will have in-
creased multiplicity with increased distance to the crystal centre. By moving
the matrix to di�erent positions relative the beam this e�ect can be studied.
Figure 4.7 shows the relative resolution obtained when the beam was aimed at
the common corner of four adjacent crystals (the lower left crystal being the
central crystal of the matrix). The location was determined by visual inspec-
tion of pulse height spectra of the four crystals. When the spectra are similar
the beam is aimed at the same relative distance to the centre of the crystals.
Figure 3.6 shows the typical set of spectra obtained when the beam is aimed
at the central crystal.

Figure 4.7: The deconvoluted relative resolution as a function of photon energy
when the beam is shifted 19 mm diagonally relative to the nominal crystal centre.
Threshold is 0.5 MeV. Lower statistics compared to data presented in Figure 4.3 yields
larger uncertainties.
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4.2 Spatial resolution - PMT readout

For determining the position of a photon striking the calorimeter, the algorithm
presented by Brabson et al. [23] has been used. Note that in the work by
Brabson et al. the method is investigated for photon energies above 1 GeV.
The algorithm has been used in the BABAR experiment.

The �rst step of the procedure is to �nd a contiguous cluster of crystals
with a signal above some threshold. An e�cient procedure where the read-out
of each element of the detector array is represented by an entry in a matrix
is presented in [24]. In the PANDA experiment a cluster can be the result of
more than one particle striking the calorimeter i.e. two clusters can overlap.
In this case a bump splitting procedure is adopted which is described in the
technical design report [8]. However in this work the intensity of the beam
was brought to a level making it possible to �lter out single photon events. A
bump splitting procedure was therefore not necessary.

When a cluster is found the position is determined by a method based on
the weighted mean:

xc =

∑N
j wj(Ej) · xj
∑N

j wj(Ej)
, (4.6a)

where

wj(Ej) = Max{0, a0 + ln
Ej

Etot
}. (4.6b)

In this equation xc is the estimated x-position of where the photon strikes the
detector, wj is energy dependent weight of the jth crystal, with position xj , in
the cluster. a0 is an energy dependent factor that according to the technical
design report [8] varies from 2.1 for low energies to 3.6 for high energies.

Figure 4.8 shows the distribution of reconstructed positions of photons in
the energy range 12-63 MeV interacting with the PWO matrix. Only events
with a multiplicity larger than two are considered since these, in most cases,
have two degrees of freedom. If the multiplicity is two the position is �xed
horizontally, vertically or diagonally which is a special case. If the multiplicity
is one the resolution is determined by the granularity of the matrix. The
distribution in Figure 4.8 has a mean value 〈xc〉 6= 0 which indicates that the
beam is not aimed at the centre of the matrix.

The reconstructed position shown in Figure 4.8 is the convolution of the
spatial beam pro�le and the intrinsic pro�le of the reconstruction algorithm. In
the measurements in 2010, the beam pro�le was measured with a ccd-camera
with a pixel size of 0.2 mm. The horizontal beam pro�le is shown in Figure
4.9.

Since the standard deviations of convoluted distributions add quadratically,
the resolution of reconstructed photons is given by

σx =
√

σ2
x_measured − σ2

beam = 7.0± < 0.05 mm. (4.7)
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Figure 4.8: Reconstructed horizontal position of photons in the energy range 12-
63 MeV interacting with the PWO matrix. The mean value of the distribution is
-1.73±0.04 mm. Its standard deviation is 7.62±0.03 mm.

A slight dependency of position resolution on energy can be observed. If
only photons with energy below 40 MeV are considered the resolution is, if the
beam spread is subtracted, 7.3±<0.05 mm.

The obtained spatial resolution is similar to the results of simulations [8].
These show a decreasing resolution with decreasing energy approaching σx=6
mm below 50 MeV.

4.3 Resolution - VPT readout

The results of the VPT measurements are summarised in Paper II. Due to the
noise level of 1.2 ± 0.1 MeV a threshold of 4.9 MeV was set to the individual
crystals for optimal resolution. Only the readout of central 3×3 crystals were
included in the analysis and only events with a multiplicity of 1 or 2 was used.
The resolution with VPT readout is compared to work of others in Figure 4.10.
For the VPT data the contribution from the tagger system is subtracted.
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Figure 4.9: Horizontal beam pro�le measured with a ccd-camera. The standard
deviation of the distribution is 14.5±<0.05 pixels which is equivalent to 2.9±<0.05
mm.

4.4 Comparison with previous works

In Figure 4.10, present results are compared with previous works. Details for
the di�erent experiments are presented in Table 4.1.

The data from Neyret et al. [25] is presented by a parametrisation of the re-
sponse according to Equation 3.18. The parameters are taken from the work in
question. The lowest investigated energy was 40 MeV. Therefore the parametri-
sation is not shown for lower energies. The PWO material used is referred to
as PWO-I i.e. the material designed for the CMS experiment.

The single data point from Novotny et al. [26] marks the lowest investigated
energy (63.8 MeV) in that work.

In the work by Melnychuk et al. [27] the radiative proton capture reaction
11B(p,γ)12C is used instead of tagged bremsstrahlung photons. Simultaneous
�tting of multiple Gaussian distributions to the recorded spectra causes the
relatively large uncertainties.
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Figure 4.10: Comparison of relative resolution with previous works. For exper-
imental details and references of the di�erent works see Table 4.1. For data from
Grape, Novotny and the present work, the widths are given in terms of σ̃ whereas
the work by Melnychuk gives the width in σ of Gaussians. Neyret de�nes the resolu-
tion as σ(Emeasured)/〈Emeasured〉 where σ is the standard deviation of the Emeasured

distribution.

Work Matrix con�g. Dim. [mm] Temp. [◦C] Read-out

Present work PWO-II 5×5 24×24×200 -25 PMTs/VPTs

Grape [11] PWO-II 5×5 24×24×200 -25 PMTs

Novotny [26] PWO-II 3×3 20×20×200 -25 PMTs

Melnychuk [27] PWO-II 1×1 20×20×200 -21.6 APD

Neyret [25] PWO 5×5 20×20×230 16 PMTs

Table 4.1: Experimental details of compared works. The shorter sides speci�ed in
the dimension column give the area of the forward end of the crystals.
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Concluding discussion and

outlook

5.1 Experiment

The performance of the PWO matrix with readout electronics and the tagger
are well understood. With the developed routines the measurements gives
consistent values for resolution, thresholds and noise. What remains to be
veri�ed is the cause of the discrepancy between the theoretical and measured
tagged energies. In March 2011 three independent measurements of the beam
energy were performed:

• By measuring the time-of-�ight of the neutron in the D(γ,np) reaction
(the start signal given by the proton), the tagged photon energy can be
retrieved from the overdetermined kinematics

• By measuring the photon energy directly with cats in-beam.

• By bending the electron beam directly into the focal plane.

The results of these measurements remain to be reported.

5.2 Analysis

In analysis of future experiments the one-to-one function, f , (Figure 3.3) be-
tween σ/σ̃ and τ of Novosibirsk functions could be used to extract standard
deviations directly from the �ts. Thereby the deconvolution procedure would
be simpli�ed. This would be done by substituting σ̃ with σ/f(τ) in the Novosi-
birsk function.

A systematic study of the in�uence of the threshold on the summing pro-
cedure could further improve the resolution.

The reconstruction algorithm for photon position, in the literature inves-
tigated down to 1 GeV, could possibly be improved by studies of simulations
for lower energies. Also the bias in the reconstructed position expected in
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the peripheral parts of the end-cap where the crystals are shifted should be
studied.

5.3 Results - PMT readout

Compared to previously measured resolutions of PWO and PWO-II found
in the literature, the obtained resolution is the highest measured. This was
possible with the low threshold of 0.5 MeV that the narrow energy range (12-
63 MeV) investigated allowed. Other investigations of the PWO properties
stretch over several 100 MeV or several GeV. The independent veri�cations
of the linearity of the readout system together with the possibility to use the
intrinsic α-decay as a calibration point is another possible explanation. This
ensured a linear calibration over practically the whole dynamical range. The
increased light yield due to the pre-shaped wrapping compared to conventional
wrapping could also be a part of the explanation.

It should be noted that the photocathodes of the PMTs used (radius 7.5
mm) cover only 1/4 of the end of the crystals (side 26 mm) yielding approx-
imately 25 photoelectrons / MeV (cf. Figure 1.6). For a photon energy of
40 MeV the standard deviation of energy escaping the matrix is 1.3 MeV. As-
suming that the major contributor to the resolution is Poisson statistics and
�uctuation of escaped energy, the expected resolution for the matrix equipped
with PMTs would be

√

1/(25 · 40) + 1.32/402=4.5% which agrees with the
measured value. Consequently, if all the scintillating light from the matrix was
converted to photoelectrons (cf. Figure 1.6), a resolution of 3.7% at 40 MeV
would be possible at -25 ◦C.

5.4 Results - VPT readout

The energy equivalent rms-noise of a VPT-unit was found to be 1.2(1) MeV
under optimal conditions. This is close but above the limit of 1 MeV stated
in the technical design report. With an optimal single crystal threshold of 4.9
MeV and a shaping time of 0.8 µ s, the obtained resolution is close to the
limit of PANDA. In a less favourable environment and with a shaping time of
40 ns the performance of the VPT-unit would be signi�cantly lowered (lower
gain due to magnetic �eld and larger noise). Therefore the present results
suggests that VPTs are not used for the forward end-cap. In this case the
collaboration must investigate alternatives. One possibility would be to use
vacuum phototetrodes, a photomultiplier with two dynodes. For this device
the gain will be higher but it will at the same time su�er more from the
magnetic �eld of the solenoid.
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power in the ~pd → ppn reaction





Chapter 6

Introduction

6.1 PAX

Polarised antiproton proton interaction gives direct access to observables that
with current understanding in not accessible through other channels. Particu-
larly this holds for the transversity of the proton (antiproton) which describes
the probability of �nding a quark (antiquark) of the proton (antiproton) with
its transverse spin projection, relative to the momentum direction, aligned to
the transverse spin projection of the proton (antiproton). In pp̄ interaction this
is measured directly in the Drell-Yan process where a quark and an antiquark
annihilate to a lepton antilepton pair.

In a letter of intent [28] and technical proposal [29], the PAX collabora-
tion, Polarised Anti-proton eXperiments, proposes a dedicated experiment at
the HESR at FAIR for measurements of single and double spin observables
in p̄p collisions. The proposed method for polarising an unpolarised proton
beam exploits the fact that the total cross-section for proton-antiproton (or
deuteron-antiproton cross-section) scattering di�ers depending on the relative
orientation of the transverse or longitudinal spin-projections of the two par-
ticles. By letting the unpolarised antiproton beam interact with a polarised
target (hydrogen or deuterium), the relative number of antiprotons with a cer-
tain projection of the spin will increase over time. This technique in known as
spin-�ltering and the principle has been proven by the FILTEX experiment [30].

While the proposed experiment at HESR, if realised, lies in the future, the
PAX collaboration has proposed an experiment [31] on a shorter time scale
at the AD ring at CERN. Here the polarisation build-up of a stored beam of
antiprotons would be studied. Present models suggest that a polarisation of
0.15 could be achieved after �ltering for two beam lifetimes [32].

A requirement for PAX to perform an experiment at the AD ring has been
to demonstrate that the collaboration can master the spin-�ltering technique.
In 2011 the collaboration realised an experiment con�rming the possibility of
polarising a stored proton beam by spin �ltering. The experiment was done at
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the COSY storage ring, Forshungszentrum Jülich, Germany, and is described
in paper III of this thesis.

Presently PAX is preparing an experiment [33] at COSY for the measure-
ment of spin observables in the doubly polarised ~p~d → ppn reaction at 30 to 50
MeV. The purpose of this experiment is to test the predictions of chiral e�ec-
tive �eld theory (chiral EFT) for the three nucleon continuum where presently
three-nucleon forces are included at third order in the calculations [34].

Chiral EFT [35] is the modern approach for describing low energy hadronic
interactions. It is an e�ective theory of QCD and as such exploits the existing
symmetries and symmetry breakings of the QCD Lagrangian for a reaction of
interest. In chiral EFT three-nucleon forces can be included in a consistent
way at the same time as the approximate symmetries of the QCD Lagrangian
is preserved. One of the strengths of chiral EFT is that it is possible to assign a
power counting scheme to the obtained Feynman diagrams. The nomenclature
of the orders in the power counting follows the following pattern: Leading
Order (LO), Next-to-Leading Order (NLO), Next-to-Next-to-Leading Order
(N2LO) and so forth.

Although nucleon-nucleon scattering has been successfully modelled by
semi-phenomenological two-nucleon potentials (the CD-Bonn potential [36] de-
scribes existing proton-proton and proton-neutron data below 350 MeV to high
precision with χ2 of 1.01 and 1.02 per datum respectively) the dynamics of re-
actions with more than two nucleons requires the inclusion of three-nucleon
forces. In existing two-nucleon potential models the inclusion of three-nucleon
forces have had varying success in predicting reactions at low energies. In some
cases agreement between data and theoretical predictions is improved and in
other cases it is worsened [37�40].

In alignment with the motivation for the planned COSY experiment, part
II of this thesis presents the measurement of spin-observables in the ~pd → ppn
reaction with transversely polarised protons, Tp = 49.3 MeV, scattered o� a
�xed, unpolarised deuterium target. Data were taken during when measuring
the polarisation lifetime during the spin-�ltering experiment in 2011 where
the pd → ppn reaction is a background channel. In the polarisation lifetime
measurement the polarisation of the beam was measured after injection and
again after storing the beam over a period of the order of the beam lifetime.
The polarisation was determined from the asymmetry of the protons when
scattered o� a deuterium target. The work in this thesis has been focused on
the development of an analysis code to process the data from the experiment.
A simulation code has also been developed to evaluate the analysis method.

The following sections introduce the concept of spin-observables and tech-
niques for measuring these. This is followed by a description of the experiment
at the COSY storage ring. The analysis procedure is then described in detail
whereafter the results are presented and discussed.
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6.2 Polarisation observables

The di�erential cross-section of a scattering process is dependent on the spin
states of the particles involved. The purpose of this section is to outline the
derivation of meaningful spin-dependent observables, i.e. observables that are
accessible from scattering data as well as from theory. The outline follows the
work by Ohlsen [41] where the derivation of spin observables is presented for a
large number of experimental situations where beam and target have di�erent
orientation and magnitude of their spin projections.

The nomenclature and de�nitions of coordinate systems follow the Madison
convention [42].

6.2.1 The density matrix

If the spin state of a particle is described by the state ket |α〉 , the corresponding
density matrix is de�ned as

ρ = |α〉〈α| (6.1)

which by construction is an hermitian operator. If the state ket is normalised,
the trace of the density matrix is 1. For the expectation value of an observable
represented by the operator Ω the relations

〈α|Ω|α〉 = Tr (〈α|Ω|α〉) = Tr (Ω|α〉〈α|) (6.2)

hold. Here the fact that the trace is invariant under cyclic permutation of its
arguments has been used.

The arithmetic mean of the expectation values of Ω over an ensemble of N
particles is

〈Ω〉 ≡ 1

N

N
∑

i=1

|〈αi|Ω|αi〉 =
1

N

N
∑

i=1

Tr (Ω|αi〉〈αi|)

= Tr

(

Ω
1

N

N
∑

i=1

|αi〉〈αi|
)

. (6.3)

Thus it is meaningful to de�ne the density matrix of an ensemble of N particles
as

ρensemble =
1

N

N
∑

i=1

|αi〉〈αi|. (6.4)

6.2.2 Polarisation of an ensemble

The polarisation, P , of an ensemble of spin-12 particles, along a chosen axis of
quantisation, is de�ned as

P =
N↑ −N↓
N↑ +N↓

(6.5)
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where N↑ and N↓ are the number of particles with spin up and down respec-
tively. In the basis where the eigenstates of the spin projection operator along
the z-axis are ( 10 ) and ( 01 ) respectively, the polarisation vector, i.e. the polar-
isation along the three quantisation axes x, y and z, is given by

~P = (〈σx〉, 〈σy〉, 〈σz〉) = (Trσxρ,Trσyρ,Trσzρ) (6.6)

where σi are the Pauli matrices.
The density matrix of an ensemble of spin-12 particles can be expressed in

terms of the components of the polarisation vector. A general 2× 2 hermitian
matrix has four parameters which is reduced to three if the trace is restricted
to unity. The general 2× 2 density matrix can therefore be expressed as

ρ1/2 =
1

2
1+

3
∑

i=1

ciσi (6.7)

where ci are real constants and σi are again the Pauli matrices. The subscript
1/2 indicates that this is the spin density matrix of a spin 1/2 particle. Using
Equation 6.6 together with

Tr(σiσj) = 2δij (6.8)

yields

Pj = 〈σj〉 = Tr(σjρ) = Tr

(

1

2
1σj +

∑

i

ciσiσj

)

= 2cj (6.9)

and thus

ρ1/2 =
1

2

(

1+

3
∑

i=1

Piσi

)

. (6.10)

In the same manner the density matrix of an ensemble of spin-1 particles,
like the deuteron, can be expressed with 8 independent parameters if the trace
is unity. This reads

ρ1 =
1

3

(

1+

8
∑

i=1

Piβi

)

(6.11)

where β are the spin matrices for the spin 1 space. For the general ensemble of
spin-1 particles, there are �ve additional spin variables to Px,Py and Pz. For
the unpolarised ensemble the density matrix reduces to

ρ1 =
1

3
1. (6.12)

6.2.3 Density matrix of two ensembles

The combined density matrix for one ensemble of polarised protons and one
ensemble of unpolarised deuterons, assuming that the two ensembles are un-
correlated, is formally created by a tensor product of the two density matrices
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i.e.

ρ = ρ1/2 ⊗ ρ1 =
1

6

(

12 +

3
∑

i=1

Piσi

)

⊗ 13. (6.13)

The subscripts of the unity matrices indicate their dimensions.

6.2.4 Transformation of the density matrix

Given an initial state |αi〉 and a �nal state |αf 〉 these are related by

|αf 〉 = M |αi〉 (6.14)

where M is the scattering matrix. Applying this to equation 6.4, the density
matrix of an ensemble transforms as

ρf = MρiM
†. (6.15)

If M contains all the information of a scattering process, the elements of ρf
become functions of dynamic variables like scattering angles and energy. The
sum over all diagonal elements would then be the di�erential cross-section.
The cross-section therefore formally takes the form

dσ
dΩ

= Tr(MρM †) =

1

6
Tr
(

M12 ⊗ 13M
†
)

+

3
∑

i=1

Pi

6
Tr
(

Mσi ⊗ 13M
†
)

. (6.16)

For an unpolarised proton beam the expression reduces to the unpolarised
cross-section

dσ0
dΩ

=
1

6
Tr
(

M12 ⊗ 13M
†
)

(6.17)

and Equation 6.16 can be written in the form

dσ
dΩ

=
dσ0
dΩ

(

1 +

∑3
i=1 PiTr

(

Mσi ⊗ 13M
†)

Tr (M12 ⊗ 13M †)

)

. (6.18)

With the reminder that the index i represents x, y and z, the analysing powers,
Ax, Ay and Az, can be de�ned by

dσ
dΩ

=
dσ0
dΩ

(1 + PxAx + PyAy + PzAz) (6.19)

6.2.5 Symmetries and angular dependencies

The quantities Ax, Ay and Az depend on the scattering angles relative to
~P . If the interaction described by the scattering matrix M is invariant under
parity transformation, there are constraints on two of the analysing powers.
Under parity transformation all polar vectors, like the momentum vector of
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~kout

~kin

~P

(a)

~kout

~kin ~P

(b)

Figure 6.1: ~kin, ~kout and ~P before (a) and after (b) parity transformation.

the projectile (~kin) and an ejectile (~kout), change sign. Axial vectors, like the
polarisation vector (~P ), are invariant. These vectors, before and after parity
transformation, are illustrated in Figure 6.1 as they appear in the scattering
plane. The di�erence between Figure 6.1a and Figure 6.1b is that the compo-
nents of ~P in the scattering plane have changed sign relative to the momentum
vectors. If parity is conserved the cross-sections for the two processes are equal
and the components of the analysing power in the scattering plane must be
zero. More precisely: De�ning the projectile helicity frame as the system where
the xz-plane coincides with the scattering plane (~kin lies along the z-axis and
~kout has a positive x-component), the conditions for the cross-section to be the
same in the two scenarios are PxAx = −PxAx and PzAz = −PzAz. Then it
can be concluded that

Ax = 0 (6.20a)

and

Az = 0. (6.20b)

Thus
dσ
dΩ

=
dσ0
dΩ

(1 + PyAy) (6.21)

where subscript y refers to the y-axis of the projectile helicity frame. The
momentum vectors and the polarisation vector relative to this frame are illus-
trated in Figure 6.2. The projectile helicity system is related to the laboratory
system by a rotation around the common z-axis with the azimuthal scattering
angle φ. If the angle between the common z-axis and ~P is β and the angle be-
tween the x-axis and the projection of ~P onto the xy-plane is α− φ, Equation
6.21 can be written in terms of the scattering angles in the laboratory system
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x

y

z φθ

~kout

~kin

~P

x′

α

β

Figure 6.2: The projectile helicity frame relative to momenta, polarisation and the
laboratory x′-axis. The y-axis points in the ~kin×~kout direction and ~kout has a positive
x-component. The helicity frame is rotated relative to the laboratory frame with the
azimuthal scattering angle φ.

as
dσ
dΩ

=
dσ0
dΩ

(1 + |P |Ay sinβ sin(α− φ)) . (6.22)

Here α is the azimuthal angle of the polarisation vector in the laboratory
system. If the polarisation is aligned with the laboratory y′-axis like in the
described experiment, α = β = π

2 and Equation 6.22 becomes

dσ
dΩ

=
dσ0
dΩ

(1 + |P |Ay cosφ) . (6.23)

6.3 Experimental determination of Ay for pd → pd

scattering

The following method, known as the cross-ration method, was originally pre-
sented by Ohlsen and Keaton [43] to measure spin observables. It is commonly
used in experiments measuring polarisation e�ects.

Given a detector positioned at (θ, φ) with e�ciency η that covers the solid
angle ∆Ω, the expectation value of the number of detected particles over a
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time period t is

N(θ, φ) = η
dσ
dΩ

∆Ω

∫

dtL (6.24)

where L is the luminosity. Writing the di�erential cross-section in terms of the
analysing power, c.f. Equation 6.22, this reads

N(θ, φ) = η
dσ0
dΩ

(1 + |P |Ay sinβ sin(α− φ))∆Ω

∫

dtL (6.25)

where α and β are the azimuthal and polar angle respectively of the polarisation
vector in the laboratory coordinate system. If β = π/2 (the polarisation vector
lying in the laboratory xy-plane), α = π/2 and α = 3π/2 represent a vertically
polarised beam (polarisation parallel to the y-axis) with polarisation up (↑)
and down (↓) respectively.

Now consider the following experiment: Two detectors are placed at (θ, φ)
and (θ, φ+ π) respectively. The projection of (θ, φ) onto the x-axis is positive
so (θ, φ) lies to the left (L) of the beam (relative to the beam direction) and
(θ, φ+π) lies to the right (R) of the beam. The number of particles detected are
then NL ≡ N(θ, φ) and NR ≡ N(θ, φ+ π). If β = π/2 and two measurements
are made, one with α = π/2 (spin up ↑) and one with α = 3π/2 (spin down
↓), |P |Ay can be obtained from the four quantities

NL↑ = ηL
dσ0
dΩ

(1 + |P |Ay cosφ)∆ΩL

∫

dtL↑, (6.26a)

NL↓ = ηL
dσ0
dΩ

(1− |P |Ay cosφ)∆ΩL

∫

dtL↓, (6.26b)

NR↑ = ηR
dσ0
dΩ

(1− |P |Ay cosφ)∆ΩR

∫

dtL↑ (6.26c)

and

NR↓ = ηR
dσ0
dΩ

(1 + |P |Ay cosφ)∆ΩR

∫

dtL↓. (6.26d)

By constructing the cross-ratio

δ ≡
(

NL↑NR↓
NL↓NR↑

) 1
2

=
1 + |P |Ay cosφ

1− |P |Ay cosφ
(6.27)

di�erences in solid angles, e�ciencies and luminosities cancel. The asymmetry
then becomes

ǫ ≡ |P |Ay cosφ =
δ − 1

δ + 1
. (6.28)

It should be noted that the cancellation of e�ciencies and solid angles requires
that these quantities are constant in time. If not, the time integrals of Equation
6.26 do not cancel. The statistical uncertainty of the asymmetry is

∆ǫ =
δ

(δ + 1)2

(

1

NL↑
+

1

NL↓
+

1

NR↑
+

1

NR↓

) 1
2

. (6.29)
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Equation 6.28 can be used either to determine Ay if |P | is known or to
determine |P | if Ay is known for the reaction at hand. With enough statistics,
data can be binned both in θ and in φ. For each bin in θ, |P |Ay can be obtained
from the corresponding distribution in φ which takes the form |P |Ay cosφ. If
there is low statistics in the φ-bins, the terms in Equation 6.26 can be integrated
over φ to gain higher statistics. In this case, for the cross-ratio method to hold
strictly, the e�ciencies cannot be dependent on φ since these then must be
included in the φ-integrals. Nor are the angular coverages of the left and right
detector allowed to di�er. If e�ciencies are constant and angular coverage the
same, Equation 6.28 becomes

|P |Ay 〈cosφ〉 =
δ − 1

δ + 1
(6.30a)

where

〈cosφ〉 =
∫

cosφdφ
∫

dφ
. (6.30b)

6.4 Experimental determination of Ay for pd → ppn

scattering

The construction of the spin observables for pd → ppn follows the procedure
outlined in Section 6.2. The scattering matrix, M , now transforms the original
density matrix of a polarised proton beam and an unpolarised deuteron target
to the density matrix of the outgoing neutron and the (excited) di-proton. The
kinematic variables of M are the �ve Jacobi momenta de�ned in Section 6.5.2.
For a �nal state with three particles there is no scattering plane and conserved
parity does not require any of the analysing powers to be zero [44] as in the
case of two-body elastic scattering (cf. section 6.2.5).

If Px = Pz = 0, the number of reconstructed neutrons within a phase-space
volume element dV can be expressed as

N±(V ) =

∫

L±dt
dσ0
dV

(1± |P±|Ay(V ))η(V )∆V (6.31)

in analogy with Equation 6.25. Here η is the V -dependent e�ciency (η = 0
outside the detector acceptance),

∫

L±dt is the luminosity integrated over time.
|P | is the polarisation along the y-axis. Subscript ± represents polarisation up
or down. The cosφ dependence is absorbed in Ay.

To visualise a comparison between a measured value of the analysing power
and a theoretical prediction over the �ve dimensional phase-space is not possi-
ble. It is more practical to let one of the phase-space variables run freely while
the remaining variables are integrated over the detector acceptance. Therefore
the cross-ratio method, cf. Section 6.3, cannot be applied since there is no
guarantied symmetry, in analogy with Equation 6.26, in the phase-space inte-
gration for neutrons scattered to left and right respectively. If P+ = P− and
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L+ = L− ≡ L/2, the experimental analysing power at a point V in phase-space
can be obtained from Equation 6.31 which gives

Ay(V ) =
1

|P | ·
N+ −N−
N+ +N−

(6.32)

where

ǫ ≡ N+ −N−
N+ +N−

(6.33)

is the asymmetry. If each N in Equation 6.32 is integrated over a part of
phase-space, V ′, the corresponding theoretical value of Ay can be calculated
using the sampling method as described in [45] as follows.

Inserting the theoretical prediction of Ay into Equation 6.31 and using
Equation 6.32 and integrating over V ′ the theoretical expression for the asym-
metry becomes

Ath
y (V ′) =

∫

V ′

dσ0

dV η (V )Ath
y (V ) dV

∫

V ′

dσ0

dV η (V ) dV
. (6.34)

In other words the theoretical value is the average analysing power over V ′

weighted with the e�ciency and the di�erential cross-section. To evaluate
Equation 6.34, the relation

N (V ) ≡ N+ +N− =

∫

Ldtη (V )
dσ0
dV

dV (6.35)

can be used. The integrals of Equation 6.34 become sums over the i bins of V ′

and

Ath
y (V ′) =

∑

N (Vi)A
th
y (Vi)

∑

N(Vi)
. (6.36)

The bins can be made arbitrarily small to contain at most one entry and
Equation 6.36 becomes

Ath
y (V ′) =

∑

Ath
y (Vi)

N(V ′)
(6.37)

where N(V ′) is the total number of events in V ′.

6.5 Kinematics of pd scattering

6.5.1 Kinematic variables in pd → pd

Assume that the initial Lorentz vectors of two colliding particles are known.
Further assume that the masses of the Nf particle of the �nal state are known.
Since the total momentum and energy of the system are conserved, there are
four constraints on the 3Nf momenta of the �nal state. The number of degrees
of freedom for describing the kinematics of the �nal state is then 3Nf − 4. For
the elastic reaction pd → pd this gives two degrees of freedom while the number
is �ve for the inelastic reaction pd → ppn.
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For pd → pd scattering, knowledge of two independent kinematic vari-
ables of the scattered particles is enough to determine both Lorentz vectors
assuming the initial Lorentz vectors are known. Since the azimuthal and polar
scattering angles are, per de�nition, kinematically independent, knowledge of
the polar (azimuthal) scattering angle of one particle gives knowledge of the
polar (azimuthal) scattering angle of the other particle. The relation between
dependent variables can be used to reduce the background channel pd → ppn.
From the following calculations, the relation between all pairs of kinematic
variables can be derived analytically or numerically.

Let subscripts i, f , p and d mean initial, final, proton and deuteron
respectively. Further let T stand for kinetic energy, m for rest mass and let L
represent a generic Lorentz vector. Quantities in the centre-of-mass frame are
labeled with ′ (prime). For the present experiment the following holds (using
natural units).

Lip =









Tip +mp

0
0

(Tip(Tip + 2mp))
1/2









, Lid =









md

0
0
0









(6.38)

and

Lfp =









(m2
p + p2fp)

1
2

|pfp| sinΘfp cosΦfp

|pfp| sinΘfp sinΦfp

|pfp| cosΘfp









, Lfd =









(m2
d + p2fd)

1
2

|pfd| sinΘfd cosΦfd

|pfd| sinΘfd sinΦfd

|pfd| cosΘfd









. (6.39)

From the system of equations

Lip + Lid = Lfp + Lfd (6.40)

all the desired relations can be deduced. It is however more easy to do the
calculations in the centre-of-mass frame at the same time as additional infor-
mation is gained. However it is useful to note that Equation 6.5.1 requires

|Φfp − Φfd| = π. (6.41)

because of conservation of momentum in the xy-direction and that

p2fp = Tip(Tip + 2mp) + p2fd − 2(Tip(Tip + 2mp))
1/2 cosΘfd. (6.42)

In the centre-of-mass frame the Lorentz vectors are

L′
ip =









(p′2 +m2
p)

1
2

0
0
|p′|









, L′
id =









(p′2 +m2
d)

1
2

0
0

−|p′|









(6.43)
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and

L′
fp =











(m2
p + p′2)

1
2

|p′| sinΘ′
fp cosΦ

′
fp

|p′| sinΘ′
fp sinΦ

′
fp

|p′| cosΘ′
fp











, L′
fd =











(m2
d + p′2)

1
2

|p′| sinΘ′
fd cosΦ

′
fd

|p′| sinΘ′
fd sinΦ

′
fd

|p′| cosΘ′
fd











. (6.44)

The magnitude of the momentum, |p′|, which is equal for both particles by
construction can be expressed in known quantities by calculating the invariant
mass, M , of the system in the laboratory frame and in the centre-of-mass frame
respectively. In the laboratory frame this reads

M2 = (Lip + Lid)
2 = (mp +md)

2 + 2Tpmd (6.45)

and the corresponding calculation in the centre-of-mass system reads

M2 = (L′
ip + L′

id) = ((m2
p + p′2)

1
2 + (m2

d + p′2)
1
2 )2 (6.46)

which gives

p′ =

(

((M2 −m2
d −m2

p)
2 − 4m2

pm
2
d)

4M2

) 1
2

. (6.47)

The system of equations

L′
ip + L′

id = L′
fp + L′

fd (6.48)

is ful�lled if
Θ′

fp +Θ′
fd = π (6.49)

and
|Φ′

fp − Φ′
fd| = π. (6.50)

The connection between the angles in the centre-of-mass frame and the
laboratory frame is obtained by boosting the Lorentz vectors from one frame
to the other. The boost from the laboratory frame to the centre-of-mass frame,
which moves with velocity v in the laboratory frame, can be written as

Λ ≡









cosh η 0 0 − sinh η
0 1 0 0
0 0 1 0

− sinh η 0 0 cosh η









(6.51)

where
tanh η ≡ v. (6.52)

Thus η can be determined from

ΛLid = L′
id (6.53)
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to be

η = ln

(

(m2
d + p′2)

1
2 + |p′|

md

)

. (6.54)

From
Λ−1L′

f = Lf (6.55)

the connection between the angles in the two frames reads

|pf | cosΘf = (p′2 +m2)
1
2 sinh η + |p′| cosΘ′

f cosh η (6.56a)

|pf | sinΘf = |p′| sinΘ′
f . (6.56b)

Combining Equation 6.56a and Equation 6.56b eliminates Θ′ and the resulting
equation has the solution

|pf | =
(m2 + p′2)

1
2 cosΘ sinh η ± cosh η(p′2 −m2 sin2Θsinh2 η)

1
2

1 + sin2Θsinh2 η
. (6.57)

A numerical investigation of the momenta of the proton (deuteron) when the
scattering angle is 0 (π) radians and π/2 (0) radians respectively shows that
the physical solution is the positive sign solution for both the proton and the
deuteron. The above relations connects all kinematic variables in the labora-
tory and centre-of-mass frame.

For the given kinematic constraints, Figure 6.3 and 6.4 show relations be-
tween pairs of variables that altogether cover the phase-space for pd → pd
scattering in the centre-of-mass frame as well as the laboratory frame.

6.5.2 Kinematic variables in pd → ppn

To span the �ve dimensional phase space of the pd → ppn reaction, Jacobi
coordinates can be used. These are de�ned as follows. Let ~p1 and ~p2 be the
momenta of the two protons respectively. ~p1 represents the proton with the
largest z-component of the momentum. i.e.

p1z ≥ p2z. (6.58)

By forming the linearly independent vectors

~q = −(~p1 + ~p2) (6.59a)

and
~p =

1

2
(~p1 − ~p2), (6.59b)

�ve independent variables can be chosen among the six variables |q|, Θq, Φq,
Θp, Φp and |p|. In this work |q| is chosen to be the redundant variable.
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Figure 6.3: Kinematic constrains for pd elastic scattering at Tp = 49.3 MeV. Upper
panel: Proton kinetic energy as a function of proton scattering angle in the laboratory
frame. Lower panel: Deuteron kinetic energy as a function of deuteron scattering
angle in the laboratory frame.
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Figure 6.4: Kinematic constraints for pd elastic scattering at Tp = 49.3 MeV.
Upper panel: Proton scattering angle as a function of deuteron scattering angle in
the laboratory frame. Lower panel: Proton scattering angle in the centre-of-mass
frame as a function of proton scattering angle in the laboratory frame.





Chapter 7

Experiment

7.1 The spin-�ltering experiment

During the run period August-October 2011 at COSY (COoler SYnchrotron),
Forschungszentrum Jülich, Germany, the PAX collaboration realised the ex-
periment suggested in the proposal in [46]. The aim of the experiment was
to polarise an unpolarised proton beam by spin-�ltering �rst demonstrated by
the FILTEX group [30] in 1992. The technique exploits the fact that the total
cross-section for proton-proton scattering is di�erent if the projections of the
spins of the protons are parallel or anti-parallel. By letting an unpolarised pro-
ton beam interact with a transversely polarised hydrogen target, the relative
number of protons in the beam with spin in one direction will increase over
time. Thus the beam will assume a certain degree of polarisation.

The polarimetry, i.e. the measurement of the achieved polarisation of the
�ltered beam, was made by measuring the asymmetry, cf. Equation 6.28, of the
protons when they were elastically scattered from a deuterium target. Since
there is available data for the analysing power for the present beam energy of
49.3 MeV [47], the polarisation of the beam can be measured.

A part of the beam-time was dedicated to measure the polarisation life-
time of the beam. This is important since the depolarisation of a beam being
stored must be of lower order compared to the polarisation build up if the po-
larising cross-section is measured. In the polarisation lifetime measurement, a
polarised beam is injected into the storage ring and the decrease of polarisation
is measured during conditions as similar as possible to the spin-�lter runs.

At the present beam energy the cross-section for the elastic reaction pd →
pd and the inelastic reaction pd → ppn are similar [48]. Therefore there is a
large inelastic background to the elastic channel used for the polarimetry. The
main objective of this part of the thesis is to measure the analysing power of
the scattered neutron in the inelastic channel.



82 Experiment

7.2 COSY

COSY [49] can provide polarised and unpolarised proton beams in the momen-
tum range 294-3450 MeV/c. An electron cooling system operating below 600
MeV/c yields a relative momentum spread of the beam of ∆p/p = 10−4. The
number of stored particles in the storage ring after injection is of the order of
1010 with a revolution frequency of 106 Hz. The typical degree of polarisation
of a beam (if polarised) is 0.8.

The storage ring has a circumference of 184 m and in-beam experiments
are installed in the two 40 m long straight sections. Here the PAX target and
ANKE [50] (Apparatus for studies of Nucleon and Kaon Ejectiles) magnetic
spectrometer are located. In one of the 52 m long bends a spin-�ipper solenoid
is installed which is used to �ip the projection of the spins of the particles in
the stored beam along a chosen quantisation axis.

In the described experiment, the unpolarised beam is �ltered in the PAX
polarised hydrogen target. The achieved degree of polarisation of the beam
is measured using the deuterium cluster-jet target and Silicon Tracking Tele-
scopes (STTs) of ANKE.

7.3 ANKE

For this experiment the STTs and cluster-jet target were used to measure
the beam polarisation and the analysing power with respect to the scattered
neutron in pd → ppn.

7.3.1 Cluster-jet target

The internal deuterium target of ANKE delivers a jet of deuterium clusters
crossing the beam path. The clusters are formed when deuterium gas is injected
into a vacuum chamber where it expands and cools down. The transverse and
longitudinal cross-section of the beam and target is around 3 mm and 10 mm
respectively. The target surface density is of the order of 1.5 ·1014 cm−2 which
yields a luminosity of 8 · 1030 s−1cm−2.

7.3.2 Micro-strip silicon detectors

Two Silicon Tracking Telescopes (STTs) are installed on opposite sides of the
target-beam overlap region. They allow for tracking, energy determination and
identi�cation of charged particles interacting with the telescope layers.

Each telescope consists of three double sided micro-strip detectors where
the n-side is read out horizontally and the p-side vertically. The nominal
relative positioning of the detector layers is shown in Figure 7.1. The thickness
of each layer is, starting with the layer closest to the beam, 70 µm, 300 µm
and 5.1 mm respectively. In this thesis the layers are denoted 0, 1 and 2. The
silicon strips are connected in groups of eight, called segments, to the same



7.3 ANKE 83

1
7
.
5

61.5

48

28

6
6
.
2

6
4
.
0

51.2
◦

103.3
◦

5
1
.
1

6
4
.
0

55.0
◦

Figure 7.1: Nominal positioning of the STT layers. Measures are given in mm.
Upper panel: Top view. The beam direction is bottom to top. Lower panel: Rear
view. The beam direction is into the page.
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read-out channel. The spatial widths of the segments determine the limit of
the position resolution of a particle interacting with the detector layer. For
layer 0 and 1 the widths of the segments are 0.8 mm for the p-side and 0.42
mm for the n-side. For layer 2 the width is 1 mm for both the p and n-side.
According to simulations, cf. Figure 8.2, the reconstructed vertex from two
tracks is on average 1 mm from the true vertex.

The width (one standard deviation) of the distribution of kinetic energy
reconstructed from elastic events is 0.28 MeV which is 0.57 % of the beam
energy.

Particle identi�cation is possible since the energy loss of a particle in a thin
layer follows (in the non relativistic case)

dE ∼ mz2

E
dx (7.1)

according to the Bethe-Bloch formula. Here m, z and E are the mass, the
charge and the energy of a particle and dx is the thickness of the layer. Particles
with di�erent masses and charges will therefore show di�erent characteristics
interacting with the detector layers. Speci�cally this is visible in the correlated
read-out of two layers where particles of the di�erent masses or charge are
separable.

7.4 Trigger condition and data acquisition

The read-out electronics allowed a trigger threshold of 100 keV and a coin-
cidence of signals above the threshold in layer 0 and layer 1 of one of the
telescopes generated the trigger.

The estimated dead time of the data acquisition system was 50 µs.

7.5 Sequence of measurement

The sequence of the spin-�ltering cycle was as follows. After injection the
unpolarised beam was accelerated to 49.3 MeV. Then the PAX target was
switched on with the holding �eld aligning the projection of the spins of the
hydrogen atoms of the target, up or down, transversely to the beam direction.
The duration of the spin �ltering was 12000 or 16000 s. After this the PAX
target was switched o� and the deuterium cluster-jet target of ANKE was
switched on and the data acquisition started. During the polarimetry, which
lasted for 2500 s, the transverse spin projection of the beam was �ipped three
times and the asymmetry of the elastically scattered protons was measured
using the cross-ratio method (cf. section 6.3).

The polarisation lifetime runs followed a di�erent pattern. A transversely
polarised proton beam was injected into the storage ring and accelerated to
49.3 MeV. The cluster-jet target of ANKE was switched on for 300 s and
the data acquisition started. Thereafter the target was switched o� and the
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Figure 7.2: Polarisation lifetime cycle. The data points show the beam current as
a function of time when the cluster-jet target of ANKE is switched on.

beam was stored in the ring for 5000 s. After this the cluster-jet target was
switched on again and data was taken for another 1000 s whereafter the beam
was dumped. This procedure was repeated for di�erent polarisation directions
of the beam: up or down. With the obtained data the polarisation of the
beam was measured before and after the storage period of 5000 s and the
lifetime of the polarisation could be estimated. The polarisation lifetime was
found to be an order of magnitude longer than the beam lifetime (∼ 105

s compared to ∼ 104 s). Figure 7.2 illustrates a typical beam polarisation
lifetime measurement cycle.





Chapter 8

Analysis

8.1 General consideration

The analysis is based on four data �les, denoted 504, 506, 507 and 508, from
the data taken in August 2011. These �les contain pre-processed data of
reconstructed hit positions and relatively calibrated energy signals for particles
interacting with the detector layers.

Since the analysing power is a quantity that modulates unpolarised cross-
sections, it is measured by counting the number of scattered particles in bins
of the available phase-space. A particle is in this sense countable if its Lorenz
vector is known. To reconstruct a Lorentz vector of a scattered particle, the
system of equations

Lbeam + Ltarget = Ldetected + Lmissing (8.1)

where L represents a Lorentz vector, must be well determined or over deter-
mined. i.e. the masses and momenta of some of the scattered particles must
be known. The particle mass is given if the particle type is identi�ed (proton
or deuteron) and the momentum can then be obtained from the kinetic en-
ergy and the scattering angles. For the ANKE STTs a good estimate of the
scattering angles requires knowledge of the relative positioning of the detector
layers of the order of 0.1 mm. Also, to compare the measured spin observable
(the analysing power of pd → ppn) to theoretical predictions, the polarisation
of the beam must me measured. A successful analysis therefore relies on well
performing routines for

• Particle identi�cation

• Energy calibration

• Spatial detector alignment

• Track reconstruction

• Beam polarimetry.

These methods are described below.
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8.2 Simulation studies with Geant4

A simulation code based on Geant4 was developed for the experiment including
both the elastic and inelastic channel. Simulated data and experimental data
was then analysed with the same code to evaluate the performance of the
developed methods.

In the event generator for the elastic channel, the polar scattering angle was
sampled from a parametrisation of the di�erential cross-section measured by
Bunker et al. [51] at Tp = 46.3 MeV. Spin dependence of the cross-section using
transversely polarised beams was introduced by modulating the unpolarised
cross-section with the analysing power measured by King et al. [47] at Tp = 49.3
MeV.

Energies and scattering angles in the inelastic channel were sampled from
the three body phase-space density of states.

In the simulations the nominal positioning (cf. section 7.3.2) of the detector
layers was used. The segment structure of the layers was simulated by smearing
the hit positions over the width of the individual segments. Also, non-working
segments were taken into account by disregarding hits associated with them.

A realistic beam-target overlap was introduced by sampling the vertex po-
sition from Gaussian distributions in the transverse overlap (xy-direction) and
a �at distribution in the longitudinal overlap (z-direction). The standard de-
viations of the Gaussians were 1.2 and 1.5 mm in the horizontal and vertical
direction respectively. The longitudinal distribution had a width of 10 mm.

8.3 Event selections

In this analysis clarity of selection criteria and precision has been favoured over
statistics and phase space coverage. Therefore, the analysed inelastic events
have been restricted to meet the following criteria.

• An analysed event has at most one identi�ed hit in a single detector
layer. The di�culty of reconstructing two particles interacting with the
same telescope is thus avoided. The number of analysed events is by this
reduce with approximately 10%.

• Only events that generated hits in both layer 0 and layer 1 of both the
left and right STT were analysed. This limits the investigated phase-
space but the vertex reconstruction for events with two tracks has better
precision compared to one-track events.

One-track elastic events were not excluded in the analysis of the beam
polarisation. The detector geometry covers a limited part of phase-space where
both the deuteron and proton can be detected.



8.4 Short summary of procedure of analysis 89

8.4 Short summary of procedure of analysis

The particle identi�cation is done by separating deuterons from protons in
energy deposit correlation plots (dE vs dE correlations) for the STT layers. A
particle is labelled as a proton or a deuteron if all measured quantities in an
event are consistent with the label.

The energy calibration is performed in three stages. First, a relative cali-
bration is performed where all detector segments (cf. Section 7.3.2) within one
layer are calibrated relative to each other. This is followed by a preliminary
energy calibration where the responses of the detector layers are aligned with
the corresponding response obtained from Monte Carlo simulations (Geant4).
The �ne tuning of the energy calibration is done simultaneously with the spa-
tial alignment of the detector layers: In a correlation plot for particle energy
versus polar scattering angle, the elastically scattered protons and deuterons
should follow the relations shown in Figure 6.3. If this is not the case, the rel-
ative positioning of the detector layers and the energy calibration is adjusted
so that the identi�ed protons and deuterons follow the kinematic constraints.
If the beam energy (49.3 MeV) and the missing masses for elastic events (0
MeV/c2) and inelastic events (the neutron mass of 939.56 MeV/c2) are accu-
rately reconstructed, the detector is calibrated and aligned.

A track of a particle is approximated by the vector that originates from
the vertex, which in turn has to be estimated, and intersects the 0th layer at
the point where a hit is registered.

The beam polarimetry is performed by measuring the asymmetry for the
proton (Ay(θ)) in the elastic channel, pd → pd. According to Equation 6.28
the measured asymmetry is the analysing power scaled with the polarisation
of the beam. Since the analysing power for the proton in elastic pd scattering
has been measured with high precision at Tp = 49.3 MeV, the polarisation
is obtained as the ratio of the measured asymmetry and the analysing power
which is considered known.

8.5 Hit position reconstruction

The position where a particle hits a detector layer is estimated by the average
positions of all segments with a signal above the threshold, weighted by the
relatively calibrated energy signals of the segments.

8.6 Calibration

8.6.1 Chip-wise relative calibration

For each STT layer all p-side and n-side segments were calibrated relative to
each other to give the same signal for a charged particle passing through both
segments. This is possible since the read-outs for a p-side and an n-side segment
show a linear relation in a correlation plot. All segments connected to one chip
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Figure 8.1: Energy correlation plots for the left telescope after energy calibration.
Left panel: layer 0 vs layer 1. Right panel: layer 1 vs layer 2. The red curves show
parametrisations of Geant4 simulations.

were associated with the same calibration constant. All chips were calibrated
in a simultaneous minimisation procedure. The procedure is described in more
detail in [52].

8.6.2 Absolute energy calibration

The read-out electronics have di�erent dynamic ranges and resolution for the
p- and n-sides and the energy signal of the n-side is preferred over the p-side
signal. Therefore, to reconstruct deposited energies, only the n-side readouts
were used. The absolute calibrations of the detector layers were obtained
by �tting the correlated read-out of two layers to the corresponding energy
deposition correlations obtained from Monte Carlo simulations, cf. Figure 8.1.

For calibration of layer 0 and layer 1, 2nd degree calibration polynomials
were used to calibrate data. The calibration was made in a simultaneous �t
of the data for both layers for both protons and deuterons. For calibration of
layer 2, the calibration polynomial obtained for layer 1 was applied to data.
Thereafter, the layer 2 data was �tted with 2nd degree polynomials for the
protons and deuterons separately. A �t with a single calibration polynomial
for both particles was not possible due to an apparent shift of the deuterons
relative to the protons in the data compared to the simulations.

In the �tting procedure the proton and deuteron bands were represented
by the coordinates of the bins with the largest number of entries along the
bands (cf. Figure 8.1). Since the calibration is �ne-tuned at a later stage in
the analysis, it was considered su�cient.
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8.7 Track reconstruction

A track is, in this analysis, de�ned as a line joining the vertex of an interaction
with a hit in the �rst layer (layer 0) of one of the telescopes. The problem of
reconstruction of a track is therefore equivalent to that of reconstructing the
vertex. The vertex reconstruction follows two di�erent procedures depending
on the available hit information.

The trigger condition assures that there is at least one hit in both layer
0 and layer 1 of one of the telescopes. A line joining two such points is here
denoted a �pre-track� which is a �rst estimate of the track of a particle. Either
there is one or two pre-tracks in an event. In the case of two pre-tracks, the
procedure is the following: Find the two points, one on each pre-track, between
which the distance is the smallest. The approximated vertex is located mid-
way between these points.

The two pre-tracks can be parametrised by

~L1 = ~r1 + λ~e1 (8.2)

and
~L2 = ~r2 + µ~e2 (8.3)

where ~e1 and ~e2 are unit vectors de�ning the directions of the pre-tracks. The
vectors ~r1 and ~r2 points to arbitrary, �xed points on the tracks and λ and µ
are the parameters.

A vector joining a point on one track with a point on the other track can
be described by

~S = ~L2 − ~L1 = ~r2 − ~r1 + µ~e2 − λ~e1. (8.4)

Demanding that the derivative of |~S|2 with respect to both µ and λ is zero,
de�nes λ0 and µ0 of the vector ~S0 that minimises the distance between ~L1 and
~L2. Performing the calculations yields

λ0 =
(~r2 − ~r1) · ~e1 − ((~r2 − ~r1) · ~e2)(~e1 · ~e2)

1− (~e1 · ~e2)2
(8.5)

and

µ0 = −(~r2 − ~r1) · ~e2 − ((~r2 − ~r1) · ~e1)(~e1 · ~e2)
1− (~e1 · ~e2)2

(8.6)

In the case of only one pre-track the procedure is essentially the same
as described for two tracks with the exception that the missing pre-track is
approximated by the average beam line, i.e. the pre-track, B, is parametrised
by

B = (〈x〉 , 〈y〉 , 〈z〉) + β · (0, 0, 1) (8.7)

where 〈x〉, 〈y〉 and 〈z〉 denote the average vertex positions, estimated from all
events with two pre-tracks, and β is the parameter.

A simulation study (cf. Section 8.2) of the vertex reconstruction is shown
in Figure 8.2. The mean distance from the reconstructed vertex to the true
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Figure 8.2: Distance between the true vertex and the reconstructed vertex according
to simulations. Panel a: Vertex reconstruction from one track. Panel b: Vertex
reconstruction from two tracks.

vertex is 1.6 mm for one-track events and 1.1 mm for two-track events. The
standard deviation of the reconstructed scattering angles relative to the true
angles were found to be σφ = 1.33◦ for one-track events and σφ = 1.26◦ for
two-track events for the azimuthal scattering angle. For the polar scattering
angle the corresponding standard deviations were σθ = 0.83◦ and σθ = 0.60◦

respectively.

8.8 Final energy calibration and detector alignment

After the pre-calibration and with the presented method for reconstructing
tracks (cf. Section 8.6 and 8.7) it is possible to re�ne the energy calibration and
to align the detector. With the latter, it is meant that the relative positioning
of the layers within the STTs is adjusted so that the kinematics of elastically
scattered protons and deuterons are correct. I.e, the relation between the
energy and scattering angle is in agreement with the constraints shown in
Figure 6.4 for these particles.

In Figure 8.3 the correlation plot for energy and scattering angle is shown
for reconstructed tracks in one telescope together with elastic kinematic con-
straints. If the energy calibration and the alignment are correct, the band-
shaped regions with high intensities should coincide with the constraints as
expected for elastically scattered particles whose phase-space is limited com-
pared to that of inelastically scattered particles.

To obtain the best agreement between the high intensity regions and the
curves the energy calibration was adjusted with a few percent. A shift of z-
coordinates of the hits in layer 0 of the two telescopes was introduced. The
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shifts were 0.63 mm and 0.25 mm in the positive z-direction for the right and
left telescope respectively.

It is emphasised that this does not constitute a proof of the correct cali-
bration and alignment of the detector. A study of reconstructed beam energy,
reconstructed residual momentum of elastic events and a study of azimuthal
angular correlation in the elastic channel must also be in agreement with elastic
kinematics. This study is presented in Section 8.10.
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Figure 8.3: Deposited energy versus polar scattering angle for all reconstructed
tracks in the right telescope for run 504 after alignment and �nal energy calibration.
The theoretical curves for elastic protons (upper curve) and deuterons (lower curve)
are shown.

8.9 Particle and event identi�cation

The particle identi�cation (elastically scattered proton, deuteron or inelasti-
cally scattered proton) and event identi�cation (elastic or inelastic) is per-
formed by analysing hit information in a decision tree. Each track is assigned
possible particle identities based on where the associated energy deposits ap-
pear in energy correlation plots for the layers of an STT. The regions de�ning
di�erent particle types are shown in Figure 8.4. The possible particle identi-
ties for the tracks are then combined and only consistent particle identities are
kept. Possible event identities are then assigned consistent with the particle
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Figure 8.4: Particle identi�cation regions for elastic protons (blue), inelastic protons
(red) and deuterons (black) in energy correlation plots for the left telescope. Panel
a: layer 0 vs layer 1. Panel b: layer 1 vs layer 2. The cut-o� of the elastic proton
band at 6 MeV can be made since elastic protons with lower energies fall outside the
detector acceptance.

identities. This procedure still allows for an event to be interpreted as both
elastic and inelastic. Particularly this holds for single detected protons which
often cannot be de�nitely said to originate from an inelastic or elastic event. In
this case a �nal decision is made based on the energy and the polar scattering
angle of the track. In Figure 8.5 the total deposited energy associated with a
track is plotted versus the polar scattering angle of the track for elastic and in-
elastic event candidates. In this plot the elastic protons form a band and if the
track lies within this band it is labelled as an elastic proton. If it falls outside
the band this identity is ruled out. The de�ciency of this method is that there
is a background of inelastic protons in this band which will contaminate the
data. The phase space for the inelastic channel is however large compared to
the elastic channel and since the total cross-sections at 49.3 MeV are of similar
magnitudes [48], the background can be expected to be low. Simulations show
that the contamination fraction is of the order of 10−3.

8.10 Validation of detector alignment and energy cal-

ibration

With the given method of particle and event identi�cation, the alignment and
energy calibration can be validated through a study of elastic events. Due
to the limited acceptance of the detector, only in a fraction of the identi�ed
elastic events both the proton and the deuteron are detected. Therefore, the
validation strictly holds only in the small part of the phase space investigated
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Figure 8.5: Deposited energy versus polar scattering angle in the left telescope.
Panel a: Tracks of events consistent with the criteria for an elastic event (one- and
two-track events). Tracks that fall inside the region enclosed by the red curve are
identi�ed as elastic protons. Panel b: Tracks of events consistent with the criteria for
an inelastic event (only two-track events).

below. The agreement between scattering angles and corresponding energies of
elastically scattered particles shown in Figure 8.3 however indicates that what
is shown below for a small part of phase space is valid for the whole covered
phase space.

Figure 8.6 shows the reconstructed kinetic energy of elastic events in which
both the deuteron and the proton is detected. A Gaussian �t to the data gives
a centroid value of 49.28 ± 0.01 MeV and a standard deviation of 0.28 ± 0.01
MeV. This should be compared to the nominal beam energy of 49.3 MeV.

That the average value of the reconstructed beam energy is in agreement
with the nominal value only proves that the average of the combined energy
of the proton and deuteron is correct. The energy should also be correctly
distributed between the particles. In Figure 8.7 the energy of the proton is
plotted against the energy of the deuteron when the former particle is detected
in one telescope and the latter in the opposite telescope. The expected relation,
Eproton = 49.3 (MeV) − Edeuteron, is also shown. The plot shows that the
calibrations of protons and deuterons are correct.

Further, the polar scattering angles of elastic protons and deuterons should
follow the constraint shown in Figure 6.4. The correlation between recon-
structed scattering angles is shown in Figure 8.8. The Figure shows that the
angles are reconstructed correctly.

If the nominal transverse positioning of the detector is correct, the az-
imuthal scattering angle of a deuteron and proton should di�er by 180 degrees.
In Figure 8.9 the distribution of |Φp −Φd| is shown in two plots for deuterons
detected in the left and right telescope respectively. The distributions are ac-
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Figure 8.6: Reconstructed kinetic energy of elastic events in which both the deuteron
and proton is detected. A Gaussian function is �tted to data.

curately centered at 180 degrees, although the widths of the peaks indicate
uncertainties in the reconstructed azimuthal angles.

As a �nal check, the missing mass, de�ned as the magnitude of Lmissing in
Equation 8.1, in the elastic and inelastic channel can be studied. If the detector
is calibrated and aligned, a missing mass of 0 MeV/c2 and 939.56 MeV/c2 (the
neutron mass) is expected for the two channels, respectively. The missing mass
spectra are shown in Figure 8.10. The distribution of the missing mass in the
inelastic channel has a mean value of 939.5 MeV/c2 and a standard deviation
of 1.3 MeV/c2. The neutron mass is thus correctly reconstructed. The missing
mass in the elastic channel, however, di�ers from the expected value. The
shift of the peak to -4 MeV/c2 (the negative value meaning that the missing
mass is a complex number) which is not visible in the inelastic channel can
be explained from the distributions of residual momenta. The errors in the
reconstructed azimuthal scattering angles create �ctitious transverse momenta
of the order of ∆ptr ≡ (∆p2x + ∆p2y)

1/2 = 5 MeV/c in the elastic channel.
Keeping the leading terms in the expression for the missing mass (Mel) and
using natural units (c = 1) yields

M2
el ≈ −(∆ptr)

2 = −25MeV2. (8.8)
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Figure 8.7: Correlation between proton and deuteron energies for elastic events
where both particles are detected. Panel a: Protons in the left telescope and deuterons
in the right telescope. Panel b: Protons in the right telescope and deuterons in the
left telescope. Red curves show the expected correlation between the particle energies
if the beam energy is 49.3 MeV.
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Figure 8.8: Correlation between polar scattering angles of elastic protons and
deuterons. Panel a: Protons in the left telescope and deuterons in the right tele-
scope. Panel b: Protons in the right telescope and deuterons detected in the left
telescope.
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Figure 8.9: Absolute di�erence between azimuthal scattering angle of deuterons
and protons in identi�ed elastic events. Red curves show �tted Gaussians with linear
background to the distributions. Panel a: The deuteron is detected in the right
telescope. The mean and standard deviation of the �tted Gaussian is 180.06◦ ± 0.02◦

and 2.02◦. respectively. Panel b: The deuteron is detected in the right telescope.
The mean and standard deviation of the �tted Gaussian is 180.03◦± 0.01◦ and 1.98◦,
respectively.

In case of a �ctitious transverse momentum for inelastic events, of the same
magnitude as for elastic events, the expression for the missing mass, (Min),
becomes

M2
in =(∆E)2 − (px +∆px)

2 − (py +∆py)
2 − (pbeam − pz)

2

≈ M2
n − 2(px∆px + py∆py). (8.9)

Here ∆E is the total energy di�erence between the initial state and the de-
tected protons. Mn is the neutron mass and px,y,z are components of the true
momenta of detected protons in the �nal state. Since px,y ≪ 308 MeV (which
is the longitudinal momentum of the beam), assigning a maximum to px,y of
100 MeV and an error in transverse momentum of 5 MeV, would a�ect the
reconstructed neutron mass, in both positive and negative direction, with less
than one per mille.

.

8.11 Polarimetry

The polarimetry of the beam is performed by comparing the measured asym-
metry (cf. Section 6.3) of the proton, ǫ(θ), with existing data for the analysing
power, Ay, for the present beam energy. The polarisation of the beam is then
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Figure 8.10: Missing masses of elastic and inelastic events. The missing mass of
the inelastic channel (panel b: lin-plot. panel c: log-plot) has a mean value of 935.5
MeV/c2 and a standard deviation of 1.3 MeV/c2. The missing mass of the elastic
channel (panel a) is shifted due to errors in the reconstructed transverse momenta.
Negative value has the meaning that the missing mass is a complex number.
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retrieved from

P =
ǫ(θ)

Ay(θ)
. (8.10)

Figure 8.11 shows the analysing power measured by King et al. [47] and
the prediction of the CD-Bonn potential [36] used for the polarimetry. The
King data is parametrised by a spline-�t. The same parametrisation is used
in the simulations (cf. Section 8.2) to account for the spin dependence of the
cross-section of elastically scattered protons.

The simulated asymmetry of the proton for a beam polarisation of 0.7 is
shown in Figure 8.11. A �t of the correspondingAy to the asymmetry according
to Equation 8.10, where P is the �tting parameter, yields P = 0.691± 0.005.
Thus the true polarisation is within 2 standard deviations of the obtained
value.

In Figure 8.12 the measured asymmetry of the proton obtained from the
beam polarisation lifetime runs is shown together with �ts to the parametri-
sation of the data from King et al. The data follows the trend of the �tted
Ay but the obtained polarisation depends on the �tting region. Depending
on the model of Ay used, the polarisation di�ers as well. Table 8.1 shows
the results of the polarimetry depending on Ay model and �tting region. The
systematic di�erences are unacceptably large for determination of the beam
polarisation. It can however be argued that the measured asymmetry as well
as the parametrisation is more reliable over the region of the detected protons
than that of the deuterons. The regions are shown in the centre-of-mass frame
for the polar scattering angle of the proton in Figure 8.12:

• From the structure of the phase space, the scattering angle of recon-
structed protons from detected deuterons will have a larger uncertainty
than for directly detected protons. According to Figure 6.4 ∆θd ≈ 2∆θp.

• The experimental uncertainties of reconstructed scattering angles and
energies are larger for the detected deuterons compared to elastically
scattered protons (cf. Figure 8.3). At low energies the distribution of
scattering angles for deuterons has almost twice as large width (full width
at half maximum) compared to the elastically scattered protons.

• The parametrisation of Ay relies on only three data points in the region
30-50 degrees (cf. Figure 8.11) where Ay takes an extreme value. A
systematic error of one of the data points could create a negative bias in
Ay of 10-15 % in this region.

Altogether, if any part of the data set should be preferred for polarimetry,
these arguments speak for that of the detected protons. Particularly, the ex-
treme value at 112 degrees appears to be reliable since there are many data
points in a narrow region both for the parametrisation and for the measured
asymmetry.
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Figure 8.11: Upper panel: Analysing power for pd elastic scattering as a function of
proton scattering angle in the centre-of-mass frame for a beam energy of 49.3 MeV.
Data points from King et al. [47] with spline parametrisation (red curve). Blue curve
[48] shows the prediction using the CD-Bonn potential [36]. Lower panel: Simulated
asymmetry for a polarisation of 0.7. The input to the simulation is the parametrisation
(red curve) shown in the upper panel.
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Based on the above arguments the most reliable value of the polarisation
is that obtained from the �t over the region for detected protons to Ay of the
CD-Bonn potential. The polarisation is then P = 0.809± 0.005.

Fitting region Ay model P χ2
df

p
King 0.789± 0.005 210/63 ≈ 3.3

CD-Bonn 0.801± 0.005 173/63 ≈ 2.7

d
King 0.717± 0.004 151/41 ≈ 3.7

CD-Bonn 0.735± 0.004 313/41 ≈ 7.6

Overall
King 0.743± 0.003 445/94 ≈ 4.7

CD-Bonn 0.763± 0.003 530/94 ≈ 5.6

Table 8.1: Polarisation obtained for di�erent �tting regions (cf. Figure 8.12) and
di�erent models for Ay. χ

2

df is the reduced χ2 for the �ts.

8.12 Systematic uncertainties

In the presented analysis methods there are assumptions made that, if false,
lead to systematic errors. For the cross-ratio method to hold, cf. Equation 6.28,
the degree of polarisation must be the same for both polarisation directions.
If this is not the case a bias is created in the asymmetry. If |P↑| = |P↓|+∆P ,
ǫ0 is the unbiased asymmetry obtained if |P↑| = |P↓| and ǫ is the measured
asymmetry, a correction of ǫ to �rst order in ∆P reads

ǫ0 = ǫ(1− ∆P

2|P↓|
). (8.11)

For the plain asymmetry (cf. Equation 6.33) the corresponding correction is

ǫ0 = ǫ(1− (1− ǫ)
∆P

2|P↓|
). (8.12)

Also, the e�ciencies and solid angles are assumed to be the same for both
polarisation directions. This would not be the case if the beam would shift
position depending on polarisation direction. Figure 8.13 shows the variation
of the reconstructed vertex position horizontally and vertically over consecu-
tive cycles. Comparing vertex position for di�erent cycles, the average vertex
position changes with around 0.02 mm, which is within the statistical uncer-
tainty of the average position. For the longitudinal vertex position the result
is similar.

For the analysis of the asymmetry of the neutron, cf. Equation 6.33, to
hold, the time-integrated luminosity during data-taking must be the same for
the two polarisation directions or else the number of detected particles must
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Figure 8.12: Upper panel: Measured asymmetry of the proton in pd elastic scat-
tering at Tp = 49.3 MeV. The regions where the deuteron (d), the proton (p) or both
particles (p+d) are detected are shown. Lower panel: Fits of Ay to the asymmetry
for di�erent �tting regions. Red curve: Detected deuteron. Green curve: Detected
proton. Blue curve: Overall �t.
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Figure 8.13: Average reconstructed vertex position from the second half of one
polarisation lifetime measurement cycle over the next whole cycle to the �rst half
of the following cycle. Each point represents the average vertex position over 102

consecutive elastic events where the proton and deuteron is detected. Arrows indicate
the polarisation direction of the beam. Dashed lines shows the mean value of the
vertex position over each cycle.

be compensated for the di�erence. Three methods have been used to estimate
the di�erences in luminosity. For a constant target thickness, the reaction rate
R is proportional to the beam current I. For a trigger rate M and deadtime
τ , I is related to M through

R = αI =
M

1− τM
. (8.13)

Figure 8.14 shows the beam current as a function of trigger rate and a �t of
Equation 8.13 to data gives τ = 35.9±0.5 µs. The ratio of the time-integrated
luminosity for polarisation up and down can now be estimated by integrating
the beam current compensated for the deadtime. The e�ective beam current
Ieff is proportional to the expected trigger rate given a certain dead time τ
and beam current I. From Equation 8.13 Ieff is given by

Ieff =
I

1 + ατI
(8.14)

and
∫

L↑dt/
∫

L↓dt =
∫

Ieff↑dt/
∫

Ieff↓dt = 0.97±0.01 where the uncertainty
is the systematic uncertainty due to the statistical uncertainty in τ .

A second way of estimating
∫

L↑dt/
∫

L↓dt can be made from Equation
6.26. By forming the ratio

NL↑
NL↓

=

∫

L↑dt
∫

L↓dt
· 1 + |P |Aycosφ

1− |P |Aycosφ
(8.15)
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Figure 8.14: Beam current as a function of trigger rate. The red curve shows a �t
of Equation 8.13 to data.

and using that

δ =
1 + |P |Aycosφ

1− |P |Aycosφ
(8.16)

is known from the cross-ratio method, it follows that
∫

L↑dt
∫

L↓dt
=

NL↑
NL↓

· 1
δ
. (8.17)

Equation 8.17 gives a value of
∫

L↑dt/
∫

L↓dt for each bin in the polar scatter-
ing angle Θ. The obtained result is shown in Figure 8.15. A �t of a zeroth order
polynomial to the data gives

∫

L↑dt/
∫

L↓dt = 0.983±0.001, in agreement with
the value obtained using the beam current.

A problem with the above methods is that the obtained di�erence in inte-
grated luminosity is not disentangled from a di�erence in magnitude of polar-
isation for polarisation up and down. A �nal control of the luminosity, inde-
pendent of the polarisation, can be made by measuring the ratio (cf. Equation
6.26) NL↑/NL↓, where Ay = 0 which occurs at approximately Θ = 72◦ in
centre-of-mass for the elastically scattered proton. Measuring the ratio for
70◦ < Θ < 74◦ gives

∫

L↑dt/
∫

L↓dt = 0.98 ± 0.01, which is agreement with
the other results.

A bias in the asymmetry of the neutron can also appear if the identi�ed
inelastic events are contaminated. I.e. some of the events triggered by elas-
tically scattered particles, by noise or particles scattered o� di�erent target
nuclei are wrongly identi�ed as being inelastic. The e�ect on the asymmetry
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Figure 8.15: Ratio of integrated luminosities for polarisation up and down. The red
curve shows a zeroth order polynomial �tted to data. The reduced χ2 for the �t is
χ2 = 56/103.

due to the selection criteria of inelastic events was therefore studied with the
developed simulation code (cf. Section 8.2). Since no spin-dependence was
implemented in the event generator for inelastic events, Ay(Φq) = 0 and the
asymmetry is expected to be �at. Figure 8.16 shows the simulated asymmetry
of the neutrons as a function of azimuthal scattering angle. A �t of a zeroth
order polynomial to the data yields ǫ(Φq) = 4.7 · 10−3± 3.9 · 10−3 which shows
that the analysis method is unbiased.
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Figure 8.16: Analysed asymmetry of simulated data for the neutron as a function
of azimuthal scattering angle. The curve shows a zeroth order polynomial �tted to
data.





Chapter 9

Results

9.1 Polarisation

The best estimate of the polarisation was obtained by �tting Ay calculated
with the CD-Bonn potential to the experimentally determined asymmetry of
the detected elastically scattered protons. The obtained value from the cross-
ratio method was P = 0.801± 0.005. A systematic error of this value is likely
to be present since the χ2 of the �t of the CD-Bonn prediction to data is high.
A comparison can be made to the polarisation obtained using the data from
King et al. which gives P = 0.789 ± 0.005. The di�erence in polarisation of
0.01 using the two models serves as a model-dependent systematic error.

In principle, an estimate of ∆P = |P↑|−|P↓| could be obtained by assuming
that the di�erence in the obtained ratio of integrated luminosities from Equa-
tion 8.17, 0.983± 0.001, and the polarisation independent value of 0.98± 0.01,
obtained by measuring the reaction rate where Ay = 0, would be due to polar-
isation di�erences. E�ectively this would cause an error in δ = (1 + ǫ)/(1− ǫ)
which can be corrected using Equation 8.11. The di�erence between the re-
sults of the two methods is however not signi�cant. Over the region 100◦ <
θp.cm. < 120◦ (cf. Figure 8.15) there seems however to be local signi�cant
di�erence. The luminosity ratio in this region is

∫

L↑dt/
∫

L↓dt = 1.00± 0.01
and the average asymmetry is around ǫav ≈ −0.37. A correction of 1% of δ
in Equation 8.17 with ǫ = −0.37 corrected according to Equation 8.11 would
imply ∆P ≈ 0.01. which indicates that ∆P is small.

9.2 Luminosity

A best estimate of the ratio of the integrated luminosities for the four analysed
runs (labelled 504, 506, 507 and 508) was found to be

∫

L↑dt/
∫

L↓dt = 0.983±
0.001. If local variations of the data in Figure 8.15 (in bins of ∆Θ = 20◦)
are taken as a measure of a systematic uncertainty of the luminosity ratio,
∫

L↑dt/
∫

L↓dt = 0.983±stat 0.001±sys 0.01.
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Figure 9.1: Measured Jacobi momenta in the centre-of-mass frame of identi�ed
pd → ppn events. The vertical axes show the number of events in each bin. The
Figure shows the distributions for the 19122 identi�ed inelastic events of run 508.

9.3 Analysing power of pd → ppn

Figure 9.1 shows the measured Jacobi momenta de�ned in Section 6.5.2, in the
centre-of-mass frame, for the identi�ed pd → ppn reactions. A total of 8 · 104
inelastic events were identi�ed in the four analysed runs. The detector geom-
etry limits the coverage in Φp and Θp. Integrating over all but one variable,
the experimental analysing power can obtained from Equation 6.32. The cor-
responding theoretical values are obtained by using the sampling method (cf.
Section 6.4) to the theoretical grid of Ay. At N2LO, �ve di�erent realisations of
the theory is distinguished by two cuto�s (Λ,Λ̃) [33]. The best agreement be-
tween the measured analysing power and the theoretical prediction is achieved
for cuto� 2: (Λ,Λ̃) = (600, 500) MeV. While the present calculations at N2LO
reproduce the shape of the measured analysing power, the absolute magnitude
depends on the chosen cuto� and carries a large uncertainty at this stage. Fig-
ure 9.2 shows the analysing power for all reconstructed neutrons as a function
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Figure 9.2: Ay(Φq). Experimental results and theoretical predictions. Solid circles:
Experimental result for the full set of reconstructed neutrons. The data are corrected
for luminosity di�erences. Curves [53]: N2LO chiral EFT prediction [34] extracted by
the use of the sampling method [45] for the full set of reconstructed neutrons. Cuto�
2, (Λ,Λ̃) = (600, 500) MeV, has been applied (cf. text). Red curve: Three-nucleon
force contribution included. Blue curve: Three-nucleon force contribution omitted.

of the azimuthal scattering angle. The theoretical prediction for the whole set
of neutrons is also shown for cuto� 2, with and without three-nucleon force
contribution. The data is corrected for the di�erence in integrated luminosity
between polarisation up and down.

There is a signi�cant discrepancy between data and the theoretical predic-
tion which yields χ2 = 104/36.

The estimated systematic uncertainties of polarisation di�erences and lu-
minosity di�erences described in Section 9.1 and 9.2 do not account for this
discrepancy and explanations for the di�erence must be found in unknown
systematics or in the theoretical calculations.

Figure 9.3 shows the analysing power for the full set of reconstructed neu-
trons compared to reconstructed neutrons selected by a cut on the neutron
missing mass spectrum (cf. Figure 8.10), 938 MeV/c2 < missing mass <
941 MeV/c2. The missing mass cut has a signi�cant impact on Ay around
130◦ < Φq < 250◦. It remains to be investigated if the di�erence between the
data sets is re�ected in the theoretical prediction.
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Figure 9.3: Ay(Φq). Experimental results. Solid circles: Ay for full set of re-
constructed neutrons. Open circles: Ay for reconstructed neutrons selected by the
missing mass cut (cf. text). Both data sets are corrected for luminosity di�erences. A
small but signi�cant di�erence between the data sets is present for 130◦ < Φq < 250◦
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Conclusion

The systematic discrepancy between data and the theoretical prediction of chi-
ral e�ective �eld theory [34] for the analysing power of the neutron, Ay(Φq), is
larger than the estimated systematic uncertainty. The developed analysis code
has been proven to work in simulations and the explanation for the discrepancy
should �rst be searched for in unknown systematics or in theory. If data are
compared to the theoretical prediction for how Ay depends on the remaining
observables Φp, Θp, Θq and |p|, further information about the systematic dif-
ference would be obtained. If the di�erence in integrated luminosity between
runs with polarisation up and down is the cause of the di�erence (i.e. the pre-
sented systematic errors are underestimated) the same systematic di�erence
should be present for all the observables.

If the problem with systematics is solved, the presented Ay(Φq) would
still not be a suitable variable to evaluate the three-nucleon force contribution
in the present theoretical prediction. The three-nucleon force contribution
appears to be small for Ay(Φq) and doubling the statistics would only reduce
the uncertainties with approximately a factor of

√
2. The three-nucleon force

contribution might however be larger for the other observables. Finally, even if
the problem with systematics would be solved, the limited phase-space coverage
of the experiment allows only for a partial evaluation of the theory.

The fact that the obtained analysing power for the elastically scattered
protons does not match the two reference sets of data over the whole range of
the polar scattering angle Θ, could be a sign of that the detector is still not
aligned. With the current detector geometry, the covered phase space of elastic
events where both particles are detected is limited. With larger acceptance for
simultaneously detected elastically scattered particles the alignment could be
done over a larger range.
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