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Abstract

The Gesellschaft für Schwerionenforschung (GSI) facility in Darmstadt, Ger-
many, will be upgraded to accommodate a new generation of physics experi-
ments. The future accelerator facility will be called FAIR and one of the ex-
periments at the site will be PANDA, which aims at performing hadron physics
investigations by colliding anti-protons with protons. The licentiate thesis con-
sists of three sections related to PANDA. The first contains energy resolution
studies of PbWO4 crystals, the second light yield uniformity studies of PbWO4

crystals and the third reconstruction of the Λ̄-polarisation in the PANDA ex-
periment.

Two measurements of the energy resolution were performed at MAX-Lab
in Lund, Sweden, with an array of 3×3 PbWO4 crystals using a tagged pho-
ton beam with energies between 19 and 56 MeV. For the April measurement,
the crystals were cooled down to -15 ◦C and for the September measurement
down to -25 ◦C. The measured relative energy resolution, σ/E, is decreasing
from approximately 12% at 20 MeV to 7% at 55 MeV. In the standard energy
resolution expression σ/E = a/

√
E⊕ b/E⊕ c, the three parameters a, b, c seem

to be strongly correlated and thus difficult to determine independently over this
relative small energy range. The value of a was therefore fixed to that one
would expect from Poisson statistics of the light collection yield (50 phe/MeV)
and the results from fits were σ/E = 0.45%/

√
EGeV ⊕0.18%/EGeV ⊕8.63% and

σ/E = 0.45%/
√
EGeV ⊕0.21%/EGeV ⊕6.12% for the April and September mea-

surements, respectively. The data from the September measurement was also
combined with previous data from MAMI for higher energies, ranging from ap-
proximately 64 to 715 MeV. The global fit over the whole range of energies gave
an energy resolution expression of σ/E = 1.6%/

√
EGeV ⊕0.095%/EGeV ⊕2.1%.

Light yield uniformity studies of five PbWO4 crystals, three tapered and two
non-tapered ones, have also been performed. The tapered crystals delivered a
light output which increased with increasing distance from the Photo Multiplier
Tube (PM tube). Black tape was put on different sides of one tapered crystals,
far from the PM tube to try to get a more constant uniformity profile. It was
seen that the light output profile depends on the position of the tape. Generally,
the steep increase in light output at large distances from the PM tube could be
damped.

The third part of the thesis concerns the reconstruction of the Λ̄ polarisa-
tion in the reaction p̄p → Λ̄Λ. Events were generated using a modified generator
from the PS185 experiment at LEAR. With a 100% polarisation perpendicular
to the scattering plane, a polarisation of (99±1.8)% was reconstructed. Slight
non-zero polarisations along the axis determined by the outgoing hyperon as
well as the axis in the scattering plane, were also reconstructed. These were
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(4.1±2.1)% and (2.6±2.0)% respectively. From this investigation it was shown
that the detector efficiency was not homogeneous and that slow pions are diffi-
cult to reconstruct.
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Chapter 1

Introduction

The PANDA acronym stands for antiProton ANnihilation DArmstadt and it
represents an international physics collaboration consisting of more than 420
collaborators from 55 institutions in 17 countries. The detector was planned in
the 1990’s and is foreseen to start operating around year 2015. The main pur-
pose of the PANDA detector is to do research with anti-protons and hadronic
matter to gain better knowledge of the strong interaction.

The PANDA experiment will be carried out at FAIR, the Facility for An-
tiproton and Ion Research which will be built at the site of GSI, the Gesellschaft
für Schwerionenforschung. The facility is located outside of Darmstadt in Ger-
many. GSI was upgraded 15 years ago, allowing for a new heavy-ion accelerator.
However, the future FAIR facility is more than an upgrade of GSI, it will allow
for a whole new generation of medium energy physics experiments with anti-
protons.

This licenciate thesis treats two topics of interest to the PANDA collabora-
tion. The first concerns studies of interest to the electromagnetic calorimeter.
It involves energy resolution measurements and light yield uniformity test for
photons in PWO crystals. The second part involves simulations of the ability to
correctly reconstruct Λ̄ hyperons and their polarisation. The two topics will be
joined together via the electromagnetic calorimeter in future studies. The light
Λ state is, in many cases, the decay product of heavier hyperons that either
decay radiatively (emitting photons) or into particles which decay into photons.
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Chapter 2

Theoretical Background

The Standard Model contains the theory of the electroweak interaction and
the strong interaction (Quantum Chromo Dynamics, QCD). It incorporates the
12 fundamental particles we know of, three of their interactions as well as the
carriers of these.

2.1 Fundamental Particles

There are two groups of fundamental particles carrying half-integer spin (fermions):
quarks and leptons. The quarks are of six different flavours and are called the
up-, down-, strange-, charm-, bottom- and top quarks. They are organised into
three generations, depending on their mass and electric charge. Each genera-
tion consists of one positively and one negatively charged quark and includes
particles which are lighter than the ones in the following generation.

Generation Name Charge (e) Mass [GeV/c2] Spin

1 Up (u) +2/3 0.0015-0.003 1/2
Down (d) -1/3 0.003-0.007 1/2

2 Charm (c) +2/3 1.25±0.09 1/2
Strange (s) -1/3 0.95±0.25 1/2

3 Top (t) +2/3 172-174 1/2
Bottom (b) -1/3 4.2-4.7 1/2

Table 2.1: The six quarks and some of their properties [1].

All quarks also carry the charge of the strong interaction which is called the
colour charge. This charge comes in the varieties of red, green or blue. These
charges solve the problem on how to separate identical fermions from each other
according to the Pauli principle (which says that a fermion cannot be in the same
quantum state as another fermion). If the colour charge did not exist, it would
not be possible to separate the three s-quarks in the Ω−-baryon or the u-quarks
in ∆++ from each other.

Individual quarks have never been found freely, they are always found in
colour neutral configurations with two other quarks or one anti-quark. This
feature is called confinement. The quarks are building blocks for so-called
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hadrons, strongly interacting particles, and they are divided into mesons and
baryons. Mesons represent the quark-anti-quark (qq̄) configurations and have
integer spin, while baryons are made up of three quarks and carry half-integer
spin. There might be other configurations as well, but these two possibilities
represent what is experimentally established today.

The leptons form the second group of these fundamental particles. They are
also grouped into three generations.

Generation Name Charge (e) Mass [MeV/c2] Spin

1 Electron (e−) -1 0.511 1/2
Electron neutrino (νe) 0 < 2 · 10−6 1/2

2 Muon (µ−) -1 106.5 1/2
Muon neutrino (νµ) 0 < 0.19 1/2

3 Tau (τ−) -1 1777 1/2
Tau neutrino (ντ ) 0 < 0.018 1/2

Table 2.2: The six leptons and some of their properties [1].

2.2 Interactions

There are four fundamental forces which govern the interactions in nature; the
electromagnetic, the weak, the strong and the gravitational force. All but the
last are incorporated into the Standard Model. The interactions are described
by quantum field theory and their interactions are mediated by the quanta of
the respective fields, the so-called gauge bosons. The gravitational force is much
weaker than the other three forces and will not be considered here.

The electromagnetic force is mediated by the massless photon, making the
range of the force infinite. This force keeps the electrons bound to the atomic
nucleus and the atoms bound to other atoms in materials. Hadrons which decay
with this type of interaction usually have life times of 10−16 − 10−21 s [2].

The weak force is mediated by the neutral Z boson and the flavour changing
charged W± bosons. Probably the most easily noticeable effect of this force
is the radioactive decays where protons are transformed into neutrons or vice
versa. Due to the heavy mass of these gauge bosons, the force only acts on small
distances and the life times of decaying particles are typically 10−7 − 10−13 s
[2].

The strong force is mediated by the massless gluons which carry both colour
and anti-colour charge. At low energies it is useful to consider the hadronic
degrees of freedom for the interaction instead of quarks and gluons. In this
case the mediating particles are mesons, pions for short range interactions and
omega for long range. The range of the strong force is about 10−15 m and the
decay times are typically 10−22 − 10−24 s [2].

2.3 Configurations and Symmetries

There are certain rules that systems of quarks must obey. These rules are set
by conservation laws of the so-called quantum numbers which characterise the
system.
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All interactions of the Standard Model conserve spin and angular momen-
tum. The strong and electromagnetic interactions both conserve flavour, time
reversal T, the charge conjugation quantum number C, the parity P and of
course the combination of them (CP), while the weak interaction violates all
of these symmetries (to some degree). CPT symmetry is the only symmetry
obeyed by all three interactions.

Different states (particles) can be labelled using, for instance, the spectro-
scopic notation n2S+1LJ with n being the main quantum number, S the spin
quantum number, L the relative angular momentum quantum number and J
the total spin quantum number of the system. The total spin J is expressed as
the sum of L and S, L + S.

Charge conjugation (C) is the operation where particles are replaced by their
corresponding anti-particles in the same state. The C quantum number is given
by [2]

Cboson = (−1)L, Cfermion = (−1)L+S. (2.1)

The parity P for a meson and a baryon are expressed as [2]

Pmeson = (−1)L+1, Pbaryon = (−1)L12+L3 (2.2)

where L12 and L3 are the internal angular momentum between two arbitrarily
chosen quarks and the orbital angular momentum of the third quark about the
center of mass of the pair.

In addition to the spectroscopic notation, one may add the quantum numbers
JPC of the configuration to more fully describe it.

2.4 Physics of Interest to the PANDA Collabo-

ration

The PANDA experiment has many different physics objectives, mostly related
to the strong interaction and some of them are mentioned below. The pur-
pose of the PANDA hadron physics program is to study hadronic structures
and hadronic interactions in the non-perturbative regime. New states will be
searched for and possibilities for gluonic excitations such as hybrids and glue-
balls will be investigated [4].

2.4.1 Charmonium Spectroscopy

Charmonium, the bound state of a charm quark and an anti-charm quark, is
a very interesting configuration. The charm quark mass is relatively large,
luckily heavy enough for non-relativistic calculations to be (barely) applicable
[5]. In addition, the strong coupling constant αs is fairly small for the system,
≈ 0.3, which makes it possible to use pertubative calculations [5]. Charmo-
nium states are also generally very narrow states, at least below the threshold
of open charm production where the charmed quark pair must annihilate to
create lighter quarks. Narrow states are easier to interpret, since the risk of
having overlapping states is decreased and mixing effects between these states
are generally small.

Charmonium studies started in e+e− collisions back in 1974. In these types
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of collisions, the quantum numbers of the intermediate photon, JPC=1−−, dic-
tates that only charmonium states with these quantum numbers can be directly
created. However, if anti-protons are collided with protons, a whole new world
of possibilities opens up. The initial system can have any quantum numbers
that are available to a system comprising a fermion and an anti-fermion. The
final state quantum numbers are given by the gluon(s) and quarks coming from
the initial state. This makes it possible to end up with a broad range of allowed
JPC quantum numbers. In the case of the created particle having a JPC that
is “forbidden” according to the rules for the naive quark model mentioned in
section 2.3, they are labelled “exotic”[2]. No such particles have so far been
firmly established.

2.4.2 Hybrids and Glueballs

Hybrid and glueball configurations are thought to exist in parallel to the conven-
tional hadrons. A hybrid is a meson state where gluonic excitations are present
together with quarks, while a glueball is a state entirely built up by glue [6].

There are observed states which do not fully seem to fit into the naive quark
model, where all hadrons can be described with three quarks or one quark and
an anti-quark. For charmonium, this is the case e.g. for the recently observed
so-called X, Y and Z states [7]. Such states are candidates for being di-quarks,
molecule states, exotic particles, hybrids or glueballs and the PANDA collabo-
ration wishes to shed some light over this.

2.4.3 Hyperons

Hyperons are baryons with at least one s-quark. To conserve strangeness, they
are always produced in a process where pairs of s̄s quarks are created.

The proton and the Λ are assumed to have a di-quark-quark structure in the
constituent quark model. The di-quark, being the ud-pair, is in an isospin and
spin zero state and one may regard the di-quarks as spectators in the reaction
p̄p → Λ̄Λ. This is important, since this implicates that the observables more
directly reflect the dynamics of the underlying ūu → s̄s-process [8].

Studies have shown that Λ̄Λ hyperon pairs are practically always produced
with the s̄s pair having parallel spins [8]. How this comes about is uncertain.
Possibly, this could be a fundamental feature of the s̄s production mechanism,
or it could be related to a polarised s̄s-component inside the anti-proton/proton
(polarisation meaning the direction, or orientation, of the spin). This intrinsic
spin is however rather poorly known as it has been found that only a fraction
of the spin is carried by the quarks [8].

The different models give different predictions for the correlation between
the initial proton spin and the final state Λ spin and it is still unclear how the
polarisation arises and s-quarks are created [8].

2.4.4 Hypernuclei

Hypernuclei are also of interest to PANDA. These are nuclei where (at least) one
of the nucleons has been replaced by a hyperon. However, very different pre-
dictions for the spin-dependent contribution to the hyperon-nucleon interaction
exist. A special γ-ray detector will be available at PANDA for investigating
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excited hypernuclei by detecting the emitted photons from the de-excitation
process with high resolution. With this technique, one will investigate the in-
teractions between nucleons and hyperons. Also double hypernuclei and inter-
actions between hyperons will be addressed [9].

Hyperatoms, where the atom contains a hyperon in an atomic orbit, are of
interest for studies of hyperon properties. An especially interesting case is when
the hyperon in the atomic orbit is a Ω−-hyperon, because of its very long life
time (82 ps) and its large spin of 3/2. A measurement of its electric quadrupole
moment will give information on its shape, as well as the quark-quark interac-
tions [9].
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Chapter 3

FAIR and the PANDA

Detector

3.1 The GSI and FAIR Facilities

Today the GSI facility includes a UNILNAC (heavy ion linear accelerator) de-
livering protons with an energy of up to 14 MeV/u, a heavy ion synchrotron
(SIS) which accelerated particles to momenta of up to 2 GeV/u and an experi-
mental storage ring (ESR) [10]. The future FAIR facility will be equipped with
an additional double ring synchrotron (SIS100/300 for accelerations of heavy
ion beams of up to 2.7 GeV/u and 34 GeV/u, respectively). The SIS100 ring
will accelerate the protons which will be used to produce the secondary anti-
proton beam. The ring has a circumference of 1100 meters and will be located
17 meters below ground. Three additional storage rings will be built: the CR
(Collector Ring) where the anti-protons will be stochastically cooled, the NESR
(New Experimental Storage Ring) and the HESR (High Energy Storage Ring).
The HESR will store 1011 anti-protons with momenta between 1.5 and 15 GeV/c
[9].
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Figure 3.1: The figure shows the existing GSI and future FAIR facilities, marked
with blue and red respectively [11].

High intensity beams of anti-protons will be used for atomic-, nuclear- and par-
ticle physics at FLAIR, CBM will study relativistic heavy ion reactions [12].
Radioactive nuclei beams having energies up to 1.5 GeV/nucleon will be avail-
able for Super FRS [3].

The cost of the new facility has been estimated to 1.2 billion Euros and it is
planned to be completed in 2015 [11].

3.2 The PANDA Detector

The PANDA detector, which is foreseen to be commissioned in 2014 or 2015, is
one of the largest experiments at the new facility. It is designed to provide a
nearly full coverage of the solid angle with excellent energy and angular resolu-
tion for neutral and charged decay particles. The detector layout can be seen
in Figure 3.2.

The detector consists of two spectrometers: a target spectrometer (TS) with
a superconducting solenoid and a forward dipole spectrometer (FS) for particles
with opening angles of more than ±10◦ in the horizontal and ±5◦ in the vertical
plane. The maximum opening angles in the FS are approximately 22◦ in the
vertical plane and slightly larger in the horizontal one.

More information on the topics in this chapter can be found in the PANDA
Technical Design Report [13].
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Figure 3.2: The design of the complete PANDA detector, as it was described in
the Conceptual Design Report in 2001 [13].

3.2.1 The Target Spectrometer

The target spectrometer (TS) has a cylindrical geometry which surrounds the
immediate interaction region and reaches out to a radius of about 2 meters. It
can be seen in Figure 3.3 and includes the target system, a micro vertex detector
(MVD), a straw tube tracker (STT) or alternatively a time projection cham-
ber (TPC), a time-of-flight (TOF) detector, a detector for internally reflected
Cherenkov light (DIRC) and an electromagnetic calorimeter (EMC). The coil
of the solenoid magnet is placed outside of these sub-detectors. Muon detectors
are placed outside the coil.

The Target

The target system for PANDA must deliver a target thickness that gives a
luminosity of 2 · 1032 /cm2s. Assuming 1011 stored anti-protons in the HESR,
this translates into a target thickness of about 4 · 1015 hydrogen atoms per cm2.
Two alternatives, a cluster jet target and a pellet target, have been proposed.

The cluster jet target is an internal gas system which uses a continuous
stream of hydrogen cluster gas that is being directed at the interaction region.
A continuous flow can be delivered but the desired target density has not been
reached yet.

The pellet target is an approach which uses frozen droplets of hydrogen
(pellets). Hydrogen gas is liquefied and cooled down before being injected into

15



a low pressure helium environment in form of a jet, which later breaks up to a
uniform train of droplets. It is believed that this method can deliver the desired
effective target thickness of 4 · 1015 atoms/cm2.

Figure 3.3: The layout of the target spectrometer with its sub-detectors [13].

The Micro Vertex Detector

The micro vertex detector (MVD) is a radiation hard silicon detector, especially
designed to detect secondary vertices of, for example, the decays of strange and
charmed hadrons. Therefore it is of utmost importance that it is located close
to the interaction point.

The detector features a barrel section, most likely consisting of four layers
and six forward discs. The two innermost barrel layers will be made with pixel
geometry and the forward discs will contain a mix of pixels and strips [14].
The pixel size will most likely be (100×100) µm2 to ensure good resolution and
radiation hardness close to the interaction point [14]. The two outermost barrel
layers will consist of silicon strip detectors. The estimated spatial resolution of
the detector is 100 µm.

Tracking with the STT and the TPC

The outer tracking system consists of two parts, one which will be either of the
straw tube tracker (STT) or the time projection chamber (TPC) type, and a
second one consisting of Multi-wire Drift Chambers (MDCs) or Gas Electron
Multipliers (GEMs).

The STT is a system of self-supporting gas filled straw detectors, arranged
in 11 cylindrical and skewed double layers. The innermost layer has a radius of
16 cm and the outermost a radius of 42 cm. The total length of the detector
will be 1.5 m. Charged particles entering the detector will produce electrons
and positive ions that will drift in different directions in an electric field. Close
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to the wire, which is on positive voltage, avalanche amplification will occur and
the electrons will be collected here while the ions drift towards the cathode. The
resolution perpendicular to the beam line is about 150 µm, depending on the
drift distance [15]. The coordinates in the beam direction for this detector can
be obtained in two ways. The first way is to use the charge division technique.
The length-dependent wire resistivity affects the amplitude of the output signals
and when reading out this at both straw ends, one can calculate where the
interaction took place. The second way is to use the geometry of the skewed
straws. The first technique is expected to give a resolution 0.5-1% of the sensitive
wire length (which translates into 7-15 mm), a value which is approximately 2-3
times larger than the resolution from the second method. The drift time in the
detector depends on the gas mixture filling the straws, but varies between tens
of nano seconds up to a few hundred nano seconds [15].

The TPC is a much more complex detector than the STT and it is expected
to give the best particle identification below momenta of 1 GeV/c. The detector
itself is straight forward. However, the read-out electronics is very expensive and
the online reconstruction is complicated. The TPC consists of two large gas filled
cylindrical volumes with an electric field applied in the direction of the beam
line. The field will separate electrons from positive gas ions created by traversing
particles and the electrons will drift towards the readout anode end cap of
the cylinder. Avalanche amplification will occur in Multi Wire Proportional
Chambers (MWPCs), with the charge amplification most likely coming from
GEMs. The read-out at the end cap will give two-dimensional information
on the projection of the track. The third coordinate comes from drift time
measurement of the primary electron clusters. The resolution for secondary
vertices is foreseen to be 150 µm in rϕ-direction and 1 mm along the beam axis.

After the STT/TPC there will be either two MDCs or two GEM detectors in
order not to lose information on charged particles in the gap after the STT/TPC
which would otherwise exist in the detector.

Charged Particle Identification

Charged particle identification in the target spectrometer is done using infor-
mation from many sub-detectors. For instance, energy loss per path length in a
medium is a useful method for particle identification when the signal amplitude,
as well as space coordinates, are known. This is not a problem for the TPC-
option, but for the STT it poses a challenge since not as many measurements
per track are performed and therefore fluctuations in dE/dx can be large. Other
identification techniques include time-of-flight measurements and Detection of
Internally Reflected Cherenkov (DIRC) light.

The PANDA time-of-flight (TOF) stop counters will provide a stop signal
with respect to the start signal (given most likely by the MVD close to the
interaction point) as a particle traverses the target spectrometer. Given that
the particle is not too fast in relation to the time resolution, one can obtain ve-
locity information for the particle. The TOF will consist of two parts, a barrel
shape outside the tracker and an end cap in the forward spectrometer. Both
consist of plastic scintillators with channel-plate photo multiplier read-out that
can operate in magnetic fields up to 2.2 T.

The DIRC identifies particles with momenta up to several GeV/c using to-
tally internally reflecting Cherenkov photons and the best identification is done
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for momenta above 1 GeV/c. As particles enter the quarts bar, some of the
radiated Cherenkov photons will always be internally reflected. These photons
can be focused onto an array of photo multipliers or avalanche photo diodes
where the Cherenkov angle is measured from the radius of the Cherenkov ring.
This ring can be used to determine the velocity of the particle. The velocity is
then used for particle identification, together with the momentum information
from the drift chamber.

The Electromagnetic Calorimeter

The electromagnetic calorimeter is by far the single most expensive sub-detector.
It must be able to detect photons with both high and low energy, meaning that
it must give position and timing resolution over a wide dynamic range from
tens of MeV up to several GeV. The proposed material for this is lead tungsten,
PbWO4, a radiation hard and compact crystal which is a recently developed
scintillator that has been chosen for other high-energy physics experiments such
as CMS and ALICE at CERN.

The barrel part of the calorimeter will be 2.5 m long and filled with 11360
tapered crystals of 18 different shapes making sure there is a tilt towards the
interaction point and as small gaps as possible between the individual crystals.
The length of the crystals in the barrel part is expected to be 20 cm (≈22 ra-
diation lengths), while the 3864 crystals in the forward end cap may be longer
[16]. The backward end cap will contain 816 crystals.

Figure 3.4: The electromagnetic calorimeter in the target spectrometer with the
barrel part, as well as the forward and backward end caps [13].

Because the calorimeter will be located in of the solenoid, the read-out has to be
made using light sensors that are insensitive to magnetic fields. This excludes
the choice of photo multiplier tubes and most likely the read-out will be made
using Avalanche Photo Diodes (APDs) in the barrel and the end-cap. Vacuum
triodes are considered for the forward end-cap due to the high count rate in this
region.

As the light yield of PbWO4 is relatively low compared to many other scin-
tillators used in calorimeters, much effort goes into increasing the light yield.
One way to do this is to cool the detector, as will be discussed in section 4.3.
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The Magnet System

Outside of the calorimeter there will be a superconducting coil with an inner
radius of 90 cm and a length of 2.8 m, generating a field strength of 2 T.

Muon Detectors

Muon detection will be done using one of three alternatives. The first is to
use scintillator counters for time-of-flight measurements, the second is to use
electromagnetic and hadronic calorimetry to measure dE/dx and the third to
use muon tracking. The muon tracking can be done either using Mini-Drift
Tubes based on the Iarocci principle but operated in proportional mode, or
drift tubes similar to those used for CMS at CERN. Also a combination of both
types of mini-drift tubes is possible.

3.2.2 The Forward Spectrometer

The forward spectrometer consists of a large, normally conducting dipole mag-
net, six Multi-wire Drift Chambers (MDCs), possibly a Ring imaging Cherenkov
Detector (RICH), a second electromagnetic calorimeter (F-EMC), a hadronic
calorimeter (H-EMC) and a muon detector.

Figure 3.5: The forward spectrometer with named sub-detectors [13].

The Magnet System

The dipole magnet in the forward spectrometer will bend the charged particles
to allow for a momentum analysis. The maximum bending power is 2 Tm,
causing a bending of 2◦ for the most energetic particles. The anti-proton beam
will be deflected and bent back using a chicane to prevent interference.
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Tracking

Particles emitted at angles lower than 22◦ will not be fully covered by the central
tracking and therefore it was initially suggested to put additional MDCs located
1.4 and 2 m downstream of the target, inside the magnet. Another pair of planar
MDCs were discussed to be placed after the magnet to measure the deflections
in the forward spectrometer dipole magnet, as well as a third pair located in
the dipole magnet gap to trace low momentum particles.

The drift chambers are planned to be 1 cm thick and contain squared drift
cells made up from cathode and sense wires mounted on self-supporting frames.
The first two MDCs contain four pairs of octagonal detection planes in different
angles, while the others are grouped in three double layers.

Particle Identification

The time-of-flight (TOF) wall will be located approximately 7 m from the inter-
action point. It is equipped with strips of plastic scintillators with photo mul-
tiplier read-out. The expected time resolution is 50 ps, which will be enough
to distinguish pions from kaons at 2.8 GeV/c and pions from protons up to
4.7 GeV/c. A Ring Imaging Cherenkov Detector (RICH) will be probably be
required for particle identification at higher momenta.

The Forward Electromagnetic Calorimeter

The forward electromagnetic calorimeter is planned to be a Shashlyk-type detec-
tor with alternating layers of lead and plastic scintillators for detecting photons
and electrons. The scintillators are used for detection, while the lead layers act
as energy absorbers and photon converters. The read-out will be done using
wavelength shifting fibres and photo multipliers.

The Hadronic Calorimeter

The second part of the forward calorimeter is the multi-purpose hadronic calorime-
ter. Firstly, it is designed to measure neutral hadrons like neutrons and anti-
neutrons which are not detected anywhere else. Secondly, it will serve as a fast
trigger for reactions with forward scattered hadrons. Thirdly, it will act as a
muon filter for the muon detectors placed at the very end.

The calorimeter which will be used for this already exists. It comes from
the WA80 experiment at CERN and has an electromagnetic and a hadronic
section. The scintillator used in this detector is called PS-15A and it is based
on polymethylmethacrylate (PMMA).

The Muon Detectors

The final design for this detector part is not finished but it is under discussion
to use the same principle as for the target spectrometer muon tracking.
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Chapter 4

Energy Measurements with

Crystals

4.1 Particle Interactions in Scintillators

4.1.1 Photon Interactions with Matter

There are three principal ways photons can interact with matter: via the pho-
toelectric effect, Compton scattering and pair production. The probability for
the processes are strongly dependent on the energy and the atomic number of
the material (Z), as can be seen in Figure 4.1.

Figure 4.1: Different photon interactions with matter and their dominating
regions [17].

Photoelectric absorption dominates for low energies, where the incoming
photon ejects an electron from the material, resulting in a released electron
with an energy equal to the energy of the photon minus its binding energy
with which the electron was bound [17]. Experimental results have indicated a
cross-section [18]
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σph ∝ Z5

E
7/2
γ

(4.1)

in the low energy regime and [18]

σph ∝ Z5

Eγ
(4.2)

for Eγ � mec
2, where Z is the atomic number of the material and Eγ the

photon energy.
Compton scattering is a process in which the incoming photon scatters from a

loosely bound atomic electron, which can be considered to be at rest. The result
is a scattered photon and a scattered electron sharing the available energy. The
cross-section for this process reduces to the Thomson scattering cross section at
low energies.

σdΩ =
e2

4πmc2
(εi · εf )2dΩ (4.3)

with ε being the polarisation of the initial and final photon [19]. This is a non-
relativistic description of scattering of electromagnetic radiation. At energies
where Eγ � mec

2, the cross-section for Compton scattering is proportional to
[18]

σCo ∝ Z lnEγ

Eγ
. (4.4)

Pair production is a process occurring in the neighbourhood of a nucleus
(to conserve momentum), in which the photon converts into a electron-positron
pair in the presence of an electromagnetic field. The threshold energy is twice
the electron mass and the cross-section of the process can be approximated as

σpair ∝ Z2 ln 2Eγ . (4.5)

Pair production is related to bremsstrahlung where electromagnetic radiation
is emitted as a result of an electrically charged particles being scattered in an
electric field [20]. Since bremsstrahlung depends on the strength of the electric
field, screening of the nucleus from the surrounding electrons is an important
factor. Also for pair production this will be the case. The cross-section for pair
production thus depends on the screening effect parameter ξ given by [20]

ξ =
100mec

2Eγ

Ee+Ee−Z1/3
. (4.6)

When ξ=0, there is complete screening and for ξ=1 there is no screening. For
photon energies

Eγ � mec
2

αZ1/3
(4.7)

ξ −→ 0, giving complete screening [20]. Here, α is the electromagnetic coupling
constant. When there is no screening, one can calculate an energy-independent
expression for the pair production cross-section [20]
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1

λpair

= Nσpair ≈
7r2e
9

(4.8)

with N being the density of atoms. It is related to the radiation length X0 (see
section 4.1.2) through [20]

λpair =
9

7
X0. (4.9)

An electromagnetic cascade with continuous pair production spreads in both
transversal and longitudinal direction. A measure of the former is given by the
so-called Molière radius of the scintillator.

4.1.2 Electron Interactions with Matter

Electrons scatter via Coulomb interactions in the material and due to their low
mass, they will be largely deflected. Depending on how they are scattered, they
will travel different distances, or ranges, in the material. In addition, due to the
scattering they will change the direction and magnitude of their velocity and
therefore be subjected to accelerations and emit bremsstrahlung [17].

The expressions for the energy losses per unit path length that the electron
suffers is given by the Bethe-Bloch equation [17], which has contributions from
both collisional and radiative losses

dE

dx
=

(

dE

dx

)

coll

+

(

dE

dx

)

rad

, (4.10)

(

dE

dx

)

coll

=

(

e2

4πε0

)2
2πN0Zρ

mc2β2A

×
(

ln
T (T +mc2)

2
β2

2I2mc2
+ (1 − β2) − (2

√

1 − β2 − 1 + β2) ln 2 +
1

8
(1 −

√

1 − β2)
2

)

(4.11)

(

dE

dx

)

rad

=

(

e2

4πε0

)2
Z2N0(T +mc2)ρ

137m2c4A

(

4ln
2(T +mc2)

mc2
− 4

3

)

(4.12)

with T being the kinetic energy of the electron, N0 Avogadroś constant, Z the
atomic number, A the atomic weight and ρ the density of the material which
the electron traverses. The electron mass is denoted m.
The radiative term plays a larger role for high energies and heavy materials.

Radiation Length

Radiation length is a concept frequently used in describing the characteristics
of a detector material. It corresponds to the distance the electron has travelled
when its energy has been reduced by a factor 1/e, due to radiation losses only.
For the high energy limit where collisional losses can be ignored to radiative
ones, the radiation length becomes basically independent of the energy and is
given by [20]
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X0

≈ 4r2eαρNAZ(Z + 1)

A
ln

(

183

Z1/3

)

(4.13)

where re is the classical radius of the electron, NA Avogadroś constant and A
the atomic number.

4.2 Energy Resolution

When measuring a quantity (the incoming γ energy in this case) there are al-
ways errors associated with the measurement, which makes the measured value
fluctuate around an average value. In this particular case contributions come
from statistical fluctuations, due to the Poisson statistics of the collected light
in a scintillator, fluctuations associated with electronic noise and other instru-
mental effects. The relative influence of these different effects are generally not
known in detail, but can be estimated from the energy dependence of the mea-
sured total fluctuation of the signal (the RMS-width σ or the Full Width at Half
Maximum, FWHM, of the peak in a measurement where the incoming photon
energy is known). If we assume that the measured quantity x depends on many
parameters u, v, ..., x=f(u,v,...), then the variance of x can be expressed as [21]

σ2
x = lim

N→∞

1

N
Σ

(

(ui − ū)

(

∂x

∂u

)

+ (vi − v̄)

(

∂x

∂v

))2

. (4.14)

For uncorrelated quantities, the above relation reduces to

σ2
x = lim

N→∞

1

N
Σ

(

(ui − ū)2
(

∂x

∂u

)2

+ (vi − v̄)2
(

∂x

∂v

)2
)

= σ2
u

(

∂x

∂u

)2

+σ2
v

(

∂x

∂v

)2

.

(4.15)
Thus we see that the variance can be written as a sum of individual contri-
butions σx,u=|σu · dx/du|, σx,v=|σv · dx/dv|... For detecting photons from a
scintillating crystal, one contribution is due to the Poisson statistics of the light
collection process. Since the variance in the number of photo electrons at the
cathode equals that number, the contribution σE,Poisson to the uncertainty of
the measured energy is proportional to the square root of the energy:

σE, Poisson = a ·
√
E (4.16)

For scintillators having a high light yield this term is expected to only give a
small contribution to the relative energy resolution, since the number of photons
produced per incoming MeV is relatively large. For PbWO4 (see section 4.3)
this is not the case, it is therefore very important to ensure a high efficiency
in collecting the photons which are created. This can be done using a good
reflective wrapping material and a good optical coupling between the PM tube
and the crystal [18].

The electronic noise describes the errors arising from the electrical set-up
used for the measurements. The noise depends on the actual setting of the
electronics such as high voltage etc, but does not depend on the signal strength
and is thus independent of the energy:
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σE, Noise = b (4.17)

Lastly, one could in addition expect some fluctuations in the measured sig-
nal due to crystal properties such as non-uniformity of the produced light inside
the crystals, temperature gradients, detector ageing, radiation damage etc. For
a system of crystals errors in the inter-calibration will contribute. These fluc-
tuations will be proportional to the signal strength, thus proportional to the
energy:

σE, Crystal = c · E (4.18)

This term often dominates the energy resolution because the two other terms
tend to be small [18]. Only for detectors where special care has been taken
to prevent shower leakage and to inter-calibrational errors, this term can be
manageable [22].

The energy resolution of scintillating crystals is thus often written as:

σ2 = σ2

E, Poisson + σ2

E, Noise + σ2

E, Crystal = a2E + b2 + c2E2 (4.19)

This can also be written as [1]

σ

E
=

a√
E

⊕ b

E
⊕ c, (4.20)

where the ⊕ sign indicates quadratic summing.

4.2.1 Energy Resolution for PANDA

The electromagnetic calorimeter plays a decisive role for most of the physics
programs of PANDA and it must be able to cover a very large dynamic range
(from tens of MeV to several GeV) of photons. Low energy thresholds are
required for proper scans of mass and widths of channels with photons coming
from isolated decays (photons from other decays but π0) such as p̄p → ηc → γγ
and p̄p → hc → ηcγ → γγγ. The problematic backgrounds come from the high
cross-section channels such as p̄p → π0γ → γγγ and p̄p → π0π0 → γγγγ, where
one photon is not detected [23]. These channels pose big challenges as the
signatures look the same as for the true signal. For example, upper limits for the
signal-to-background ratio for p̄p → ηc → γγ have been estimated for different
energy thresholds, assuming 100% detector efficiency[24]. For a threshold of
15 MeV the ratio was 1.75, for 10 MeV it was 2.82 and for 5 MeV it was 7.6.
Corresponding Geant4 simulations have given signal-to-background ratios of 1.1
for 25 MeV and 0.7 for 50 MeV. The results were based on an energy resolution
where σE, noise=1.3 MeV. 50 photo electrons were assumed to be emitted per

MeV at -25 ◦C. [9].
Other problems come from the low mass of the pions and the forward boost of

the system. This can cause very low energy photons to be emitted (for instance,
a 1 GeV/c pion can emit a 4 MeV photon [23]) and if such a photon is lost it is
not possible to distinguish the signal from the background. The dependence of
the photon energy on the momentum of the pion is shown in Figure 4.2.
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Figure 4.2: The minimum energy of a decay photon as a function of the pion
momentum [23].

A third reason for the importance of a good calorimeter is to distinguish radia-
tive (charmonium) decays from (for instance) charmed hybrids or glueballs that
involve pions or etas (p̄p → χc1,c2,c3 → J/ψγ with a background of p̄p → J/ψπ0).
Either the π0 is needed to reconstruct the particle itself, or to reject the back-
ground. This is why the PANDA collaboration envisages a detector which can
measure photon energies down to approximately 10 MeV. A high efficiency in
detecting particles is crucial and a good energy resolution desired.

Excellent energy resolution is needed in the range of 100 MeV-1 GeV where
many important channels decay to π0, and η, which then decay into photons
(such as for instance ψ → J/ψ → π0π0, X → χc1 → π0π0, X → ηcπ

0π0). The
mass of a particle decaying to two photons is measured by the invariant mass
M2,

M2 = (E1 +E2)
2 − (p1 + p2)

2 =
1

c2

√

2E1E2(1 − cosα) (4.21)

whereE1 andE2 are the energies of the decay particles, p1 and p2 the momentum
vectors and α the angle between them. The mass resolution is dominated by
the resolution of the lowest energy photon

σmγγ
=
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∂E1

σE1
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∂E2
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2
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σE1
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σE2
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1 − cosα
σα
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(4.22)

It is therefore important to ensure a good detection of the low energy photon
so that the decay particle can be identified.
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The granularity (position resolution) is given by geometrical constraints of
the sub-detectors as well as the scintillator material, and it is important to have
a good enough position resolution to reconstruct the opening angles of the π0.
This is mainly a problem for high π0-momenta since it implies small opening
angles. This effect is most important for the forward directions.

4.3 PbWO4 Scintillator Characteristics

Lead tungsten crystals, PbWO4 or PWO, were developed for the new generation
of high-energy physics experiments at LHC, CERN. Today it is being used in the
electromagnetic calorimeter of CMS, in PHOS and in the photon spectrometer
of ALICE. A photograph of a typical crystal can be seen in Figure 4.3.

Figure 4.3: One of the PWO crystals which has been delivered to Uppsala for fu-
ture measurements of energy resolution and light yield uniformity. Photograph
by [25].

The crystal development processes for these experiments have yielded high-
quality and radiation hard crystals. More specifically, it seems the doping of
the crystals is the key to limiting the reduction of the optical transmission to
tolerable levels [4]. Adding of trivalent rare earth ions (having atomic numbers
between 58 and 70) to the crystal lattice makes inner shell transitions possible
[26] and decreases cation and anion (i.e. positively and negatively charged
ion) vacancies in the crystal. Unfortunately, addition of these ions also creates
shallow electron centres which quench the scintillator light [4]. Some properties
of lead tungstate are displayed in Table 4.1.

The very high density and short radiation length of PWO allows for a very
compact detector. The high index of refraction is a very good quality since it
reduces the risk of light scattering out of the crystal. The fast decay time allows
for a high count rate.

The doping of PWO is essential to increase the low light yield, and so far
PANDA has investigated crystals doped with impurities of Mo, La, Tb and Y
[27]. The light yield from PWO crystals has been measured to approximately
25 phe/MeV at room temperature [28]. However, the light yield from PWO is
very temperature dependent and increases with about 2% per lowered degree C
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Property PWO

Density [g/cm3] 8.28 [27]
Radiation length [cm] 0.89 [27]
Molière radius [cm] 2.2 [22]
Refractive index 2.3 [27]
Decay time [ns] 5/15/100 [22]
Light Yield at 18 ◦C [phe/MeV] 20 [27]

Table 4.1: Some properties of lead tungsten. “phe” is short for “photo electrons”
and the three decay times correspond to the fast, medium and slow components.

at 10 ◦C, see Figure 4.4.

Figure 4.4: The light yield of PWO as a function of the temperature [29].
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Chapter 5

Energy Resolution

Measurements with

PANDA Crystals

5.1 The Tagged Photon Facility at MAX-Lab in

Lund

The electron accelerator facility MAX-Lab in Lund has been used to investigate
the response of PWO crystals at low energies. The facility consists of three
rings called MAX I, MAX II and MAX III that are used for research with
synchrotron radiation (electromagnetic radiation emitted when ultra-relativistic
charged particles move through a magnetic field). An overview of MAX-Lab can
be seen in Figure 5.1.

The first step of the accelerator system is the pre-accelerator system. It
consists of an electron gun, a linear accelerator and a recirculation system.
After passing these three stages the electrons have reached an energy of 250-
500 MeV. At this point they are injected into the storage rings where they are
further accelerated. The energy of the electrons in the MAX I storage ring is
approximately 550 MeV, about 1.5 GeV in the MAX II ring and 700 MeV in
the MAX III ring [30].

For nuclear physics applications, the electrons from MAX I are extracted
and transferred to the tagging spectrometer region. Here they will impinge
on a radiator and photons will be emitted due to bremsstrahlung. The post-
bremsstrahlung electrons are detected with a spectrometer [31].
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Figure 5.1: Overview of the MAX-Lab facility [32].

There are two tagging spectrometers, the first of which is a so-called end-point
tagger capable of tagging photons close to the bremsstrahlung end point. The
second tagger is the main tagger which can handle larger momentum values [33].

The tagging system consists of two rows of overlapping plastic scintillators,
31 in the first row and 32 in the back row. All scintillators are 25 mm wide and
they overlap to 50% of their width in the plane perpendicularly to the electron
paths, see Figure 5.2. The tagger signal is generated when a coincidence between
two overlapping scintillators is registered. In total there are 62 tagged focal plane
channels [33].

Figure 5.2: The scintillator arrangement for the tagging system at MAX-Lab in
Lund [33].
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5.2 Measurement Set-up

Two different sets of runs have been performed at MAX-Lab, one taking place
in April 2007 and the other in September 2007. The purpose of the measure-
ments was to investigate the energy resolution of PWO crystals between 19
and 55 MeV. Both measurements involved cooling, but the equipment used was
more advanced for the September measurement. In addition to better and more
stable cooling, the time information from the crystal read-out was saved during
this run measurement and was later used during the analysis for background
rejection.

The crystal set-up used for both experiments was a 3×3-array of PWO crys-
tals from Bogoroditsk in Russia, each with the dimension 2×2×20 cm3. Also a
tenth PWO crystal was used and put on top of the set-up, perpendicular to the
other nine crystals, to act as a detector for cosmic muons.

The signals were read out using Philips XP1911 Photo Multiplier Tubes (PM
tubes). The polished crystal surfaces were wrapped with the mirror-like reflec-
tive foil VM2000 provided by 3M [34]. The crystals were attached to the PM
tubes with VISCASIL silicon fluid (by General Electric) as an optical coupling,
before being covered with black shrinking tape to prevent light leakage and to
increase the stability.

For cooling, two different set-ups were used. For the April measurement, a
small cooling machine with circulating cooling liquid was connected to a copper
box surrounding the crystals. The copper block was then put inside an insulat-
ing box and kept with an over-pressure of nitrogen to prevent air from leaking
in. The set-up is shown in Figure 5.3. The temperature at which the measure-
ment was performed was -15 ◦C. Thermo elements were used to measure the
temperature. The monitoring of the temperature was done with a web camera
which was directed at the display of the thermo elements read-out.

(a) The copper shell with
the cooling pipes.

(b) The set-up in the isolat-
ing box.

Figure 5.3: The crystal set-up used for the first measurements.
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For the September measurement, a climate chamber (Vötsch 4021) was avail-
able, in which it was possible to put the whole crystal array. It was cooled to
-25 ◦C, with an uncertainty of 0.1 ◦C. The climate chamber included a machine
which dehumidified the air to ensure no ice would form on the cabling inside the
chamber. The temperature inside the crystal array was not measured during
the run, but from earlier investigations it was known that temperature inside
the array stabilised around the set value after approximately 2h.

(a) The crystal array inside the
chamber.

(b) The climate chamber in place
at MAX-Lab.

Figure 5.4: The crystal set-up for the September measurements with the crystal
array and the climate chamber

The position of the beam spot was mapped using a laser to make sure the
photons would go into the center crystal. For the second measurement, the
beam was let in through a hole in the side of the chamber which was covered
with a rubber lid. The probability for photon interaction in this material is very
low and most photons will pass right through it. Those few photons that do
interact are most likely scattered out of the direction of the beam and will not
cause any problems.
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5.3 The Read-Out Electronics

The electronical set-up used in both measurements were basically identical and
can be seen in Figure 5.5.
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Figure 5.5: The electronic set-up used for the September experiments.

The signals from the nine crystals in the array were amplified and delayed
in order to meet the timing requirements. Two different triggers could be used,
one for triggering on cosmic muons for calibration purposes and one for trig-
gering on the signal from the tagger focal plane in coincidence with the central
crystal. The trigger took the data acquisition system into account by making
sure that data was recorded when a detector had triggered and that no new
events were processed while the system was busy. The Machine corresponds to
a signal from the accelerator, inhibiting any trigger generation during the first
1 ms of the machine cycle. The “Acknowledge” is a signal sent from the data
acquisition system to mark that the information has been saved and the system
is ready to treat new signals.

The only difference between the electronical set-ups used for the two mea-
surements is that the timing information from the PWO signals was not recorded
for the April measurement, but for the September measurement it was. In April,
the timing was adjusted so that the true coincidences were recorded, but there
was no TDC-information and therefore it was not possible to reduce the number
of random coincidences by narrowing down the time interval.
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5.4 Analysis

As soon as the photons reach the center crystal of the array, the shower process
begins in both lateral and transversal directions, resulting in energy deposits
in the central as well as in the surrounding crystals. The raw spectra for the
September measurements can be seen in Figure 5.6. The spike in the central
detector around channel number 1900 is an overflow peak, which collects signals
with higher energies than the maximum value and puts then in a certain (or a
few) bin(s).
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Figure 5.6: A typical energy deposits in the nine PWO crystals from the Septem-
ber measurements.

To obtain the energy resolution of the matrix, these energy contributions must
be summed event wise. This is done using the CERN analysis program ROOT
[35], but first all nine detectors must undergo a relative calibration using the
zero point energy as well as another energy point. A threshold level for the
addition of contributions was set to prevent noise from being added.

The timing information from the 62 focal planes detectors, and in the case
of the September measurement also the center PWO timing information, were
used to add the energy contributions for each event. The resulting peak which
was obtained was then fitted with a Gaussian distribution and the mean position
as well as the sigma were used to determine the energy resolution.
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5.5 Relative Calibration

For the April measurement, a pedestal run was performed where the trigger
signal came from the tenth crystal, located on top of the crystal array. The zero
point energy could be extracted by fitting a Gaussian distribution to the noise
peak. The second energy point was taken from the muon spectrum which was
recorded during an over-night run. The threshold levels used in the analysis
were chosen such that they were just above the energy at which the pedestal
peak ended. The numerical values were between 0.3 and 0.9 MeV for the nine
crystals, the large values stemming from some very wide pedestals.

Correspondingly, for the September measurement the two calibration points
were taken from the zero point energy and a muon spectrum. The zero point
energy was obtained from a pedestal run and the peaks were fitted with Gaussian
distributions to obtain a mean value. The thresholds were determined in the
same way as for the April measurements. The intervals for the thresholds were
between 0.2 and 0.5 MeV. The second energy used for the calibration came from
detected cosmic muons and the spectra can be seen in Figure 5.7. To get the
position of the peak, Gaussian distributions were fitted around the muon peak.

Figure 5.7: The recorded muon spectrum from the September measurements.

The widths (σ) of the muon peaks vary between 6.5 and 7.6 MeV for the nine
crystals, the center crystal having a muon peak with σ=6.9 MeV. Depending on
the interval chosen around the peak, the peak position changes by some hundred
keV (<0.5 MeV).
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Generally speaking, one may encounter some calibrational problems when
using cosmic muons for calibration and a tagged low energy photon beam for
measurement. The problem arises because the energy deposits inside the crys-
tals from the muons and the photon beam take place at different locations. The
cosmic muons will hit the crystal from above, along the whole length. The pho-
tons are directed to the front end side of the crystal array and will deposit their
energy in that part. If the light yield along the crystal is uniform, this is not a
problem. However, in chapter 6 where light yield uniformity is investigated, one
clearly sees a dependence of the light yield on the distance between the incoming
photon and the PM tube. If, however, the light non-uniformity is identical for
all detectors, the relative calibration is not affected.

For one of the non-tapered crystals (crystal label 20 216) wrapped in VM2000,
the average number of emitted photo electrons per incoming MeV (phe/MeV)
over the whole crystal length is 40.1. If one only considers the two data points
which are located the farthest away from the PM tube, this number changes to
38.2 (≈95.2% of the light yield of the whole crystal). The corresponding numbers
for the second VM2000-wrapped non-tapered crystal are 38.9 and 37.6 phe/MeV
(≈96.6% of the light yield of the whole crystal). The difference between the two
crystals is 1.4%, which is not very much. However, as this study has not been
done for the crystals in the array we do not know for sure if this effect is negi-
gible. To be on the safe side though, it would be better to use a source which
irradiates the crystals from the front end side for future calibrations. Alterna-
tively, one could demand, by a coincidence arrangement, that the muons pass
the relevant parts of the crystals.

An investigation was performed for the September measurement to study if
the calibration could be improved. For each crystal, a new calibration factor in
the range 0.80 to 1.40 of the old one was tried in order to search for a minimum
in the relative energy resolution. This was done for photon energies 24.5 and
51.6 MeV. In Figure 5.8 the result of such an optimisation for the detector be-
low the central one is shown. A second order polynomial fit yields an additional
calibration factor of 1.2 to optimise the resolution. The final calibration factor
for each crystal was taken as the average of the two calibration factors obtained
for the low and the high energy. The new calibration factors ranged between 1.0
from 1.2 times the old factor, with six of them being in the interval of 1.0-1.1.
The energy resolution was improved (from 0.0127 to 0.0126 at 18.9 MeV and
from 0.074 to 0.072 at 51.6 MeV).
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Figure 5.8: A second degree polynomial fitted to energy resolution versus the
new calibration factor for one of the eight surrounding crystals at an incoming
photon energy of 51.6 MeV. The new calibration factor describes how much the
old calibration factor for this specific crystal should change to give the lowest
energy resolution.

5.6 Results from Measurements below 60 MeV,

April 2007

The 61 working taggers corresponded to photon energies ranging from 19.0 to
55.6 MeV. The relative calibration was performed and the contributions from
the nine crystals were added as described in section 5.4 and the resulting energy
peaks were fitted with Gaussian distributions as shown in Figure 5.9.
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Figure 5.9: A typical summed event spectrum for an incoming photon energy
Eγ=35 MeV, from the run in April. A Gaussian distribution (full drawn line)
was fitted to the data.

The Gaussian distribution was used to given a simple description of the sys-
tem. As the fit is not perfect, one may imagine two contributions (one from the
signal and one from the leakage out of the crystal array) to the peak shape. The
signal information was obtained from fitting the region corresponding to half of
the height of the left hand side and the full right hand side of the peak. The
relative energy resolution σ/E decreases with 16% for Eγ=21.0 MeV and with
19% for Eγ=53.0 MeV when doing this.

In Figure 5.10 the fitted peak position are shown as a function of the incom-
ing photon energy. As expected, there is a clear linear dependence.
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Figure 5.10: The channel number for the Gaussian centroids as a function of
incoming photon energy. A straight line fit is also shown, peak position =
19.6 + 25.9[MeV −1] ·Eγ . The χ2/d.o.f. of the fit is 11.7.

To obtain the energy resolution, the mean value of the fitted Gaussian distri-
bution of the summed energy peak was assumed to correspond to the incoming
tagged photon energy. The width (σ) was given by the fit. The relative resolu-
tion, σ/E, as a function of the incoming photon energy is shown in Figure 5.11.
The value E was taken from the tagged photon energy and assumed to corre-
spond to the mean value of the Gaussian distribution. A full drawn line fitted
to the data is also shown in the same figure. The function describing the data
is

σ

E
=

√

a2

E
+

b2

E2
+ c2 (5.1)

where the parameters a2, b2 and c2 are determined by minimising the χ2-value
of the fit. The reason for using this fit function instead of one where a, b and
c are fitted, is that forcing the square of the parameters to positive puts a to
zero.
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Figure 5.11: The measured relative energy resolution (open circles) as a function
of tagged photon energy. The full drawn line marks the fit of the standard
energy resolution expression in Equation 4.20. The value for the square of the
a-parameter becomes negative and therefore all parameters from the fit are
presented squared in Table 5.1. The χ2/d.o.f. of the fit is 5.09.

Value

a2 [GeV ] (-1.64±0.24)·10−4

b2 [GeV 2] (6.30±0.38)·10−6

c2 (1.016±0.036)·10−2

Table 5.1: Squared values for the parameters a, b and c, taken from the fit in
Figure 5.11.

The covariance matrix for this fit is:

COVApril =





5.7 · 10−10 −8.9 · 10−12 −8.4 · 10−9

−8.9 · 10−12 1.4 · 10−13 1.3 · 10−10

−8.4 · 10−9 1.3 · 10−10 1.3 · 10−7





The correlations between parameters are calculated according to Equation 5.2,

corrxy =
COV (X,Y )

σXσY
(5.2)

where X and Y denote the parameters in question. Inserting numbers gives the
correlations that are presented in Table 5.2. Very large correlations (or anti-
correlations) between the parameters are observed. The conclusion is that the
three parameters cannot be independently determined by fitting in this limited
energy interval.

One can easily understand that the imaginary value given for the a-parameter
which should describe the Poisson statistics, is not reasonable as it does not have
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Correlation

corra2b2 -0.99
corra2c2 -0.99
corrb2c2 0.96

Table 5.2: Correlations between the squared energy resolution fit parameters
for the April measurement.

a physical interpretation. Considering that we know the approximate value of
this parameter from previous measurements (the number of emitted photo elec-
trons should be close to 50 per MeV at this temperature and about 30 per
MeV at room temperature [28]), the value of a can be calculated according. At
E=1 GeV the number of photo electrons N is:

N = 50000 =

(

E

σE, Poisson

)2

=

(

1

a

)2

E (5.3)

The value for a becomes 1/
√

50000
√

GeV. With this input, the other two
parameters can be fitted again. The resulting fit can be seen in Figure 5.12.
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Figure 5.12: The fit to the measured relative energy resolution (open circles)
as thea parameter has been given a fixed value corresponding to 50 phe/MeV.
The fit parameters are presented in Table 5.3. The χ2/d.o.f. of the fit is 6.02.

The covariance matrix for this fit is:

COVApril,fixed =

(

2.8 · 10−15 −2.3 · 10−12

−2.3 · 10−12 2.6 · 10−9

)

giving a correlation between the two fitted parameters of -0.86.
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Value

b [GeV ] (1.85±0.23)·10−3

c (8.63±0.72)·10−2

Table 5.3: Values for the parameters b and c, taken from the fit in Figure 5.12.
a has been fixed to 1/

√
50000

√
GeV.

5.7 Results from Measurements below 60 MeV,

September 2007

The tagged photon energies for this measurement ranged from 18.9 to 51.6 MeV.
Only 47 tagged energies were used as the high amplification resulted in overflow
for the highest energies. The summed energy peaks were fitted with Gaussian
distributions to obtain the mean value of the peak and the σ, in order to cal-
culate the energy resolution. When using the timing information, the σ of the
fitted Gaussian distribution decreases at the same time as the mean value in-
creases, compared to when not using this information. The change in σ/E for
Eγ=35 MeV is 6.8%.

Figure 5.13: A typical event summed spectrum for an incoming photon energy
of Eγ=35 MeV from the run in September. The full drawn peak is obtained
when the TDC-information is used, while the dashed curve corresponds to the
peak one gets without using this information.

If only half of the left hand side of the peak is fitted, the relative energy resolution
σ/E decreases with 18.0% for both Eγ=21.0 MeV and Eγ=49.0 MeV.

By plotting the peak positions from the fit of the summed energy peaks as a
function of the incoming photon energies, one can see a clear linear dependence,
see Figure 5.14. The reason for the large χ2/d.o.f. value is that the errors in
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peak position taken from the fit are very small.
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Figure 5.14: Centroid channel number for the Gaussian distributions as a
function of incoming photon energy. The straight line fit is described by
peak position = −35.1 + 34.9[MeV −1] · Eγ . The χ2/d.o.f. of the fit is 20.5.

As for the April measurement, the mean values of the fitted Gaussian distribu-
tions were taken to correspond to the incoming photon energies, and the widths
of the peaks were given by the fit. The relative energy resolution, σ/E, as a
function of the incoming photon energy can be seen in Figure 5.15 together with
a full drawn line, showing the fit of Equation 5.1.
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Figure 5.15: The measured energy resolution of the September data. As the fit
gives a negative value for the square of the Poisson parameter a, all three fit
parameters are presented squared in Table 5.4. The χ2/d.o.f. of the fit is 6.69.

Value

a2 [GeV] (-3.1±2.4)·10−5

b2 [GeV2] (5.07±0.38)·10−6

c2 (4.45±0.35)·10−3

Table 5.4: Values for the square of the parameters a, b and c, obtained from the
fit in Figure 5.15. The energy resolution is expressed as σ/E = a/

√
E⊕b/E⊕c.

Again, large correlations are obtained in the fit, cf. Table 5.5.

Correlation

corra2b2 -0.99
corra2c2 -0.99
corrb2c2 0.96

Table 5.5: The correlations between the squared parameters a, b and c obtained
from the fitted September data.

Because of the negative a-parameter obtained from the fit, it would again
be interesting to fix its value to something reasonable and look at the new fit.
a was set to correspond to 50 phe/MeV, like for the April measurements, and a
new fit was performed. The result is seen in Figure 5.16.
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Figure 5.16: A fit to the measured relative energy resolution (open circles) with
the a parameter fixed to a value that corresponds to 50 emitted phe/MeV. The
fit parameters are presented in Table 5.6. The χ2/d.o.f. of the fit is 6.64.

The values of the parameters become

Fitted value

b [GeV ] (2.07±0.24)·10−3

c (6.12±0.69)·10−2

Table 5.6: Values for the parameters b and c, taken from the fit in Figure 5.16.
a has been fixed to 1/

√
50000

√
GeV.

The resulting correlation between the two fitted parameters is -0.84.

5.8 Comparison with Previous Data

The PANDA detector will need to cover a wide range of energies in the electro-
magnetic calorimeter and detecting low-energy photons will be as important as
detecting high-energy ones. Here we compare the present results with results
obtained for higher photon energies.

In my Master thesis1, I presented results from similar measurements at
MAMI, Mainz, with PWO crystals at energies between 64 and 715 MeV for
an array of 3×3 crystals. The crystals were 15 cm long, non-tapered and cooled
to -24 ◦C during the measurements [36]. The results from the thesis were used
for a new analysis and the relative energy resolution and a fit to the data is
shown in Figure 5.17.

1Published as S. Ohlsson before my name change in 2007
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Figure 5.17: The measured relative energy (open circles) and a fit to the data
(full drawn line) given in Equation 4.20. The data was taken from measurements
in Mainz [36] and the fit parameters are presented in Table 5.7. The χ2/d.o.f.
of the fit is 0.21.

Value

a2 [GeV] (3.67±0.52)·10−4

b2 [GeV2] (-4.1±3.8)·10−6

c2 (1.84±0.93)·10−4

Table 5.7: Values for the squared parameters a, b and c, obtained from the fit
in Figure 5.17. The energy resolution is expressed as σ/E = a/

√
E ⊕ b/E ⊕ c.

Here, the square of the b-parameter (which describes the noise contribution to
the energy resolution) becomes negative but within two standard deviations con-
sistent with the noise contribution measured in the September data (b ≈2 MeV).
The correlation between the parameters is somewhat smaller in this case, cf. Ta-
ble 5.8.

Correlation

corra2b2 -0.93
corra2c2 -0.94
corrb2c2 0.85

Table 5.8: The correlations between the squared parameters a, b and c obtained
from the fit to the Mainz data.

The parameters for the energy resolution in the interval 64 to 715 MeV are very
different from those obtained from the Lund measurements. This is clearly seen
in Figure 5.18 where the September data is shown together with the fit to the
Mainz data. The Mainz fit predicts that the energy resolution curve should
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turn downwards at low energies, in contrast to what has been measured. This
feature comes from the sign of the squared b parameter.
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Figure 5.18: The September data points (open circles) with the Mainz fit shown
with a full drawn line.

At the same time the fit to the September data does not agree with the Mainz
data, cf. Figure 5.19.
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Figure 5.19: The Mainz data points are shown with open circles and the fit from
the September data is shown with a full drawn line.

In Figure 5.20, the September data points are shown together with the Mainz
data points. A full drawn line corresponds to the fitted energy resolution over
the entire energy interval. The parameters from the fit are presented in Ta-
ble 5.9.
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Figure 5.20: The data points from the September measurements shown together
with the Mainz data points (open circles). The fit is marked with a full drawn
line. The fit parameters can be found in Table 5.9. The χ2/d.o.f. of the fit is
6.78.
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Value

a [
√

GeV] (1.55±0.21)·10−2

b [GeV] (9.50±3.3)·10−4

c (2.11±0.60)·10−2

Table 5.9: Values for the parameters a, b and c, obtained by fitting Equation
5.1 to the the September and the Mainz data simultaneously.

The correlations of the parameters are clearly smaller in this fit to data in a
larger energy interval, cf. Table 5.10.

Correlation

corra2b2 -0.93
corra2c2 -0.69
corrb2c2 0.48

Table 5.10: The correlations between the squared parameters a, b and c obtained
from the fit to the combination of the September data and the Mainz data.

To understand if the values in Table 5.9 are reasonable, one can look closer
at the a-parameter corresponding to the Poisson statistics from the light collec-
tion. Here, it corresponds to about 3.9 phe/MeV (at a temperature of -25◦C).
It is not a reasonable number. As the Poisson term a is far smaller in reality
than given by the fit suggests that this term includes other effects as well. This
means that the interpretation of the energy resolution terms is more difficult.
The correlations between parameters are still large but they are considerable
smaller between b2 and c2 as well as between a2 and b2.

5.9 Discussion and Conclusion from the Energy

Resolution Measurements

The fit to the April data as well as the September data yielded results with a
negative square of the a-parameter (the Poisson parameter) in the expression for
the energy resolution. If all parameters were forced to be larger than or equal
to zero, the negative parameters were set to 0. That the two results gave similar
results was not surprising as the measurements were in many aspects identical,
except for the cooling which was better for the September measurements. The
differences regarding the analysis were the optimisation of the calibration for
the September measurement and the timing information that could be used to
reduce the number of random coincidences. The better equipment and analy-
sis result in a smaller relative energy resolution, σ/E, for the September data.
After imposing the demand that the Poisson parameter should correspond to
50 phe/MeV, the fits became more in line with what one would expect. The
fit to the eight high energy data points resulted in a squared b-parameter (the
noise parameter) which was negative. The fit to the combination of the im-
proved September data points together with Mainz data points gave however
an energy resolution with only positive terms. In terms of the standard parame-
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terisation (given in Equation 4.20), the statistical term appears to be reasonable,
but could probably be made smaller using longer crystals (especially for high
energies), less wrapping material and performing a better calibration. The small
constant term c, is given by the Mainz data points which force the asymptotic
value of σ/E down to approximately 0.02. However, one should keep in mind
that the measurement in Mainz was different to those in Lund regarding crystal
geometry and electronical set-ups.

The correlation between the three fit parameters were calculated for every
energy resolution fit and very large values were obtained for both the low en-
ergies and the high energies. For the case when a fit was made to the relative
energy resolutions in both the low and the high energy interval, the correlations
became smaller. The values of the correlations are a clear indication of the
inability to simultaneously determine the values of all three fit parameters. It
means that changing the value of one parameter does not necessarily result in a
different fit, since it translates into changes also in the other parameters so that
a similar result can be obtained. This is clearly not desired, since each parame-
ter should describe individual and independent contributions of both statistical
fluctuations, noise and crystal properties. Due to this feature, it is not possible
to discuss the energy resolution in terms of this standard expression, at least
not unless the energy region over which the fit has been performed is very large.

Regarding the calibration, it was shown that using a pedestal peak and cos-
mic muons did not yield the best possible calibration. Lower values of σ/E were
obtained by slightly adjusting the calibraton constants for the eight crystals sur-
rounding the central one. In conclusion, for future measurements it is important
to ensure a good calibration. Even if the effect of the light yield uniformity of
the crystals along the crystal length did not seem to play an important role here,
one should use a source placed at the front end side so that the energy deposits
from the source will be similar to those from the beam. Perhaps a more careful
calibration can in addition lower the contribution to the energy resolution of
the conventional “constant term” (which was very large for the low energy fits),
or the intrinsic crystal properties. One could argue that this contribution has
already been lowered in the September measurement, compared to the April
measurement, by using more advanced and efficient cooling which lowers the
temperature gradients inside the crystal.

From the presented figures, it is clear that the energy resolutions from the
measurements in Lund and Mainz agree very well in the region around 50-
70 MeV. The measured value for σ/E is 0.072 for Eγ=51.6 MeV at Lund and
0.07 for Eγ=64 MeV in Mainz. It is also evident from Figures 5.18 and 5.19,
that an energy resolution parameterisation in one interval can not be applied
to another energy interval. The low energy regime where the energy resolution
is varying much with energy, needs to be carefully mapped since every data
point gives an important contribution to describing the overall shape. Also,
just fitting data points in the low energy region is not sufficient to describe the
asymptotic behaviour at higher energies. The measured energy resolution at
low energies is totally different from the extrapolated resolution from the Mainz
data points. Also the energy resolution of the Mainz data is far better than the
extrapolation of the September data suggests.

In addition, the energy resolution also depends on, for instance, the shower
leakage out of the crystals, the light yield uniformity along the crystal, the ab-
sorption of light inside the crystal and developments of electromagnetic cascades
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in the material before the scintillator. These contributions may have energy de-
pendences not described by the conventional formula of Equation 4.20.
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Chapter 6

Light Yield Uniformity

Tests of PANDA Crystals

A very desirable feature of the calorimeter is a uniform light output from the
crystals. The light sensor is located at one end and thus no position sensitivity is
possible. Light yield uniformity means that, given the same energy deposition,
the same number of photons should reach the light sensor, irrespectively of where
they are produced. All measurements described in this section were performed
at room temperature.

6.1 Set-Up for Uniformity Tests

For light yield uniformity investigations, it is of utmost importance to know
where in the crystal the radiation enters. For this study, a 22Na source was
used. This source decays via β+ radiation and the emitted positron very quickly
annihilates with an electron from the surroundings, causing two photons, each
with an energy of 511 keV, to be emitted back to back. If one uses a reasonably
small scintillator to detect one of these photons and simultaneously records a
signal from the main detector, the position of the incoming photon is known.
This principle is shown in Figure 6.1.
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Figure 6.1: The principle of the uniformity measurements. The 22Na source is
located between the two scintillators and therefore it is possible to know where
(distance d from the PM tube) the annihilation photons strike the PWO-crystal.

The small BaF-crystal and its PM tube were attached on a metal block which
could be slided on a rod, using a handle outside the box in which the set-up was
placed, see Figure 6.2.

Figure 6.2: The set-up for the uniformity tests without the second scintillator
and its PM tube, which were later attached where the lead collimator is located
in this photograph.

Two different PWO crystal shapes were studied, three tapered and two non-
tapered ones. Their dimensions are shown in Table 6.1 below.
The PM tube was of the type Hamamatsu R2083 and had a diameter of 51 mm,
thus fully covering the end face of the crystal. Two different wrapping materials
were tried, firstly white reflective Teflon surrounded by aluminium foil and sec-
ondly VM2000 [34]. In order to understand the contribution to the light yield
uniformity, the light yield was firstly investigated along the crystal. Then, the

53



Shape Tapered Non-tapered

Front-end dim. [mm2] 28×28 20×20
Back-end dim. [mm2] 22×22 20×20
Length [mm] 200 200

Table 6.1: The dimensions of the PWO crystals used for the uniformity mea-
surements. The front-end is the one attached to the PM tube.

reflective properties were changed in some regions and it was studied how this
affected the light yield uniformity. The electronics used for the studies were a
high voltage supply, a pre-amplifier, an amplifier with a 1 µs shaping time and
a Multi Channel Analyser.

6.2 Statistics

In order to translate the measured results to the number of photo electrons
emitted from the photo cathode, the energy resolution must be carefully inves-
tigated.

For a Poisson distribution with a mean value N, the standard deviation σ is
given by [21]

σ =
√
N (6.1)

Here, N is the true value of what is being measured, i.e the number of photo elec-
trons. The pulse height S of the measured peak is proportional to the number
of photo electrons produced according to S = kN , with k being a proportion-
ality factor. Assuming that only the statistical fluctuations contribute to the
width of the peak, the standard deviation of the pulse height σS , is given by
σS = kσ = k

√
N .

σS

S
∝

√

k
√
N

kN
=

1√
N

(6.2)

and

N =

(

S

σS

)2

. (6.3)

k−1 was determined separately as the average of the number of photo electrons
per channel for all measurements,

N

S
=

(

S

σS

)2

/S =
S

σ2
S

(6.4)

and N=k−1S was used for the calculations.
The assumption that only statistical fluctuations contribute to the width

of the peak is of course a very crude approximation, as the terms b and c in
Equation 4.20 are put to zero. However, it can be justified by the fact that
it gives a maximum Poisson width, or a lower bound for the number of photo
electrons and any other contributions would just improve the situation. Also,
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taking other contributions into account would be very difficult, as the expression
(meaning the individual contributions) for the energy resolution is not known
in this low energy regime.

6.3 Analysis

Different positions along the crystals were investigated and at each one, pulse
height spectra were recorded and fitted with a Gaussian function. The peak
positions and widths were used to calculate the number of emitted phe/MeV.

6.4 Results

The plotted light yield as a function of the distance between the point of inter-
action and the PM tube for the measurements with Teflon wrapping is shown
in Figure 6.3. There is a clear dependence of the light yield on the shape of the
crystals. The tapered crystals deliver more light when the source is as far away
from the PM tube as possible, while the non-tapered crystal light yields seem
to be maximum close to the PM tube.

Using instead the mirror-like wrapping VM2000 the shapes of the non-
uniformity is similar, but the light output is approximately 17% larger than
with Teflon wrapping (see Figure 6.4).

Figure 6.3: Measured light collection yield as a function of the distance d defined
in Figure 6.1 for two non-tapered (a and b) and three tapered (c, d and e) PWO
crystals. The crystals were wrapped with white Teflon.
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Figure 6.4: Measured light collection yield as a function of the distance d defined
in Figure 6.1 for two non-tapered (a and b) and three tapered (c, d and e) PWO
crystals. The crystals were wrapped with VM2000.

We quantified the uniformity by calculating, for each crystal, the ratio αNU

defined as:

αNU =

√

1
n−1

∑n
i=1 (Ni − N̄)2

N̄
(6.5)

where Ni is the measured number of photo electrons at the i:th interaction
point and n the number of data points. This parameter describes the spread of
number of phe/MeV and for a totally uniform light yield it should be 0. Using
5 data points from each crystal, αNU has been calculated. To avoid end effects,
the five data points were chosen correspondingly to the distances for the second
to the sixth data point in the a-curve in Figure 6.3. In the cases where the exact
distances were not measured, they were interpolated. The uncertainties in αNU

were calculated with the error propagation formula, assuming that the spread
in the number of photo electrons (in Figure 6.3) was the the only uncertainty.
The crystal identification information and the average value of the number of
emitted phe/MeV are presented in Table 6.2, while the αNU -parameters for
both wrapping materials as well as the uncertainties in this value are displayed
in Table 6.3.

As can be seen in Table 6.3, αNU grows for the non-tapered crystals when
the Teflon wrapping is substituted to VM2000, while the opposite is true for
tapered crystals.

6.5 Light Yield Uniformity Improvements

Attempts to investigate the possibilities to make the light yield more uniform
were done using one tapered crystal (crystal label 28 Left, seen in Figure 6.4
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PWO Crystal label N̄Teflon N̄V M

a 20 016 35.035 40.44
b 20 017 31.51 39.035
c 27 Left 28.44 31.71
d 26 Left 25.24 27.84
e 28 Left 25.23 30.74

Table 6.2: Number of photo electrons per MeV, N, averaged over the point
of interaction for each of the five crystals and for the two wrapping materials.
Crystal a and b are non-tapered, c-e are tapered.

PWO αNU (Teflon) αNU (VM2000)

a (4.718±0.041)·10−2 (5.152±0.046)·10−2

b (3.017±0.067)·10−2 (3.787±0.045)·10−2

c (3.73±0.23)·10−2 (2.55±0.20)·10−2

d (3.21±0.38)·10−2 (2.395±0.041)·10−2

e (3.23±0.31)·10−2 (1.92±0.20)·10−2

Table 6.3: he measured non-uniformity, αNU , for each of the five crystals and
for the two wrapping materials.

as data set e). In order to investigate the importance of photon reflections at
different parts of the crystal surface, four different ways were tried. They were:
1) no reflective wrapping on the crystal side opposite of the PM tube, 2) black
tape (1 cm wide) put 2 cm from the end of the crystal, 3) black tape (2 cm
wide) put 2 cm from the end of the crystal and finally 4) two stripes of 2 cm
wide tape put at two opposite sides of the crystal about 2 cm from the end side,
cf. Figure 6.5.

2 cm

Tape 1 or 2 cm

PM tube

Figure 6.5: The location of the tape for the study of light yield uniformity
improvements. The tape is put 2 cm from the end side of the crystal and it is
either 1 cm or 2 cm wide. For the 2×2 cm of tape option, there is an equal
amount of tape on the opposite side of the crystal.

The expectation was that without reflective wrapping on the short end of
the crystal, the light would scatter out, thereby decreasing the overall light yield
and perhaps affecting the shape of the non-uniformity. For using black tape, it
was expected that the scattered photons would not be reflected back into the
crystal, but instead be absorbed and thereby decreasing the light yield in that
specific region. The results from the uniformity improvement measurements are
displayed in Figure 6.6.
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Figure 6.6: Measured light collection yield as a function of interaction point in
the crystal for four different ways of making the light yield more uniform: 1) no
VM2000 at the back-end, 2) 1 cm of tape, 3) 2 cm of tape and 4) 2×2 cm of
tape.

αNU was calculated for the four measurements and the result can be seen in
Table 6.4.

Modification Crystal label ¯NV M αNU

Unmodified 28 Left 30.74 (1.92±0.20)·10−2

1) Back free from VM2000 28 Left 26.94 (1.62±0.12)·10−2

2) 1 cm tape 28 Left 24.39 (1.828±0.052)·10−2

3) 2 cm tape 28 Left 23.41 (1.030±0.083)·10−2

4) 2×2 cm tape 28 Left 22.33 (1.457±0.032)·10−2

Table 6.4: The uniformity ratio αNU and the average light collection yield
N̄V M , calculated for modified VM2000 wrappings. αNU for the unmodified
case is included for comparison.

58



6.6 Discussion and Conclusions from the Uni-

formity Results

It is of utmost importance to keep a stable temperature while investigating the
uniformity of the detector response from the PWO crystals due to the temper-
ature dependent light yield. For these measurements, the variation in temper-
ature was not larger than 0.1 ◦C. Using the dependence of the light yield on
the temperature mentioned in section 4.3, the corresponding change in the light
output was smaller than 0.2% and hence, the measured variation in the light
collection over the crystal length (cf. Figures 6.3 and 6.4) is not a temperature
effect.

As can be seen from the results in Figure 6.3 and 6.4, there are clear results
that the VM2000 wrapping is superior to Teflon when it comes to reflecting
scattered photons back into the crystals. Further, the light collected from the
crystals is far from uniform and it also seems to be very dependent on the shape
of the scintillator. From Figure 6.3 and 6.4 one can see that the overall shape
of the light yield uniformity profile with the increase at large distances does
not seem to depend on the wrapping material as long as the same material
covers the whole crystal. According to αNU , the uniformity improves when
using VM2000 over Teflon for the tapered crystals, while the opposite is true
for the non-tapered crystals. When tape is put on the crystals and the same
non-uniformity quantity αNU is calculated, it is seen that αNU is decreased
by a large amount. When applying 2 cm of black tape, αNU is approximately
50% lower compared with the case of normal VM2000 wrapping. Even using no
tape at all, but only leaving the short end opposite to the PM tube free from
VM2000, lowers αNU with about 15%.

Contributions to the non-uniformity for both non-tapered and tapered crys-
tals come from light attenuation along the crystal due to intrinsic absorption
inside the material, reflective properties of the crystal surface, transmission
through the surface, the wrapping material as well as from diffusion on impuri-
ties and bubbles.

For the tapered crystals, the path the photons travel inside the scintillator
is in general longer than for non-tapered crystals due to purely geometrical rea-
sons. Also the number of reflections inside the crystals are larger here. Both
effects increase risk of losing photons either due to internal absorption or scat-
tering out of the scintillator thereby decreasing the number of phe/MeV.

For tapered crystals, the so-called focusing effect of the tapered shape is
important. This effects favours light produced far from the PM tube (in the
small end) because the reflections yield angles which are more favourable for
transmitting the light into the PM tube, see Figure 6.7 [22].

59



Figure 6.7: The geometrical focusing effect where the tapered geometry to the
right is seen to result in more favourable angels, through which the light can
escape the scintillator [22].

Total internal reflection occurs above a certain critical angle in the medium.
For the PWO-to-air surface the critical angle is 25.8 degrees. At the PM tube
the critical angle is increased by using an optical coupling grease. As the angles
(βF in Figure 6.7) of the photons striking the window of the PM tube are in
general larger for non-tapered compared to tapered crystals, photons exit with
a larger probability in the latter case. If the photon instead moves away from
the PM tube with a small angle, it will for both crystal shapes suffer more
reflections, but for the tapered geometry the number of reflections can grow
very quickly. One should also keep in mind that it is very likely that neither
wrapping material can be put close enough to the crystal so that an air gap is
avoided. This air gap influences the critical angle above which total internal
reflection occurs. As the difference in refraction index is larger between air and
PWO than for either wrapping and PWO, this critical angle will be smaller
with an air gap present and the chance for having total internal reflection and
keeping the photons inside the crystal is larger. For smaller angles some photons
will however escape and if there is no reflective foil beyond the air gap, these
photons will disappear.

The results presented in this licenciate thesis show that the number of
phe/MeV is larger for the non-tapered compared to the tapered crystals, de-
spite the obvious geometrical disadvantages for such crystals mentioned in this
section. The explanation is probably different crystal properties such as the
intrinsic light yield.

It is possible to compensate for the non-uniformity of the light yield but to
the cost of a decreased overall light yield. This is not an ideal solution for this
type of crystal where the light yield is low to start with.

Since the electromagnetic shower occurs mainly at a depth of 4-12 X0 into
the crystal[22], one could experiment with putting tape at different positions.
It is suggested that correcting for the light yield in the region 4-12 X0 would
have a critical effect while changes in the region 12-25 X0 only would effect late
developing showers[22]. Corrections in the region 0-4 X0 would not affect the
non-uniformity profile very much.

According to [22], diffuse wrappings like TYVEK and Millipore seem to give
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higher light yields than Teflon does for PWO crystals, but a comparison with
VM2000 was not made. It would be interesting to compare the results from such
wrappings with the ones used in the investigations described here. Since the
NU profile of the light yield is not affected by the different wrapping materials
as long as the same type of wrapping is used for the entire crystal, these studies
can be made independently of each other.
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Chapter 7

Simulation Studies

7.1 Introduction

The challenging physics program of PANDA and the complexity of the detector
require that substantial effort is devoted to simulations of the physics channels
of interest to the collaboration. One of these topics concerns hyperon physics.
The Λ particle is the lightest of the hyperons and it also frequently occurs as
a decay product from excited hyperons, often together with photons (detected
in the calorimeter). This makes it an obvious starting point for simulations of
hyperon channels.

High quality data for the p̄p → Λ̄Λ reaction up to momenta of 2 GeV/c
exist from the PS185 experiment at LEAR, CERN. These data can serve as a
benchmark for simulations of the same reaction for PANDA.

7.2 About the Λ State

All ground state hyperons, described as baryons with strange quarks, decay only
via the weak interaction, except for the Σ0 which decays electromagnetically.
Because of this, the life times for hyperons are reasonably long. For example, a
produced Λ has an average flight path of several centimetres (cτ=7.89 cm [1]).
This typically means that the decay point is located inside, or in the vicinity of,
the MVD-detector for PANDA.

Parity is not conserved in weak decays. Because of this, an asymmetry in
the directions of the decay particles may be observed. If so, one can measure
the hyperon polarisation, and in case of anti-hyperon-hyperon pairs also spin
correlations [8].

If viewing the proton and the Λ in the constituent quark model, one can
group u- and d-quarks inside the proton and the Λ into an isospin and spin zero
di-quark state and and let the remaining u- and s-quarks reflect the spin and
isospin properties of the particles.
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ŷΛ

x̂Λ

θ

Figure 7.1: The center-of-mass frame for the p̄p collision, in which the coordinate
systems for the rest frames of the Λ and Λ̄ are shown. These coordinate systems
are different for each event.

7.3 The Coordinate System

The center of mass system for the p̄p→ Λ̄Λ is shown in Figure 7.1. In addition,
we define a coordinate system for the decay particles in the rest frame of the
anti-hyperon/hyperon. Here, the z-axis is given by the direction of the outgoing
Λ (Λ̄). The y-axis points in a direction perpendicular to the scattering plane
of the p̄p-system and the outgoing hyperons, and the x-axis is chosen such that
the system is right-handed. Formally, the axis are defined as [8]:

x̂ = ŷ × ẑ (7.1)

ŷ =
k̄i × k̄j

|k̄i × k̄j |
= n̂ (7.2)

ẑ = k̂j (7.3)

where the k̄i is the momentum vector of the initial beam. Together with the
momentum vector of the outgoing hyperon, kj , they define the interaction plane
and n̂ is the normal vector to this plane. The index j refers to either the Λ or
the Λ̄ particle. As can be seen, the axis perpendicular to the interaction plane,
ŷ or n̂, is the same for the two particles.

7.4 The Angular Distributions of the Λ

The PS185 experiment collected data on the cross-sections for p̄p going to dif-
ferent single strangeness hyperon states up to a maximum p̄-momentum of
2 GeV/c. Of special interest to our simulations is the reconstruction of the
differential cross-sections for the Λ, in the reaction p̄p → Λ̄Λ, and the polarisa-
tion as a function of the scattering angle in the center of mass (CM) system.
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Figure 7.2: The CM differential cross-section measured by PS185 for the Λ̄ in
p̄p→ Λ̄Λ reaction at the beam momentum 1.642 GeV/c [37].

To fully describe the distribution over the angular interval [38], Legendre
polynomials of up to degree eight, multiplied with energy dependent coefficients
An(ε) expanded in third order polynomials of ε, were used [39],

f(cos θ) = A0(ε) (P0(cos θ) +A1(ε)P1(cos θ) + ...+A8(ε)P8(cos θ)) . (7.4)

The general expression for the orthogonal Legendre polynomials Pn(x) is [40]

Pn(x) =
1

2nn!

dn

dxn
(x2 − 1)n. (7.5)

The coefficients An(ε) are polynomials depending on the excess energy ε

ε =
√
s−

∑

mf =
√
s− 2mΛ (7.6)

with s being the squared total energy in the CM system. Using the four-
momentum vectors p of the particles, the total energy is

s = (p1 + p2)
2 = p2

1 − 2p1p2 + p2
2 = m2

1 − 2p1p2 +m2
2 (7.7)

The An coefficients are given by [39]

An(ε) = an0 + an1ε+ an2ε
2 + an3ε

3 (7.8)

where the coefficients an are fitted to the experimental data. These have been
implemented in the event generator for the PANDA simulations to describe the
angular distributions in the hyperon energy region of PS185 (<2 GeV/c).
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7.5 Λ Polarisation

To generally describe the influence of the spin on the p̄p→ Λ̄Λ reaction, a spin
observable χjkµν can be used. It is defined as [8]

χjkµν =
Tr(σc

µσ
d
νMσa

j σ
b
kM

†)

Tr(MM †)
=

1
4
Tr(σc

µσ
d
νMσa

j σ
b
kM

†)

I0
(7.9)

where the j, k, µ and ν indices refer to the spin projection of the beam, tar-
get, scattered and recoil particles while the indices a-d represent the different
particles in the reaction a + b → c + d. The σ matrices are the three Pauli
matrices σ1, σ2 and σ3, plus the identity matrix I0 = σ0. M is the transition
operator for p̄p to Λ̄Λ. The expression is derived from a relation that describes
the initial-state density matrix for spin 1/2 particles with a certain polarisation.
Using expressions for the density matrices before and after interaction and the
transition operator M from the p̄p to Λ̄Λ, one arrives at Equation 7.9. More
details on this can be found in [41].

Fortunately, the 44 = 256 spin observables above can be reduced using sym-
metries of parity and charge conjugation and geometrical identities. The parity
conservation, applied to strong interaction processes such as p̄p → Λ̄Λ, states
that the reaction probability should be unaffected by a spatial inversion of the
coordinates. This gives that the polarisation of the observables in x̂- and ẑ-
directions must be zero, since they otherwise would change sign. Furthermore,
charge conjugation symmetry applied to the self-conjugated p̄p and Λ̄Λ systems
ensures that the polarisations for Λ̄ and Λ must be equal. Finally, for polarised
beam or target, invariance under rotation of the scattering plane reduces the
number of spin observables additionally. These symmetries decrease the number
of spin observables to the more manageable number of 40.

The Λ decays to either pπ− or nπ0 with branching ratios of 64% and 36%
respectively. In this thesis, only investigations of the charged decay mode have
been done. The decay distribution for the Λ with polarisation P can be ex-
pressed as

I(θp) =
1

4π
(1 + αP cos θp) (7.10)

where θp is the proton emission angle projected on the spin projection direction
of the Λ (ŷ in the case of unpolarised beam and target) in the rest frame of the Λ,
while α is the so-called asymmetry parameter and is related to the probability
for the decay baryon to be emitted in the spin direction of the decaying hyperon.
This value has been experimentally measured to be 0.64 for the Λ (-0.64 for the
Λ̄) [8].

7.5.1 How to Reconstruct the Λ Polarisation

The polarisation is extracted from the reconstructed data by considering the
distribution of the decay particles according to Equation 7.10. The probability
for a particle to fall within this distribution over the entire interval is 100%,
meaning that the probability density function should be

A

∫

1

4π
(1 + αP cos θ)d cos θ = 1 (7.11)
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with A being a normalisation constant. Substituting cos θ with x and perform-
ing the integration gives A=2π. Hence, the normalised distribution function
becomes

f(x) =
1

2
(1 + αPx). (7.12)

Calculating the mean value of x according to [21] gives

< x >=

∫ 1

−1

xf(x)dx =

∫ 1

−1

(x+ αPx2)dx =
αP

3
(7.13)

and substituting x with cos θ gives the relation

P =
3

α
< cos θ >≈ 3

α
cos θ =

3

αN

N
∑

i=1

cos θ (7.14)

with N being the number of reconstructed events. To get an estimate of the
uncertainty in the reconstructed polarisation, the square root of the variance is
calculated according to [42]

3

α
V (cos θ) =

(

1

N

)2

V

(

N
∑

i=1

cos θi

)

=
3

α

1

N
V (cos θ) (7.15)

where V (cosθ) is the estimated value for the variance of the polarisation distri-
bution

V (cos θ) =
1

N − 1

N
∑

i=1

(

cos θi − cos θ
)2
. (7.16)

7.6 The PANDA Software Frameworks

PANDA has today two different software frameworks, one which is referred
to as the BaBar-like framework and the other referred to as the PandaROOT
framework. Both are C++ based software for Monte Carlo simulations, event
reconstruction and physics analysis for the PANDA experiment.

The BaBar-like framework was the first one available to the collaboration
and it was to a large extent inherited from the BaBar collaboration. It contains
many well debugged libraries and tools and has been successfully used in the
BaBar experiment for many years. It has been decided to use this framework
until the PANDA physics book is completed in 2008. After that, PandaROOT
will be the framework for Monte Carlo simulations and data reconstruction.

The PandaROOT framework is an object-oriented ROOT-based framework
inspired by the CMS collaboration. It is fully based on the use of C++ class
libraries from the ROOT data analysis framework [35]. ROOT is a widely used
software package in nuclear and particle physics and thus has a large community
of developers which the PANDA community can profit from. Through the use of
ROOT, the PandaROOT framework implements the concept of Virtual Monte
Carlo (VMC) [43]. VMC is a set of library classes which enables the user to
implement a particle physics detector simulation without beforehand defining
the particle transport code, such as Geant3[44], Geant4[45] or Fluka[46], to be
used.
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7.7 Reconstruction

7.7.1 Generation of Particles

Events for the simulations have been produced by a modified generator which
was originally used at the PS185 experiment at LEAR. As of now, it is an in-
tegrated part of the software framework and the information on the differential
cross-sections for p̄p → Λ̄Λ production has, as well as polarisation and spin cor-
relations, been added.

The generator makes a call to the CERNLIB routine FOWL which then re-
turns the momentum vectors for the generated Λ̄Λ in the CM system, according
to a isotropic distribution. This distribution is then adapted to the experimen-
tal differential cross section shown in Figure 7.1. The selection process is done
by keeping Λ(Λ̄)-events with a probability given by the value of the angular
distribution for this certain cos θ, divided by the maximum value of the angular
distribution.

The momentum of the generated anti-protons has been set to 1.64 GeV/c
as this was one of the energies used also for the PS185 experiment. The beam
spread is set to 0.01%. The interaction point is set to (0, 0, 0), with a smearing
in x- and y-direction according to a Gaussian distribution centred around zero
and with a standard deviation of 1 mm, given by the pellet target. The smear-
ing in the z-direction is confined to a circular region with a radius of 1 mm.
The branching fraction of Λ → pπ− as well as the polarisation have been set
to 100%. The transport code used for the p, p̄, π+ and π− to simulate the
interactions with the detector materials is Geant4.

The sub-detectors used for the reconstruction is the MVD, the STT, the
two MDCs (each having 8 layers) in the target spectrometer and the six MDCs
(each having 6 layers) in the forward spectrometer [23]. 198 000 pairs of Λ̄Λ
were generated.

7.7.2 Angular Distribution

The reconstructed distribution for cos θ for the Λ̄ in the CM frame together
with the Monte Carlo truth for those events are shown in Figure 7.3. There is
an excellent agreement between the two curves.

The cτ of the Λ̄ was also simulated and reconstructed. The result can be
seen in Figure 7.4. For the reconstructed events, cτ=7.419±0.029 cm, while
the Monte Carlo truth of those events gives cτ=7.396±0.029 cm. The Monte
Carlo truth of all generated Λ̄ yields a decay length of 7.862±0.018 cm. The
established experimental value is 7.89 cm [1]. It should be investigated why
there is a 5 mm bias on the decay length of the Λ̄.
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Figure 7.3: The reconstructed cos θ distribution for the Λ̄ is shown with a full
drawn line and the Monte Carlo truth for those particles with a dashed line.
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Figure 7.4: The reconstructed cτ of the simulated Λ̄ is shown with a full drawn
line and the Monte Carlo truth of those events with a dashed line.

7.7.3 Detector and Detection Efficiency

We define the detection efficiency by the ratio of the number of reconstructed
events to the number of generated particles. Out of the 198 000 generated Λ̄Λ
pairs, 70 267 are reconstructed, translating into roughly 35%.

The detector efficiency reflects the ability of the detector to correctly detect
particles over the angular interval. From reconstructed unpolarised Λ and Λ̄
particles, one can investigate the cos θp distributions of the daughter proton
and anti-proton in x-, y- and z directions defined earlier over the interval (-1, 1)
in the Λ̄ rest frame. For full detector efficiency, these plots should be isotropic
if there is no polarisation in any direction. However, this is not the case, as can
be seen in Figure 7.5.
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Figure 7.5: Reconstructed distributions for cos θp̄ for the decay anti-proton with
respect to the x-axis 7.5(a), y-axis 7.5(b) and z-axis 7.5(c) in Figure 7.1 for
unpolarised Λ̄ particles.

There is a lack of anti-protons in the backward x-direction in Figure 7.5(a)
and there are anti-protons missing in the cos θy = 0 region of Figure 7.5(b),
meaning perpendicular to the y-axis. For the outgoing Λ̄, the x-axis tends to
point in the backward direction of the laboratory system (in the direction of the
negative z-values rather than the positive), as can be seen in Figure 7.1, even if
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it varies with every event.
The missing anti-protons in Figure 7.5(a) indicate that the corresponding

missing π+ will go in the direction of cos θx being close to 1, meaning backwards
in the laboratory system. In the same way, from Figure 7.5(b) one understands
that the missing π+ may go either along the positive x-axis or in the direction
of the negative z-axis. In cases when the pions do go in these directions, they
will become slow because of the strong forward boost due to the incoming anti-
protons. If so, one would expect a dip in the region of cos θ approaching +1 in
Figure 7.5(c) and this is exactly what is seen.

The corresponding distributions of reconstructed cos θp̄ (see Figure 7.1) in
the case of polarised Λ̄ is seen in Figure 7.6.
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Figure 7.6: Reconstructed distributions for cos θ for the daughter anti-proton
with respect to the x-axis 7.5(a), y-axis 7.5(b) and z-axis 7.5(c) for polarised Λ̄
particles.

In Figure 7.6(a) and Figure 7.6(c) one would once again expect a flat dis-
tribution and for Figure 7.6(b) a slope corresponding to the polarisation times
the asymmetry parameter α/2. However, one notices a lack of particles in the
same regions as in Figure 7.5.
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To further investigate the detector response in different angular regions of
the detector, one can plot the polarisation as a function of cos θΛ̄ in the CM
system. For an isotropic detector response, one would expect a constant polar-
isation independent of the θΛ̄ angle as the polarisation is set to 100%. As can
be seen in Figure 7.7, this is not quite the case.
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Figure 7.7: The calculated polarisation as a function of cos θΛ̄ in the CM system.

The reason why the distribution is not constant over the entire angular is not
known and should be investigated further.

Slow Pions

For a correct reconstruction of the Λ and Λ̄, it is important to correctly re-
construct the decay particles - the proton and the pion. The pion is the most
critical one, since its much lower mass generally causes it to be emitted with a
larger velocity than the proton. If the pion goes backwards in the detector, seen
in the laboratory system, it will become very slow because of the boost in the
opposite direction and may even spiral in the detector due to the solenoid field,
without undergoing detection. There may also be difficulties with the software
regarding handling of spiralling particles, resulting in fewer pions being recon-
structed.

Figures 7.8 and 7.9 show histograms of the pion momentum from the gen-
erated Monte Carlo pions as well as of the reconstructed ones. The decay pions
have momenta between 0 and approximately 0.3 GeV/c. However, only pions
with momentum above 0.05 GeV/c are reconstructed. Consequently, events
with such slow pions will be missed in Figure 7.5 and 7.6.
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Figure 7.8: Magnitude of the π+ momentum for the Monte Carlo truth of the
generated particles.
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Figure 7.9: Magnitude of the π+ momentum for the reconstructed particles.

Another way to study where the reconstruction of the pion fails is to look
at the the π+ angles in the laboratory system and compare them to the recon-
structed ones. Also here, one can see that the angular distributions differ.
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(a) Laboratory emission angle of the Monte Carlo
π

+.

(b) Laboratory emission angle of the reconstructed
π

+.

Figure 7.10: Angle of the Monte Carlo truth and the reconstructed π+ in the
detector. The angle θΛ̄ is measured in the laboratory system.

Zooming in in Figure 7.10(a) and 7.10(b), one can see from Figure 7.10 that
pions going backward in the detector are not reconstructed, probably because
they are simply too slow to undergo reconstruction in the solenoid field. This
is also what was suggested in connection to figures 7.5 and 7.6. The peak close
to cos θ=0.7 in 7.10(a) comes from the case when the Λ̄ goes in the direction of
cos θΛ̄ close to 1. In this case, the pion can not go backwards in the laboratory
system. If it is emitted “backwards” in the Λ̄ rest system, with respect to the
flight direction of the Λ̄ in the laboratory system, there is a maximum in its
laboratory emission angle θLab. This is what is seen.

7.7.4 The Polarisation

The polarisation and its errors were calculated using the formulae given in sec-
tion 7.5.1. The results on the reconstructed polarisation are presented in the
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Table 7.1, while the Table 7.2 contains the average polarisation calculated from
the Monte Carlo truth of the reconstructed particles. The polarisation should
be 100% in y-direction and 0% in x- and z-direction.

x-direction y-direction z-direction

100% pol -0.3511±9.9·10−3 1.151±1.1·10−2 0.2546±9.9·10−3

0% pol -0.3445±9.9·10−3 -0.066±1.1·10−2 0.2846±9.8·10−3

Table 7.1: Reconstructed average polarisation for non-polarised and polarised
Λ̄-particles, as well as calculated standard deviation for these values.

x-direction y-direction z-direction

100% pol -0.3368±9.9·10−3 1.156±1.1·10−2 0.2546±9.9·10−3

0% pol -0.3311±9.9·10−3 -0.068±1.1·10−2 0.2944±9.8·10−3

Table 7.2: Polarisation of the Monte Carlo truth of the reconstructed particles
in the cases of no and full polarisation, respectively. The calculated standard
deviation for these values are also shown.

One can see that the reconstructed polarisations agree quite well with the Monte
Carlo truth for those particles, however it is far from being (0, 1, 0) in the x-,
y- and z-directions. The polarisation even takes on unphysical values of hav-
ing a magnitude larger than 1. Taking the statistical uncertainties into account
does not reduce the discrepancy between the generated and reconstructed events
enough, and the reason must therefore be caused by the detector response and
reconstruction inefficiencies.

The polarisations can also be extracted from the plots of the cos θ-distributions
for the decay protons, Figure 7.6. A straight line fit over the interval should
have a slope of αP/2 with P being the polarisation (here equal to 1 since it
has been set to 100% in the event generator). To get a realistic measure of
the polarisation, the histograms should however first be compensated for the
acceptance of the detector and the reconstruction ability, Figure 7.5. Using the
Monte Carlo truth of the reconstructed non-polarised Λ̄ to calibrate for the ac-
ceptance and efficiency gives the result seen in Figure 7.11. The uncertainties
have been calculated from the error propagation formula, using an uncertainty
in each bin of the histograms proportional to the square root of the number of
events in that bin.

75



θcos

-1 -0.5 0 0.5 10

0.2

0.4

0.6

0.8

1

θcos

-1 -0.5 0 0.5 10

0.2

0.4

0.6

0.8

1

θcos

-1 -0.5 0 0.5 10

0.2

0.4

0.6

0.8

1

Figure 7.11: Efficiency calibrated cos θ distributions. The slopes of the fitted
functions correspond to αP/2.
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The fitted values for the slopes obtained from the three plots in Figure 7.3 are
shown in Table 7.3.

Slope, x-direction Slope, y-direction Slope, z-direction

0.0084±0.0066 -0.3175±0.0058 0.0133±0.0067

Table 7.3: Calculated reconstructed average polarisation for polarised Λ-
particles. The values have been corrected for the detector response.

The values from the slopes should be multiplied with 2/α to get the polarisa-
tion, due to the factor 1/2 in Equation 7.12. Hence, one gets the polarisation
multiplied with the asymmetry factor along the y-axis to be 0.63, leading to
a polarisation of (99±1.8)%. The polarisation along the x and the z-axis are
(2.6±2.0)% and (4.1±2.1)% respectively. The values including errors are dis-
played in Table 7.3.

7.7.5 Momentum and Vertex Reconstruction

The momenta of the decay protons and pions must be well reconstructed to
correctly describe the hyperons. This is also related to how well the decay point
is reconstructed. As the previous study unveiled, the reconstruction of the
slow pions must be improved. An important follow-up question is how well the
reconstructed momenta of the daughter particles describe their true momenta.

In the case of a reconstructed decay p̄p system, the reconstructed momentum
for the decay protons and pions in x-, y- and z-direction were plotted against
the Monte Carlo truth for that specific event. The plots showed a very good
correspondence for both pions and protons, as can be seen in Figures 7.12 and
7.13.

The differences between reconstructed and generated momenta were also
plotted to display how big the deviations were. The results are presented in
Figure 7.14 and 7.15 together with the root mean square (RMS) values.
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Figure 7.12: Reconstructed π+ momenta versus Monte Carlo momenta in the
x-direction 7.13(a), y-direction 7.13(b) and z-direction 7.13(c).
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Figure 7.13: Reconstructed anti-proton momenta versus Monte Carlo momenta
in the x-direction 7.12(a), y-direction 7.12(b) and z-direction 7.12(c).

79



Entries  70267

Mean   -9.541e-07

RMS    0.00134

Momentum difference, X [GeV/c]
-0.005 0 0.005

# 
E

ve
nt

s

0

100

200

300

400

500

600

700 Entries  70267

Mean   -9.541e-07

RMS    0.00134

Entries  70267

Mean   -7.26e-07

RMS    0.001351

Momentum difference, Y [GeV/c]
-0.005 0 0.005

# 
E

ve
nt

s

0

100

200

300

400

500

600
Entries  70267

Mean   -7.26e-07

RMS    0.001351

Entries  70267

Mean   -0.0006786

RMS    0.003031

Momentum difference, Z [GeV/c]
-0.01 0 0.01

# 
E

ve
nt

s

0

100

200

300

400

500

600

700
Entries  70267

Mean   -0.0006786

RMS    0.003031

Figure 7.14: The reconstructed momenta components minus the corresponding
Monte Carlo truth for the π+.
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Figure 7.15: The reconstructed momenta components minus the corresponding
Monte Carlo truth for the p̄.

Also the reconstructed decay vertex of the Λ̄ agrees well with its generated
values as can be seen in Figure 7.16.
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Figure 7.16: Reconstructed Λ̄ decay vertex coordinates versus the Monte
Carlo coordinates in the x-direction 7.16(a), y-direction 7.16(b) and z-direction
7.16(c).

The difference between the reconstructed vertex coordinates and the Monte
Carlo truth is shown in Figure 7.17.
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Figure 7.17: The reconstructed vertex components minus the corresponding
Monte Carlo truth for the Λ̄.

7.8 Conclusions from the Simulation Results

The p̄p→ Λ̄Λ reaction is reconstructable in the BaBar-like framework of PANDA.
However, there are obvious problems with reconstructing slow pions coming from
the decay of the hyperons. This will affect the reconstruction of the hyperon
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polarisation, as can be seen in the non-isotropic distributions of cos θp̄ for the
anti-protons coming from the unpolarised Λ̄ particles. As a consequence, one
must take the detector response into account in order to obtain the correct po-
larisation. If this is done, a polarisation similar to the Monte Carlo truth is
obtained. More detailed studies are necessary to investigate how much of this
is due to the detector response and the software reconstruction respectively.

In those cases when the daughter pion and proton are reconstructed, the life
time and decay vertex of the decaying hyperon look very similar to the Monte
Carlo truth of those events. Also the reconstructed momentum of the daughter
particles correspond well to the Monte Carlo truth.
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Chapter 8

Conclusion and Outlook

8.1 Conclusion

This licenciate thesis has treated the topics of energy resolution and light yield
uniformity measurements of PWO crystals for PANDA, as well as software re-
construction of the p̄p→ Λ̄Λ reaction including polarisation.

Two energy resolution measurements were done using a 3×3 array of non-
tapered crystals, cooled to -15 ◦C and -25 ◦C, respectively. The tagged photon
beam of energies between 19 and 56 MeV at MAX-Lab was used. The energy
contributions from all nine crystals were summed and the resulting peaks were
fitted with Gaussian distributions to extract the resolution. The relative en-
ergy resolution for the September measurements was 0.12 at a photon energy
of 18.9 MeV 0.072 at 51.6 MeV. The measured relative energy resolution, ex-
pressed as the standard deviation σ of the Gaussian distribution divided by the
photon energy E was fitted with the parametrisation σ(E)/E = a/

√
E⊕b/E⊕c.

For both the April and the September measurement, the energy resolution
expression contained a negative square of the Poisson parameter, a. This
has not a physical interpretation, but might be understood in terms of the
large correlations with the other two parameters. After imposing the condi-
tion that the a-parameter should correspond to a light yield of 50 phe/MeV,
an energy resolution of σ/E = 0.45%/

√
EGeV ⊕ 0.18%/EGeV ⊕8.63% was ob-

tained for the April measurement. For the September data the result became
σ/E = 0.45%/

√
EGeV ⊕ 0.21%/EGeV ⊕6.12%. Upon combining data points

from the September measurement with eight data points for energies ranging
between 64 and 715 MeV, it was seen that the energy resolutions agree very well
in the overlapping range of 50-70 MeV. The fit over the entire energy interval
becomes positive and is given by σ/E = 1.6%/

√
EGeV ⊕0.095%/EGeV ⊕ 2.1%.

However, there is a very large correlation (anti-correlation) between all three pa-
rameters. For the two low energy measurements at MAX-Lab, the magnitude
of these correlations are close to 100%. For the combined fit, they are slightly
lower between the parameters a and c as well as for b and c. It seems as the
standard parameterisation is not ideal in describing the energy resolution at low
energies or in explaining it in terms of something that has physical relevance.

The light uniformity measurements were performed with two non-tapered
and three tapered PWO crystals and a 22Na source. Two different crystal
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wrappings were used: white Teflon covered with aluminium foil and mirror-like
VM2000. Pulse height spectra were recorded at different source positions along
the crystals and the number of photo electrons per unit energy was determined
as a function of interaction point in the crystal. For the tapered crystals the
light collection yield increased with the distance between the interaction point
and the PM tube. For the non-tapered crystals the light collection yield peaked
somewhere close to the PM tube. The shape of the responses was qualitatively
the same irrespective of which wrapping was used, but using VM2000 gave a
17% higher overall light output. Black tape was put on different positions on
one of the tapered crystals in an attempt to make the light yield more uniform.
Placing black absorbing tape t one or two of the lateral surfaces close to the
short end of the crystal decreased the increase of light yield in this region, how-
ever, at the expense of an overall decrease in light yield.

A simulation of the p̄p → Λ̄Λ reaction at a momentum of 1.64 GeV/c was
done in the BaBar-like software Framework for PANDA. 198 000 Λ̄Λ pairs were
created using a modified generator originally made for the PS185 experiment at
LEAR, CERN. The reconstruction efficiency was found to be about 35%. The
angular distribution of the Λ̄ could be reconstructed correctly. Figures of the
reconstructed versus Monte Carlo momenta of the decay pion and anti-proton
agree well, as does the vertex position of the decaying hyperon. It was discov-
ered that slow pions are difficult to reconstruct as they tend to spiral in the
solenoid field of the detector without being seen by the sub-detectors. At 100%
polarisation perpendicular to the scattering plane and without compensating
for the angular detector efficiency, the reconstructed polarisation of the Λ̄ does
not reproduce the correct value in the direction of the true polarisation (ŷ) and
is significantly different from 0 in the direction of the outgoing hyperon (ẑ) and
as well along the third axis (x̂). By correcting data with the results from unpo-
larised events, a polarisation which is (2.6±2.0)%, (99±1.8)% and (4.1±2.1)%
along x̂, ŷ and ẑ, respectively, is obtained.

8.2 Outlook

The next step in energy resolution measurements with PANDA PWO crystals
is to use a 5×5 array of tapered crystals shaped for the forward end-cap and
cool it to -25 ◦C to repeat the measurements described in this thesis. This will
ensure that the electromagnetic showers are contained inside the crystal array,
and a better energy resolution is expected.

Regarding the light yield uniformity measurements, it would be interest-
ing to develop a masking technique for improved uniformity than just placing
arbitrary amounts of tape on different sides of the crystals. It is important to
develop a technique which is applicable for larger amounts of crystals and which
does not require individual adaptations for each crystal.

For the simulations of the hyperons the next step is to repeat the same steps
at higher momenta of the incoming anti-protons and to investigate the influence
from background reactions, such as elastic scattering and p̄p → p̄pπ+π−. Hy-
peron channels with photons among the end products, such as Σ0 and Λ(1405),
will later also be studied to connect the hyperon channels with the electromag-
netic calorimeter.
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