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Abstract

Characteristics of the electromagnetic calorimeter of PANDA (anti-Proton
ANnihilations at DArmstadt), one of the key experiments at FAIR, have been
measured at the tagged photon beam facility at MAX-lab for 61 energies in
the range 12-63 MeV. The tested detector array consisted of 5×5 PbWO4

(lead tungstate) crystals designed for the forward end-cap. The array was
cooled to -25 ◦C and read out with conventional photomultiplier tubes. The
measured energy resolution, σ/E, (for example 6 % at 20 MeV) shows that
the current design meets the criterion of PANDA. The array is now ready to
be equipped with vacuum phototriods designed for the forward end-cap.

As a part of the experiment, characteristics of the tagging spectrometer
at MAX-lab were measured. This revealed a lowered performance in terms
of resolution for low energies. A discrepancy between the nominal and the
measured tagged energies was also discovered. Possible explanations to these
observations are presented.
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Chapter 1

Introduction

1.1 Aim of this thesis

This thesis presents the development and testing of a detector array repre-
sentative of a central segment of the forward end-cap of the PANDA electro-
magnetic calorimeter. The goal is to eventually test a completely realistic
array in terms of energy resolution and spatial resolution for photons be-
low 100 MeV. The work is a collaboration involving Stockholm University,
Uppsala University and Lund University.

1.2 PANDA � anti-Proton ANnihilations at DArm-

stadt

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

The central part of FAIR is a synchrotron complex providing intense
ion beams (from p to U). Anti-protons produced by a primary proton beam
will be �lled into a High Energy Storage Ring (HESR). The anti-protons will
collide with a �xed H2 pellet target inside the PANDA detector. The physics
at PANDA will bene�t from the high intensity and quality of the beam.

Table 1.1 shows parameters for the PANDA experiment and for the
HESR.
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Experimental requirements

Ion species Antiprotons

p̄ production rate 2 · 107 s−1

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

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

Luminosity

High luminosity mode 2 · 1032 cm−2s−1

High resolution mode 2 · 1031 cm−2s−1

Momentum spread

High luminosity mode σp/p ∼10−4

High resolution mode σp/p ≤2·10−5

Table 1.1: Experimental requirements for PANDA

1.3 Physics at PANDA

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

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

In measurements of produced states with exotic quantum numbers, like
X in pp̄ → X + Z, the performance of the detector governs the precision
of measured masses and widths. In studies of non-exotic states (pp̄ → Y )
the p̄-energy will be scanned over the energy region of interest. Here the
precision is dependent of the quality of the beam rather than that of the
detector.

In the PANDA physics performance report [1] the physics case is de-
scribed in detail.
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1.4 The PANDA electromagnetic calorimeter

1.4.1 Basic demands

In the technical design report for the PANDA calorimeter [2], demands on
its performance are stated. Some key issues could be summarised as follow.

• Energy resolution

• Dynamical range

• Spatial resolution

• Time resolution

• Geometrical coverage

• Radiation hardness

• Cost

The physics performed at PANDA requires an e�ective background rejection.
Failing to detect a low energy photon belonging to a background channel
could cause an event to meet the selection criteria of a signal channel.

A benchmark channel that puts the threshold of the EMC (electromag-
netic calorimeter) in focus is

p̄p → hc → ηcγ → ϕϕγ → K+K−K+K−γ.

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

1. p̄p → K+K−K+K−π0

2. p̄p → ϕϕπ0

3. p̄p → ϕK+K−π0

where the π0 decays to two γ. If one of the γ are lost, the �nal particles are
the same as in the hc decay. Simulations [1] show that lowering the threshold
from 30 MeV to 10 MeV improves the signal to background ratio by 19% and
33% respectively for the channels 2 and 3 above. This shows the importance
of a low threshold.
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A limit on the width of the π0 and η masses to 8 MeV/c2 and 30 MeV/c2

respectively for accurate �nal state decomposition sets the limit of the energy
resolution stated in Table 1.2.

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

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

Property Required value

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

E/GeV

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

Energy threshold (single crystal) 3 MeV

Rms noise (energy equiv.) 1 MeV

Angular coverage % 4π 99

Energy range 10 MeV - 14.6 GeV

Angle equivalent of crystal size ∆θ 1◦

Spatial resolution σθ 0.1◦

Maximum signal load 500 kHz

Table 1.2: Requirements for the forward end-cap as stated in the technical design
report [2]

1.4.2 Scintillating material

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

Density 8.28 g/cm3

Radiation length 0.89 cm

Molière radius 2.00 cm

Decay time 6.5 ns

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

Light yield relative to NaI

at room temperature 0.3 % 0.6 %

at -25◦ C 0.8 % 2.5 %

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

Table 1.3: Properties of PWO and PWO-II as stated in the technical design
report [2]

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

The crystals of the forward end-cap, mounted in carbon �bre containers re-
ferred to as "alveoli" (singular "alveolus"), are tapered, which allows the
normal of each crystal surface to be directed towards the same point 950
mm in front of the target. This prevents photons from passing the calorime-
ter between adjacent crystals without interaction. Schematic drawings of
the forward end-cap and a crystal are shown in Figure 1.1 and Figure 1.2
respectively. As can be seen in Figure 1.1, the forward end-cap is not sym-
metric. The arrangement of the alveoli changes with distance from the beam
axis and the performance of the forward end-cap can therefore be expected
to change as well. The set-up tested in this work consists of four alveoli
arranged so that they represent the central part of the forward end-cap.

The tapering has the e�ect that the light output varies depending on
where in the crystal energy is deposited. The probability for scintillating light
to reach the light converter decreases with decreasing(!) distance to it since
the average number of re�ections and average path travelled increases [3].
However, the in�uence on the energy resolution due to light non-uniformity
of forward end-cap crystals is small. Figure 1.3 shows the light yield as a
function of distance to the front end of a crystal.

A feature of PWO is that the material is radioactive. The observed
activity is believed to be caused by the α-decaying isotope 210Pb that could
contaminate the lead used in the crystal production [4]. The energy released
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Figure 1.1: Schematic view of the placement of the forward end-cap alveoli. Each
alveolus houses 16 PWO crystals

Figure 1.2: Schematic drawing of a forward end-cap type crystal. The tapering
is such that the edge of length 200 mm is perpendicular to both ends.

in this decay is converted to scintillating light and can be detected. For a
forward end-cap type crystal the rate of these decays is of the order of 1 kHz
and the average light output corresponds, at -25 ◦C, to a 1.3 MeV photon
depositing its energy in the front end of the crystal.

In total, the calorimeter will consist of 15552 crystals of which 3600 will
make up the forward-end cap.
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Figure 1.3: Light yield as a function of distance from the front end of a forward
end-cap crystal. The dashed line marks the average value. The measurement is
done with a photomultiplier tube covering the whole end of the crystal. Hence the
large number of photoelectrons. Data is taken from [3].

1.4.4 Photodetectors

Unlike the barrel part of the calorimeter, which will use APDs as photode-
tectors, the forward end-cap will use vacuum phototriods (VPTs). In essence
these are PMTs with only one dynode, capable of handling the high count
rate (relative to the barrel part) of the forward end-cap. Moreover, the mag-
netic �eld of approximately 1 T in the forward end-cap section is aligned
with the central axis of the VPTs, which allows a more PMT-like design of
the photodetectors. Some speci�cations of the PANDA VPTs are shown in
Table 1.4. A schematic image of a VPT is shown in Figure 1.4.
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Parameter Required value

External diameter max 22 mm

Overall length about 46 mm

Gain 10-30

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

Quantum e�ciency 20 %

Rate capacity above 500 kHz

Table 1.4: Speci�cation for the PANDA VPTs as stated in the technical design
report [2]

Figure 1.4: Schematic drawing of a VPT.
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Experiment

2.1 Purpose and method

The purpose of the experiment is to determine the energy resolution and the
spatial resolution of a matrix of 25 (5×5) PWO crystals of forward end-cap
type for photons in the energy range 10-100 MeV.

Mono-energetic photons are incident on the matrix, which is su�ciently
large to contain the electromagnetic shower created by the photons. Photon
energies and positions of incidence are reconstructed o�ine.

Since the VPTs, proposed as light converter for the forward end-cap in
PANDA, were still under development when the experiments discussed in
this thesis were performed, standard PMTs were used.

The experiments were conducted at the facility for tagged photons at
MAX-lab in Lund, Sweden.

2.2 The tagged photon facility at MAX-lab

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

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

Eph = Eb − Ee (2.1)

where Eph represents the energy of a bremsstrahlung photon, Eb is the beam
energy and Ee is the energy of the scattered electron. Figure 2.1 shows a
schematic view of the tagger facility.

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

A set of 63 plastic scintillators equipped with PM-tubes are placed along
the focal plane. The scintillators are oriented in two rows where a detector
in one row partly overlaps two detectors in the other row. Figure 2.2 shows
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a schematic drawing of a part of the tagger. The focal plane trigger signal is
given when a coincidence of two overlapping detectors occurs, which gives a
total number of 62 FP channels. A focal plane trigger signal is thus correlated
to a photon according to Equation 2.1. The overlap and the angle between
the electron trajectories and the normal of the focal plane are such that the
energy width of the even numbered detectors are consistently smaller than
the energy width of the odd numbered detectors. Therefore the resolution
of the odd detectors is consequently lower than the even detectors.

Figure 2.2: Schematic view of a part of the focal plane. If the overlap of the
front and back row is even and the electrons are incident along the normal of the
focal plane, two consecutive tagging detectors will cover the same spatial width (a)
perpendicular to the trajectories of the electrons. If the electrons are not incident
along the normal (or if the overlap is not even) this distance will not be equal
(b ̸=b′).

The nominal photon energy that each focal plane detector represents is
calculated theoretically. The energies depend on the physical location of
the tagger plane, the energy of the incident electron beam and the magnet
settings. The results of the 2010 run suggest two corrections to the nominal
focal plane characteristics (section 3.4):

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

• Below 35 MeV, the tagger plane was not in focus. Although the energy
di�erence of consecutive mean tagged energies remained Ewidth ≈ 0.8
MeV over the tagged energy range, the standard deviation of tagged
energy spectra increased and peaked with decreasing energy below 35
MeV. Normally, the standard deviation increases with

√
E due to Pois-

son statistics.

There is nothing suggesting that these features were not also present
during the 2009 run. However no independent measurement of the focal
plane characteristics was performed at that point.
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2.3 Overview of the experiments

This thesis presents the experiences and results of three experiments per-
formed between October 2008 and February 2010. Parts of the two experi-
ments performed in October 2008 and March 2009 are described by Grape [5].
The results presented here are based on data sets that di�er in covered energy
region, temperature settings and readout system compared to those analysed
by Grape. Previous measurements, before October 2008, are described by
Grape [6].

2.3.1 October 2008

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

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

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

2.3.2 March 2009

In previous experiments the cable length between the PMTs and the ampli-
�ers, approximately 20 m, decreased the signal-to-noise ratio below a level
where the alpha-activity signature was no longer resolvable. Therefore the
PMTs were equipped with pre-ampli�ers. With a wider calibration region
it was con�rmed that previous problems were caused by non-linearities not
accounted for in the analysis. The results, now less distorted by the in�uence
of calibration errors, revealed additional unexpected features in the energy
resolution below 30 MeV. These could be explained if the tagger plane de-
tectors were out of focus for these energies. It was decided to perform an
independent measurement of the focal plane resolution in connection with a
future experiment.
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Two new independent tests of the PMTs were performed in an attempt to
trace the origin of the non-linearities (Appendix B). In the �rst test a LaBr3
crystal was used instead of a NaI crystal together with standard gamma
sources. The decay time of the scintillating light pulses of LaBr3 (<20 ns
decay time [7]) is comparable to those of cooled PWO crystals (<10 ns at -25
◦C [2]). This is not the case for NaI, which has a signi�cantly longer decay
time (230 ns decay time [8]). This made it possible to not only reproduce the
pulse amplitude created by the integrating ampli�ers, but also to recreate the
momentary current running through the PM-tubes. The calibrations of the
PMTs were now found to be non-linear and the conclusion was that the higher
momentary currents through the PMTs created by shorter pulses with the
same total charge saturated the PMTs. In the second test the photocathode
of the PMTs was exposed to a pulsed laser beam (780 nm). The length
of the pulses was changed between 20 ns and 500 ns and the number of
photons in each pulse was adjusted using an attenuator and two polarisers.
Although the pulse shape created by this system is not exponential it was
con�rmed that non-linearities increased with shorter pulse length for the
same integrated pulse. At 500 ns the PMTs responded linearly. At 20 ns the
non-linearities were signi�cant.

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

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

2.3.3 February 2010

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

The new construction demanded the use of dummy crystals to arrange the
PWO crystals properly. The larger weight of the matrix caused occasional
malfunction of the coordinate table with larger uncertainty of the beam
position relative to the matrix as consequence. A more powerful stepping
engine was obtained for future experiments.
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The energy and resolution of the individual focal plane detectors was
measured independently with CATS, a 0.5 ton NaI detector. It was con�rmed
that the unexpected results from March 2009 were caused by bad resolution
of the tagging spectrometer. In addition it was noticed that the measured
energies of the focal plane detectors di�ered by a factor of 0.93 from the
theoretical predictions used in the analysis of previous experiments. Reliable
data for the energy resolution could now be presented.

An evaluation of the method, described in the technical design report [2],
for reconstructing the position of a photon impinging on the detector was
performed. The spatial resolution dependence of where a photon strikes
the matrix was measured by aiming the photon beam at di�erent positions
within the matrix. The contribution from the spatial pro�le of the beam
itself was measured with a ccd-camera.

In the next measurement, planned for autumn 2011, VPTs with accom-
panying pre-ampli�ers will be used as light converters. This will give the
answer to whether the performance of the calorimeter meets the demand
stated in the design report or not.

2.4 Read-out system and data acquisition

A schematic drawing of the readout system used in March 2009 and February
2010 is shown in Figure 2.3. In October 2008 no pre-ampli�ers were used
but in every other aspect of Figure 2.3, the set-up was the same. In all three
experiments the anode signals of the PMTs were used.

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

per crystal) could be lowered. Demanding peripheral or central signals was
decided depending on the position of the beam or given to the peripheral
PMTs when cosmic muons were supposed to give the trigger.

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

2.5 Experimental set-up

2.5.1 Climate chamber

In order to maintain a constant temperature during the experiment the PWO
matrix was placed in a climate chamber (Vötsch VT 4021). The test cham-
ber, with an approximate volume of 200 l, can maintain the temperature
with a deviation over time of ±0.5 ◦C. Supply of pressured air prevents frost
and condensation on the equipment. Figure 2.4 shows the climate chamber.
An opening in the side of the chamber allows beam access. If sealed with a
low Z material, the number of photon interactions before the beam reaches
the matrix is low compared to the number of interactions in the support
structure of the matrix in front of the crystals. Other openings give access
to high voltage and signal cables through two connection plates while the
control cables to the coordinate table enters through an opening where un-
used space is �lled with isolating material. Additional light shielding of the
climate chamber was necessary because of leakage at the pressure vent and
the drainage pipe.

2.5.2 The matrix

As the development of support structure and electronics planned for the
calorimeter progress, the aim is to upgrade the test matrix when possible so
that a realistic test of the calorimeter performance can be done. In October
2006 the response of a single PWO crystal was measured. In autumn 2011
the experiment is planned to test a realistic set-up with 5×5 tapered crystals
placed in carbon �bre alveoli. The crystals will be equipped with VPTs and
accompanying pre-ampli�ers. The experiments described in this thesis cover
three set-ups in the progress towards a realistic set-up. In Figure 2.5 two of
the matrix arrangements used are shown. An alveolus houses 4×4 crystals
in 4 compartments with 2×2 crystals in each compartment. The thickness
of the walls separating the compartments is 0.36 mm. The dimensions of the
compartments are such that an extra layer of carbon �bre, 0.36 mm thick,
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Figure 2.3: Read-out system and data acquisition
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Figure 2.4: Climate chamber. The matrix equipped with PMTs is visible inside
the chamber. The beam enters the chamber from the right side.

�ts horizontally and vertically together with the crystals. In this way all
crystals in the forward end-cap can be encapsulated by the same amount of
material. Figure 1.1 illustrates how the alveoli are arranged in the forward
end-cap. Since the relative position of the alveoli change with axial distance
the resolution can be expected to be position dependent. The arrangement
of alveoli in the 2010 experiment resembles the central part of the forward
end-cap. A set-up representative of the peripheral part is planned to be used
in future experiments.

2.5.3 PMTs

The two types of PMTs used, Hamamatsu R1450 and Photonis XP1912, have
very similar gain and spectral characteristics but di�erence in performance
is possible because of the higher age of the Hamamatsu tubes. In all three
experiments the PMTs were mounted so that the connecting surfaces of each
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(a) (b)

Figure 2.5: Two of the matrix con�gurations used in the experiments. (a) PWO
matrix prior 2010. Temperature sensors (yellow cables) are visible. (b) Matrix
support structure in 2010. The carbon �bre alveoli are visible inside. On top of
the device, a brass dummy crystal indicates the position of the crystals inside the
construction.

crystal and its PMT were parallel. Grease was used as optical coupling. The
bases, Hamamatsu E974-13, were originally used in a di�erent experiment
but their physical design o�ered a mounting solution. The electronic design
of the bases, optimising the ampli�cation of the PMT, was not considered
to be a problem when the choice was made.

2.5.4 Wrapping

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

2.5.5 Pre-ampli�ers

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

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





Chapter 3

Analysis

3.1 Photon interactions with PWO

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

3.2 Detector response

The read-out of a scintillating detector interacting with a photon is deter-
mined by stochastic processes. Photon statistics and noise are examples of
such processes. If the stochastic quantities are measured in the same unit
(for example voltage), the read out is the sum of the random variables and
the distribution of read-outs is the convolution of the underlying probability
distributions. For uncorrelated variables the variances add when the under-
lying distributions are convoluted i.e.

σ2
1+2 = σ2

1 + σ2
2. (3.1)

A standard parametrisation of the response includes Poisson statistics,
noise and a term that is linear in energy accounting for calibration errors
and other energy dependent e�ects. The variance of the readout then takes
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Figure 3.1: Mass attenuation for photons interacting with PWO. Coherent scat-
tering is not accounted for. Pair production is assumed to occur in the nuclear
�eld. Data is taken from the photon cross section database XCOM [9].

the form

σ2
E = σ2

Poisson + σ2
noise + σ2

linear =
E

a
+ b2 + (cE)2 (3.2)

where a is the number of photoelectrons/unit energy and b is the rms noise.
In this work the parametrisation is considered to be an "a priori" tool for
estimating the expected resolution rather than a tool for extracting informa-
tion from measured data. In Table 1.2 the required response of PANDA is
expressed in terms of σE/E. The requirements corresponds to c = 0.01 and
a = 2500 photoelectrons/GeV. The rms noise limit is set to b = 1 MeV.

Figure 3.2 shows a typical PWO crystal response to mono-energetic pho-
tons. The skewness towards low energies is because a single crystal is unable
to contain the electromagnetic shower due to a 40 MeV photon. Note, how-
ever, that not all photons interact with the crystal along its central axis
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since the size of the beam was 1 cm when the spectrum was recorded. The
further from the central axis a photon interacts, the larger the probability
for energy escaping the crystal.

To estimate the width of the distribution the full width at half maximum
(FWHM) is commonly used rather than the standard deviation.

Figure 3.2: Responce of a PWO crystal of forward end-cap type due to photons
with a nominal energy of 38.9 MeV. Data from the run in 2010.

3.3 Calibration

3.3.1 General considerations

The calibration procedure of the matrix is two-fold. Firstly, if signals from
di�erent detector elements are to be summed, these must be calibrated to
a reference scale that is linear in energy. Secondly, when this is achieved
an absolute calibration can be performed by associating a summed read-out
spectrum with the nominal energy of an incoming photon.
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A relative calibration is obtained by creating functions that map the
read-out from identical events for all detector elements onto a representative
reference read-out. The read-out of one detector element would itself be
a suitable reference if its output is linear in energy and could be used to
calibrate the rest of the matrix. Since the read-out by nature is statistical
there is a spectrum of possible outcomes although the inputs are identical.
This distribution is known as the response. A measure of the location of the
response can be used as a calibration point.

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

3.3.2 Measuring the location of a spectrum

The mean

The sample mean value of a distribution de�ned by

x̄ =

∑n
1 xn
n

(3.3)

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

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

2, the sample mean transforms as

ȳ = p0 + p1x̄+ p2x̄
2 + p2s

2n− 1

n
(3.4)

where s2 is the sample variance de�ned by

s2 =
n

n− 1
(x̄2 − x̄2). (3.5)
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A non-linear relative calibration will therefore introduce a bias that scales
with the non-linear coe�cient and with the sample variance of the distribu-
tion. Unless the linearity of the calibration can be guaranteed, knowledge
about the ratio of these two parameters should be obtained before the sample
mean is used for calibration.

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

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

The mode

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

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

A non-parameterized asymptotically unbiased estimator has been pre-
sented by Grenander [10]. Although simple to implement, a better mathe-
matical understanding of the algorithm than that obtained within the frames
of this work is needed to evaluate the performance of the estimator in terms
of bias and error.

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

f(x) = Ae−
1
2
(
ln2(1+Λτ(x−µ0))

τ2
+τ2), (3.6a)

where

Λ =
sinh(τ

√
ln 4)√

ln 4σ̃
, (3.6b)
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is parameterized by its asymmetry (τ), width (σ̃ ≡ FWHM
2
√
ln 4

≈ FWHM
2.35 )

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

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

If the independent variable of a Gaussian distribution described by

1√
2πσ

e−
(x−µ0)

2

2σ2 (3.7)

is transformed by a 2nd degree polynomial y = p0 + p1x+ p2x
2, the bias of

the mode of the transformed distribution takes the form (Appendix A)
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δx =
2p2
p1

(
p2µ

3
0

p1
− σ2). (3.8)

under the conditions ∣∣∣∣p1p2
∣∣∣∣ ≫ µ0 (3.9a)

µ2
0 ≫ 2σ2 (3.9b)

This assumes that µ0 is related to an absolute zero level. Since the Novosi-
birsk distribution, for small τ , is Gaussian-like, the same relation could be
used as a qualitative measure of the bias of its transformed mode.

Compared to the mean, the mode of a tagged photon single crystal spec-
trum is relatively stable to shifts in beam position (Figure 3.4). A beam
shift of 6.25 mm yields a shift in relative calibration of 3 % which is con-
sidered small in the context. The uncertainty in beam position during the
experiment is estimated to be considerably smaller than 6 mm since a shift
of this magnitude can be visually detected during run-time by inspection of
the distribution of energies over the matrix elements. Figure 3.6 shows the
energy distribution over the matrix when the beam is aimed at the centre of
the matrix.

The bias of the estimator itself is considered to be of low order since the
minimal χ2 for a �t of a quasi-Gaussian function to a quasi-Gaussian dis-
tribution is obtained when the distance between the true and the estimated
mode is minimised.

In the present work the Novosibirsk function tends to overestimate the
height (Ae−

1
2
τ2 in Equation 3.6) of distributions with an underestimated

FWHM value as consequence. By shrinking the �tting region (compare
Figure 3.5) a lower χ2/ndf is obtained with less biased height and FWHM.
The change of parameters when the �tting region is reduced is larger than
the uncertainties for the �t shown. Hence a consistent procedure for choosing
�tting region must be adopted if many spectra are analysed.

3.3.3 Relative calibration

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

In the experiments described the relative calibration was done using
tagged photons. By moving the matrix, which was mounted on a coordi-
nate table, the beam was aimed at each crystal. This yields one spectrum
for each functioning focal plane detector for each crystal. The spectra of the
central crystal were used as model spectra. Examples of relative calibrations
are shown in Figure 3.7.

To aim the beam properly a procedure relying on visual inspection of
the energy distribution of the beam interacting with the matrix was used
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Figure 3.5: χ2 �t of a Novosibirsk function (Equation 3.6) to the pulse height
distribution of photons with the nominal energy 38.9 MeV interacting with a PWO
crystal. Data from the 2010 run. In the histogram chn/bin = 8. Parameters of
the �t: µ0 = 1640.4 ± 2.4 chn, σ̃ = 203.8 ± 1.2 chn, A = 358.9 bin−1 ± 3.3,
τ = −0.400 ± 0.007, χ2/ndf = 243.4/184. The �tted function is plotted over the
�tting region.

(Figure 3.6). If the distributed energies are symmetrical with respect to
the central matrix element the beam is aimed at the centre of the matrix.
However, if the matrix elements are not calibrated yet an uncertainty in
beam position relative to the centre of the matrix cannot be avoided. By
adjusting the high voltage of the PMTs so that the modes of cosmic muons
spectra and the intrinsic α-decay peaks are similar in location, single crystal
spectra can be compared. In this way the beam can be aimed to the centre
of the matrix with an acceptable bias. Since the relative distances between
the crystals were measured individually, the beam could, although not aimed
at the centre, be aimed at the same relative position of each crystal. This is
all that is needed for an accurate relative calibration.
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Figure 3.6: Pulse height spectra for each of the matrix elements. The beam is
aimed at the central element.

From parameters of the �ts in Figure 3.7 and Figure 3.5 it can be con-
cluded that the bias in relative calibration due to non-linearities is small.
Typical values of the parameters in relations 3.8 and 3.9 are µ0 ∼ 103 chn,
σ̃ ∼ 102 chn (Figure 3.5) and p1 ∼ 1, p2 ∼ 10−5 chn−1 (the lower curve of
Figure 3.7). This gives a bias in the order of 10−1 chn in the transformed
variable which is small in this context.

3.3.4 Absolute calibration and summing procedure

When all matrix elements are calibrated relative to the same reference, in-
dividual contributions from the elements can be summed if the reference is
linear in deposited energy. If the chain of ampli�cation is linear this holds
since the light output of the forward end-cap crystals can be considered to
be uniform in the spatial region where photons with energies between 12-60
MeV deposit most of their energy.
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Figure 3.7: Calibration of a peripheral matrix element relative to the central ma-
trix element for the runs in 2009 (squares) and 2010 (circles). Each point represents
the mode of the pulse height distribution of a tagged photon. The PMT voltage
was typically 1500 V in 2009 and 1000 V in 2010. The uncertainties are comparable
to the size of the markers or smaller. The point corresponding to the lowest mode
for each run represent the α-decay signature equivalent of a 1.3 MeV photon. The
point corresponding to the highest mode in each run represents a photon with the
nominal energy 46 MeV in 2009 and 60 MeV in 2010.

Since this work is aimed at determining the resolution for photons with
di�erent initial energies, the absolute calibration is obtained by associating
the modes of spectra of summed calibrated pulses with the nominal energy of
incoming photons. When the energy scale is set the width of the distributions
can be measured in terms of incoming photon energy. Figure 3.9 shows the
absolute calibration from the 2010 run.

Knowing the absolute calibration, the transverse energy distribution within
the matrix can be studied. Figure 3.8 shows the summed deposited energies
at di�erent radial distances from the central crystal.
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Figure 3.8: Transverse energy distribution. The three histograms show summed
deposited energies in the central crystal (rightmost histogram), surrounding eight
crystals (middle histogram) and peripheral 16 crystals (leftmost histogram) when
62.6 MeV photons are incident on the central crystal.

The following observation should be considered when the summing is
performed. Imagine two scenarios when a photon with energy Etot = E′+E′′

deposits its energy in two crystals. The threshold of the read-out system is
equivalent to the energy X for each crystal.

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

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

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

Etot respectively for the two cases. If instead the summing is performed only
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Figure 3.9: A 2nd degree polynomial �t of the modes of summed pulse height
spectra to incoming photon energies. The �t is forced through the intrinsic α-decay
signature equivalent to a 1.3 MeV photon. Parameters for the �t: p0 = 0.37± 0.05
MeV, p1 = 0.0230± 0.001 MeV/chn, p2 = −0.39 · 10−6 ± 0.03 · 10−6 MeV/chn2

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

direct = 1
2(ϵ − X)2 and for

summing over threshold σ2
thres = 1

2ϵ
2. From these expressions the relation

σ2
thresh < σ2

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



34 Analysis

In 2009 the read-outs were non-linear in energy so a direct summing
could not be performed. Instead an absolute calibration was made based on
simulations by Grape [5]. The calibration parameters were then manually
changed to obtain the best possible resolution.

3.4 Characterisation of the focal plane

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

√
E behaviour due to Poisson statistics.

Therefore, in 2010, an independent measurement of the resolution and mean
tagging energy of the individual detectors of the tagger was performed with
CATS [11], a 0.5 ton NaI(Tl) detector.

3.4.1 CATS

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

3.4.2 Calibration of CATS

The signals from CATS are integrated by a QDC and the core of CATS was
calibrated with a pedestal run and the 15.11 MeV line of 12C [12]. CATS was
placed at 90◦ angle with respect to the photon beam and a block of graphite
was placed in the beam in front of the collimator of CATS. To achieve the
necessary statistics to resolve the 15.11 MeV line from the background within
6 h of run time, the beam intensity was brought to a level where the tagging
multiplicity for each event was > 1. Although this prevents tagging of pho-
tons exclusively in the 15 MeV region, an o�ine condition was set to reject
events with no photons below 17 MeV which reduced the background.

Figure 3.11 shows the response of the gamma decays of the 15.11 MeV
level obtained by summing the signals of the 7 pm-tubes of the core. Be-
fore the summing the pm-tubes were calibrated individually by using the



3.4 Characterisation of the focal plane 35

Figure 3.10: The CATS detector at 90◦ angle to the beam. The carbon target, a
graphite block, is placed in front of the detector in the beam path.

pedestals and the 15.11 MeV line. A new over all calibration was then ob-
tained by assigning 15.11 MeV to the centroid value of the summed peak.
Other features visible in Figure 3.11 are the unresolved single and double
escape peaks skewing the 15.11 MeV line to lower energies. The 15.11 MeV
→ 4.44 MeV transistion is also visible at 10.67 MeV. A list of electromagnetic
transitions in 12C is shown in Table C.1.

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

Ecore + Esegment ≤ Ephoton. (3.10)

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

Esegment = a+ b ·R, (3.11)

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

Ecore + a+ b ·R ≤ Ephoton. (3.12)

By plotting the segment read-out against core energy for tagged photons, this
can be estimated visually. In Figure 3.12 such a plot is shown for photons
tagged by tagger detector 0. This graph shows the relation
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Figure 3.11: The 15.11 MeV line of 12C measured with CATS. The energy scale
is set to the spectrum. A Gaussian distribution with a linear background is �tted
to the spectrum over the range 14.75 MeV - 16.25 MeV and shown over a wider
range. The standard deviation of the Gaussian is σ = 0.29 MeV ± 0.01. Taking the
noise level of 0.11 MeV into account, this corresponds to 210 photoelectrons/MeV.

R ≤ −b−1(Ecore + a−Ephoton) (3.13)

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

3.4.3 Results

The energies and energy widths of the focal plane detectors were measured
with CATS in beam. By �tting Novosibirsk distributions (Equation 3.6) to
each summed tagged photon spectrum the mode and σ̃ parameters were ob-
tained accordingly. This revealed two features. Firstly the tagged energies
did not match the theoretical predictions. Secondly the distortion of tagged
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Figure 3.12: Segment pulse height plotted against core energy for events tagged
by detector 0 (63.5 MeV). The slope of the solid line is related to the calibration
constant of the segment.

photon spectra (decreased resolution) observed with the PWO matrix (Fig-
ure 3.14) below 35 MeV was also visible in the CATS data.

Tagged energies

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

It has been suggested [13,14] that the QDCs respond non-linearly to in-
put and that this would account for a part of the discrepancy. The straight
line �t in Figure 3.13 is however a good parametrisation that goes through
the origin. This fact does not support the theory of a nonlinear QDC. Inves-
tigations [15] also show that the peak due to cosmic muons appears where
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Figure 3.13: Measured tagged energies plotted against calculated tagged energies
for nominal electron beam energies 164.7 MeV (open circles) and 153.2 MeV (�lled
circles). Straight line �ts are made to data for E > 35 MeV, where the tagger plane
is in focus and then extrapolated to E < 35 MeV. Parameters of the 164.7 MeV �t:
p0 = −0.12 ± 0.01 MeV, p1 = 0.93± < 10−3. Parameters for the 153.2 MeV �t:
p0 = −0.06± 0.02 MeV, p1 = 1.00± < 10−3.

it is expected.

A second explanation would be that the beam energy is a factor 0.93
lower than estimated. Re-calculating the energies of the focal plane detectors
with an electron beam energy of 153.2 MeV, 7 % lower than the nominal
energy of 164.7 MeV, reproduces the measured energies accurately for the
energies above 35 MeV. The deviation from the straight line �t of the energies
below 35 MeV is explained by a shift in the mean tagged energies due to
bad focusing of the tagging spectrometer in this region (see below). So far
the reason for the discrepancy is uncon�rmed but analysis of independent
experiments [13, 14] supports the theory of an electron beam energy lower
than the nominal. These analyses do, however, not show a discrepancy as
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large as 7 %.

Resolution of the focal plane

Figure 3.14 shows the σ̃ parameters as a function of energy for Novosibirsk
functions (Equation 3.6) �tted to tagged photon spectra. Two features are
noticeable in this graph: the peak of the σ̃ parameter below 35 MeV and the
�ne-structure pattern displaying alternating larger and smaller σ̃ for E > 16
MeV.

Figure 3.14: σ̃ parameter of Novosibirsk distributions �tted to tagged photon
spectra as a function of photon energy. Data for CATS are shown with empty circles
and for the PWO matrix with �lled circles. The curves represent parametrisations
for CATS and the focal plane. Lower curve: Poisson statistics and noise of CATS
(Equation 3.15). Middle/upper curve: CATS convoluted with the resolution of
even/odd tagger detectors (Equation 3.16).

The peak could be explained either by poor focusing of the tagger mag-
net or if the electrons correlated to photons in some energy interval below 35
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MeV are scattered by an object before reaching the tagger plane. A schematic
illustration of the latter situation is shown in Figure 3.15. It shows that be-
sides an overall lowered resolution two more observations should be possible.
Firstly, for high energies in the distorted region a shift towards lower ener-
gies could be expected. Secondly, the opposite should hold for lower energies.
This is shown in Figure 3.13 where a lower energy than predicted is observed
for 20 MeV < E < 30 MeV. For E < 20 MeV the opposite holds.

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

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

The alternating larger and smaller σ̃ for consecutive tagger plane de-
tectors is explained by the fact that the overlap of the detectors and the
direction of the electrons interacting with them are such that every second
detector (even numbered) covers a smaller part of the focal plane [15]. There-
fore the corresponding tagged spectra displays a smaller energy spread. This
is supported by the fact that the odd numbered detectors have an overall
average count rate twice as high as the even numbered detectors. This ratio
also �ts into the simpli�ed model for the measured resolution with CATS
presented in section 3.4.

Modeling CATS and the focal plane

The measured resolution of CATS is the convolution of the response function
of CATS, the tagger plane, the beam energy spread and other non-focusing
e�ects (see below). For CATS, the minimum contribution to the resolution
can be based on white noise and Poisson statistics. From the pedestal mea-
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Figure 3.16: The τ -parameter of Novosibirsk distributions �tted to tagged photon
spectra measured with CATS (solid squares) and the PWO matrix (empty squares).
Negative values indicate skewness to lower energies and positive values indicate
skewness to higher energies.

surements of the core of CATS, the white noise was estimated to 0.11 MeV.
The number of photoelectrons/MeV (N/E) was, from Figure 3.11, estimated
to 210 p.e/MeV through the relation.

σN
N

=
1√
N

=
σE_Poisson

E
. (3.14a)

where

σ2
E_Poisson + (0.11 MeV )2 = (0.29 MeV )2 (3.14b)

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

σNaI_min =

√
E

210 (MeV )−1
+ (0.11 MeV )2 (3.15)

where the index "NaI" is used to pinpoint that this is a material dependent
contribution. Index "CATS" is reserved for quantities measured directly with
CATS. The relation 3.15 is shown in Figure 3.14.

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

• The energy range covered by two consecutive detectors wasEwidth_even+
Ewidth_odd = 1.73 MeV over the entire tagger plane where Ewidth_even

and Ewidth_odd are constants. The energy distribution of electrons
along each tagging detector was uniform (dE/dx = constant where
x lies along the tagger plane). The intensity of electrons along each
tagging detector was constant (dI/dx = 0). Thus the standard devi-
ation of energies tagged by each detector was σ = Ewidth√

12
which is the

standard deviation of a uniform distribution with the width Ewidth.

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

• The variance of the electron beam's energy spread was (0.3 MeV )2.

• Additional contributions to the response were constant.

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

σ̃CATS =
1

1.06

√
σ2
NaI_min +

E2
width

12
+ (0.3 MeV )2 +A2 (3.16a)

where

Ewidth =

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

(3.16b)
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The �t is shown with two curves, for even and odd tagger detectors re-
spectively, in Figure 3.14. The obtained values Ewidth_even = 0.49 ± 0.02
MeV and A = 0.45± < 0.005 MeV are reasonable. The observed doubled
count rate of the odd detectors suggests that Ewidth_even should take the
value Ewidth_even = 1.73/3 MeV = 0.58 MeV . The A parameter can be
accounted for as follows (in order of in�uence):

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

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

• Calibration errors.

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





Chapter 4

Results

4.1 Relative resolution and corrections

Based on the analysis presented in section 3.3 the relative resolution of the
PWO matrix can be obtained. In this context the relative resolution is
de�ned by σ̃/E, where σ̃ is the width parameter of Novosibirsk functions (Eq.
3.6) �tted to tagged photon spectra. Figure 4.1 shows σ̃/E as a function of
E.

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

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

• Deconvolution of the focal plane response function (Figure 3.14)

4.1.1 Re�ned summing procedure

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

• Calibrate the matrix according to the procedure described in section
3.3.4
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Figure 4.1: Relative resolution, σ̃/E, as a function of photon energy. The thresh-
old is 0.5 MeV. Open squares: Direct summing procedure. Filled triangles: Re�ned
summing procedure (section 3.3.4).

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

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

where Psum is the summed pulse height, E is the energy in MeV corre-
sponding to Psum given by the �rst calibration and M is the multiplicity

For a 45 MeV photon (pulse height 2000 chn) the correction factor is
approximately 10M chn. Since the average multiplicity for a 45 MeV photon
is M ≈ 5 the correction is in the region of 2.5 %.

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

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

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

(a) (b)

Figure 4.2: (a) Mean multiplicity as a function of energy. Vertical bars show the
RMS-values of the underlying distributions. (b) Distribution of multiplicities of 40
MeV photons depositing their energy in the PWO matrix (5×5 crystals).

4.1.2 Deconvolution of the contribution from the focal plane

In section 3.4 the contribution to the measured resolution due to the focal
plane has been estimated. A numerical deconvolution demands knowledge
of the underlying distributions and not only their standard deviations. A
procedure based on such assumptions would be tedious and less transparent.
Therefore, a simpler approach was used where the standard deviations of
deconvoluted quantities are quadratically subtracted according to

σ2
PWO = σ2

P25 − σ2
tagg (4.2a)

where

σ2
tagg = σ2

CATS − σ2
NaI (4.2b)
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In the above equations σPWO is the standard deviation of tagged spectra
measured with an ideal tagging system. σP25 is the standard deviations of
tagged spectra measured with the PWOmatrix (P25 referring to a Prototype
with 25 crystals). σtagg is the contribution from the tagging system. σCATS

is the standard deviation measured with CATS and σNaI is the estimated
contribution from CATS itself.

An important remark is that the σ̃-parameter of the Novosibirsk distribu-
tion (Eq. 3.6) used to estimate widths of spectra in this thesis is not directly
related to their standard deviations (σ). Figure 3.3 shows how the standard
deviation of the Novosibirsk distribution depends on the τ -parameter. Using

σP25 = f(τP25) · σ̃P25 (4.3a)

σCATS = f(τCATS) · σ̃CATS (4.3b)

σPWO = f(τPWO) · σ̃PWO (4.3c)

where f(τ) is the function shown in Figure 3.3, Equation 4.2a takes the
form

σ̃2
PWO =

f2(τP25)

f2(τPWO)
σ̃2
P25 +

1

f2(τPWO)
σ2
NaI −

f2(τCATS)

f2(τPWO)
σ̃2
CATS . (4.4)

In Equation 4.4, σ̃P25 and σ̃CATS are available through the �ts of Novosibirsk
functions. A lower bound of σNaI is given by Equation 3.15. A de�nite upper
bound is obtained through Equation 3.16a by setting σ2

NaI = σ2
NaI_min+A2.

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

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

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

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

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

σ̃PWO . (σ̃2
P25 + σ2

NaI − σ̃2
CATS)

1/2. (4.5)

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

4.1.3 In�uence of threshold on resolution

The calibration procedure described in section 3.3 gives the threshold in
terms of energy. The dependence of the resolution of the threshold can thus
be studied. Figure 4.4 shows how the resolution changes with threshold.
The re�ned summing procedure has been used and the deconvolution is made
assuming a minimal contribution from the tagger i.e. σNaI is set to its upper
limit in Equation 4.5.

Due to a lower threshold and a higher number of produced photoelec-
trons/MeV compared to the requirements, the obtained resolution is well
within the limits of PANDA. Using VPTs instead of PMTs as light convert-
ers will, however, lower the signal-to-noise ratio. This will be a crucial issue
in coming experiments.

4.1.4 In�uence of beam position on resolution

The energy resolution is dependent on the position of a photon hitting the
calorimeter since the shower of a photon of a certain energy will have in-
creased multiplicity with increased distance to the crystal centre. By moving
the matrix to di�erent positions relative the beam this e�ect can be studied.
Figure 4.5 shows the relative resolution obtained when the beam was aimed
at the common corner of four adjacent crystals (the lower left crystal being
the central crystal of the matrix). The location was determined by visual
inspection of pulse height spectra of the four crystals. When the spectra are
similar the beam is aimed at the same relative distance to the centre of the
crystals. Figure 3.6 shows the typical set of spectra obtained when the beam
is aimed at the central crystal.



50 Results

Figure 4.3: Relative resolution, σ̃/E, as a function of photon energy. The thresh-
old is 0.5 MeV. Filled triangles: Re�ned summing procedure (section 3.3.4). Circles:
Minimal contribution of the tagger deconvoluted from raw resolution (triangles).
Squares: Maximal contribution from the tagger deconvoluted. Filled squares and
circles marks points where a positive bias is expected because large di�erences in τ
parameters (Figure 3.16)

4.2 Position resolution

The algorithm for determining the position of a photon striking the calorime-
ter is also used in the Babar experiment. In the investigations of the method
by B.B Brabson et al. [16] the method is studied for photons with energy
down to 1 GeV.

The �rst step of the procedure is to �nd a contiguous cluster of crystals
with a signal above some threshold. An e�cient procedure where the read-
out of each element of the detector array is represented by an entry in a
matrix is presented in [17]. In the PANDA experiment a cluster can be the
result of more than one particle striking the calorimeter i.e. two clusters can
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Figure 4.4: The deconvoluted relative resolution as a function of photon energy
for di�erent thresholds. Empty circles: 0.5 MeV. Filled circles: 1.0 MeV. Filled
squares: 1.8 MeV. Empty squares: 3.0 MeV. The curve represents the resolution
limit speci�ed in the technical design report (Table 1.2)

overlap. In this case a bump splitting procedure is adopted which is described
in the technical design report [2]. However in this work the intensity of the
beam was brought to a level making it possible to �lter out single photon
events. A bump splitting procedure was therefore not necessary.

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

xc =

∑N
J wJ(EJ) · xJ∑N

J wJ(EJ)
, (4.6a)

where

wJ(EJ) = Max{0, a0 + ln
EJ

Etot
} (4.6b)
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Figure 4.5: The deconvoluted relative resolution as a function of photon energy
when the beam is shifted 19 mm diagonally relative to the nominal crystal centre.
Threshold is 0.5 MeV. Lower statistics compared to data presented in Figure 4.3
yields larger uncertainties.

In this equation xc is the calculated x-position of where the photon strikes
the detector, wJ is energy dependent weight of the Jth crystal, with position
xJ , in the cluster. a0 is an energy dependent factor that according to the
technical design report [2] varies from 2.1 for low energies to 3.6 for high
energies.

Figure 4.6 shows the distribution of reconstructed positions of photons
in the energy range 12-63 MeV interacting with the PWO matrix. Only
events with a multiplicity larger than two are considered since these, in most
cases, have two degrees of freedom. If the multiplicity is two the position
is �xed horizontally, vertically or diagonally which is a special case. If the
multiplicity is one the resolution is determined by the granularity of the
matrix. The distribution in Figure 4.6 has a mean value m ̸= 0 which
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indicates that the beam is not aimed at the centre of the matrix.

Figure 4.6: Reconstructed horizontal position of photons in the energy range 12-
63 MeV interacting with the PWO matrix. The mean value of the distribution is
-1.73±0.04 mm. Its standard deviation is 7.62±0.03 mm.

The reconstructed position shown in Figure 4.6 is the convolution of the
spatial beam pro�le and the intrinsic pro�le of the reconstruction algorithm.
In the measurements in 2010, the beam pro�le was measured with a ccd-
camera with a pixel size of 0.2 mm. The horizontal beam pro�le is shown in
Figure 4.7.

Since the standard deviations of convoluted distributions add quadrati-
cally, the resolution of reconstructed photons is given by

σx =
√

σ2
x_measured − σ2

beam = 7.0± < 0.05 mm. (4.7)

A slight dependency of position resolution on energy can be observed. If
only photons with energy below 40 MeV are considered the resolution is, if
the beam spread is subtracted, 7.3±<0.05 mm.
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Figure 4.7: Horizontal beam pro�le measured with a ccd-camera. A Gaussian �t
yields a standard deviation of 14.5±<0.05 pixels which is equivalent to 2.9±<0.05
mm.

The obtained spatial resolution is similar to the results of simulations [2].
These show a decreasing resolution with decreasing energy approaching σx=6
mm below 50 MeV.

4.3 Comparison with previous works

In Figure 4.8, present results are compared with previous works. Details for
the di�erent experiments are presented in Table 4.1.

The data from Neyret et al. [18] is presented by a parametrisation of
the response according to Equation 3.2. The parameters are taken from the
work in question. The lowest investigated energy was 40 MeV. Therefore the
parametrisation is not shown for lower energies. The PWO material used is
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referred to as PWO-I i.e. the material designed for the CMS experiment.
The single data point from Novotny et al. [19] marks the lowest investi-

gated energy (63.8 MeV) in that work.
In the work by Melnychuk et al. [20] the radiative proton capture reaction

11B(p,γ)12C is used instead of tagged bremsstrahlung photons. Simultaneous
�tting of multiple Gaussian distributions to the recorded spectra causes the
relatively large uncertainties.

Figure 4.8: Comparison of present data with previous works. For experimental
details of the di�erent works see Table 4.1. For data from Grape, Novotny and the
present work, the widths are given in terms of σ̃ whereas the work by Melnychuk
gives the width in σ of Gaussians. Neyret de�nes the resolution as σ(Emes)/ <
Emes > where σ is the standard deviation of the Emes distribution.
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Work Matrix con�g. Dim. [mm] Temp. [◦C] Read-out

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

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

Novotny [19] PWO-II 3×3 20×20×200 -25 PMTs

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

Neyret [18] PWO 5×5 20×20×230 16 PMTs

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

outlook

5.1 Experiment

Regarding the matrix and the readout system, the experiment in 2010 can
be considered successful. The experiment is now ready to enter the next
phase where VPTs will be used as light converters for the PWO crystals.

For the next experiment in autumn 2011 an additional layer of carbon
�bre, 0.2 mm thick, will separate the four crystals in each alveolus compart-
ment to better represent the setup in PANDA. The impact on the resolution
should however be small.

It is also planned to make the relative positions of the four alveoli ad-
justable so that the arrangement represents the peripheral part of the forward
end-cap. A non-symmetric arrangement will a�ect both energy and spatial
resolution.

Software has been written so that a full analysis can be made o�ine dur-
ing the experiment. Performing a relative calibration during the experiment
will make the aiming of the beam towards the centre of the matrix less biased
since pulse height spectra can be directly compared.

What remains to be veri�ed is the actual cause of the decrease in per-
formance of the tagging spectrometer and if the discrepancy between the
theoretical and measured tagged energies is caused by a shift in beam en-
ergy. In March 2011 three independent measurements of the beam energy
were performed:

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

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

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

The results of these measurements remain to be reported.

5.2 Analysis

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

The results should also be compared to GEANT4 simulations. Speci�-
cally, a systematic study of the in�uence of the threshold on the summing
procedure could further improve the resolution.

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

5.3 Results

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

It should be noted that the photocathodes of the PMTs used (radius
7.5 mm) cover only 1/4 of the end of the crystals (side 26 mm). Tests
show that a PMT covering the whole end of a crystal yields 67 photoelec-
trons/MeV [3]. Assuming that the major contributor to the resolution is
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Poisson statistics, the expected resolution for the matrix equipped with the
smaller PMTs would be 1/

√
67/4 · 40=3.8% for a 40 MeV photon. This is

not far from the measured 4.5 %. Consequently, if all the scintillating light
from the matrix was converted to photoelectrons, a resolution of 2% at 40
MeV would be possible at -25 ◦C.





Appendix A

Bias of the transformed mode

of a gaussian distribution

If random variable x with the probability distribution f(x) is transformed to
a new random variable y(x) the probability distribution for the new variable
takes the form [21]

g(y) = f(x(y))

∣∣∣∣dxdy
∣∣∣∣ . (A.1)

If f is a Gaussian distribution,

1√
2πσ

e−
(x−µ0)

2

2σ2 , (A.2)

and y takes the form
y = p0 + p1x+ p2x

2, (A.3)

according to A.1 the following holds in a neighbourhood of µ0

g(y) =
1√
2πσ

(1− (x(y)− µ0)
2

2σ2
)(2p2x(y) + p1)

−1. (A.4)

which has a maximum for

xmode = − p1
2p1

+ (
p21
4p22

+
µ0p1
p2

− 2σ2 + µ2
0)

1
2 . (A.5)

Under the conditions ∣∣∣∣p1p2
∣∣∣∣ ≫ µ0 (A.6a)

µ2
0 ≫ 2σ2 (A.6b)
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p21
4p22

is the leading term in A.5 and the root can be expanded to second order

which, if A.6 holds, yields a bias in the old variable taking the form

δx = xmode − µ0 =
2p2
p1

(
p2µ

3
0

p1
− σ2). (A.7)



Appendix B

Methods for testing linearity of

photomultiplier tubes

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

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

Using a pulsed laser to test the linearity of PMTs

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

The setup used is shown in Figure B.1. A pulsed laser beam (780 nm) is
sent through an attenuator and two linear polarisers where after the intensity
of the laser is described by

I = I0 cos
2(θ) (B.1)

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

Figure B.1: Experimental setup for a PMT linearity test.

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

In Figure B.2 the PMT read-outs are shown for the three settings. for
the -1500V setting the read-out is linear for a pulse with the length 500
ns, but a 20 ns pulse over the same range of photon content yields a non-
linear output. This means that the higher momentary current through the
PMT due to the shorter light pulse of PWO compared to for example NaI is
su�cient to reduce the gain.

At -800 V and 20 ns pulses, the lowered voltage reduces the current
through the tube and the multiplication factor of the each dynode remains
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Figure B.2: Integrated PMT read-out as a function of photon number incident
on the photocathode for -1500V and 500 ns pulses (empty circles), -1500 V and 20
ns pulses (�lled circles), -800 V and 20 ns pulses (�lled squares). The cosmic muon
peak of a PWO crystal at room temperature was recorded around channel 400 and
900 for -1500 V and -800 V respectively. Therefore the horizontal scale represents
the light output of a PWO crystal at -25 ◦C due to photons with energy up to 200
MeV.

constant. Thus a a linear output is observed.

Using a LaBr3 crystal and standard calibration sources

as substitute for PWO and higher energy photons.

The scintillating light of LaBr3 [7] has a decay time less than 20 ns ,which
is similar to the fast component of PWO that has a decay time less than 10
ns. LaBr3 yields 180 times more photoelectrons/MeV compared to a PWO
crystal of a forward end-cap type cooled to -25 ◦C. Therefore it is possible
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to use LaBr3 together with standard calibration sources to test electronics
for light yields similar to that of PWO due to photons with energy of several
100 MeV. For example the light yield of LaBr3 due to the 1.8 MeV photons
from a 88Y source corresponds to the light produced by a 324 MeV photon
depositing all its energy in a single PWO crystal.

The PMT-base combination was tested for three di�erent voltage set-
tings: -1500 V, -1000 and -800 V. The pulse heights as a functions of energy
are shown in Figure B.3. The absolute value of the pulse heights in the three
measurements are not comparable since the ampli�cation was di�erent in
the three cases. The test suggests that cooled PWO crystals equipped with
the tested PMT-base combination should yield a linear read out for energies
up to and over 60 MeV if the magnitude of the applied voltage is less than
1000 V.
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Figure B.3: Pulse height vs. energy for a LaBr3 crystal red out by a PMT used
in the PWO experiments. The voltage applied to the PMT was -1500 V (upper
curve), -800 V (middle curve) ans -1000 V (lower curve). The markers represent
calibration points from standard calibration sources (137Cs and 152Eu) and 2nd
degree polynomials are �tted to data. The energy scale is equivalent to 0-120
MeV gamma incident on PWO. The fraction p2 (second degree coe�cient) / p1
(�rst degree coe�cient) of the �ts are p2/p1 = −5.3 · 10−4 keV−1 for -1500 V,
p2/p1 = −0.5 · 10−4 keV−1 for -1000 V and p2/p1 = −1.0 · 10−4 keV−1 for -800 V.
Note that the -1000 V setting yields a more linear output than the -800 V setting.





Appendix C

Some electromagnetic

transitions of 12C

Exi → Exf (MeV) Γγ (eV)

4.439 → 0 (1.08±0.06)·10−3

7.654 → 4.439 (3.7±0.5)·10−3

9.641 → 0 (3.1±0.4)·10−4

12.71 → 0 0.35±0.05
→ 4.439 (5.3±1.0)·10−2

15.11 → 0 38.5±0.8
→ 4.439 0.96±0.13
→ 7.654 1.09±0.14
→ 12.71 0.50±0.17

16.11 → 0 0.59±0.11
→ 4.439 12.8±1.5
→ 9.641 0.31±0.06
→ 12.71 0.19±0.04

16.58 → 0 (4.80±0.08)·10−2

Table C.1: Some electromagnetic transitions of 12C
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