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Abstract

Modern experimental setups tend to replace analogue front-end electronics with fully digital sys-
tems. The detector signals are sampled in early stages and most of the signal processing is per-
formed digitally. The presented work is divided into two major subjects involving digital signal
analysis: firstly employed to correct temperature dependent gain variations and perform particle
identification of CsI(Tl) based detectors and secondly to test the functionality of an active-target
prototype (AcTar) for the Reactions with Relativistic Radioactive Beams (R*B) setup.

In the first part of this work a pulse shape based method for monitoring the interior temperature
of the CsI(Tl) crystal is proposed. The method uses the correlation between the gain and defined
pulse shape parameters to correct the effect of temperature variations in the energy calibration of
the corresponding detector system. The suitability of the method was tested using both, a pho-
tomultiplier tube (PMT) and an avalanche photodiode (APD) readout photosensor. The analysis
shows that the gain changes due to temperature variations can be corrected to a precision better
than 1% with both the PMT and APD photosensors, well below the CsI(Tl) intrinsic resolution for
~1 MeV vy-rays. For particle identification, the fuzzy clustering algorithm is used to compute the
principle pulse shape associated with the different particle species in an unsupervised fashion. The
results show good discrimination between protons and y-rays.

In the second part of this work the functionality of the AcTar prototype for the R®B setup has
been tested. The objective was to prove the feasibility and performance of such kind of detector with
the use of heavy ion beams. As a proof of concept, a ®*Ni beam at 700 MeV /u was impinging on a
He-H, (3%) gaseous target mixture. The presented results show the principle functionalities of the
detector and suggest that pulse shape analysis can indeed be used to track the recoil particles and
reconstruct the kinematics. It is the first time that an active-target of such kind has been successfully

tested with beams heavier than carbon.






Zusammenfassung

Moderne experimentelle Setups tendieren dazu analoge Frontend Elektronik mit vollstindig di-
gitalen Systemen zu ersetzen. Die Detektorsignale werden in frithen Stadien abgetastet und die
Signalverarbeitung erfolgt weitgehend digital. Die vorliegende Arbeit behandelt zwei Hauptthe-
men, die die digitale Signalanalyse einbeziehen: zum einen eingesetzt, um temperaturabhéingige
Verstarkungsdanderungen zu korrigieren und Teilchenidentifikation von CsI(T1) basierten Detekto-
ren durchzufithren und zum anderen, um die Funktionalitdt eines Active-Target Prototyps (AcTar)
fiir den RB Setup zu testen.

Im ersten Teil dieser Arbeit wird ein Pulsform-basierendes Verfahren zur Uberwachung der
intrinsischen Temperatur des CsI(T1) Kristalls vorgeschlagen. Das Verfahren nutzt die Korrelation
zwischen der Verstarkung und der Pulsform, um die Auswirkung von Temperaturschwankungen in
der Energiekalibrierung des entsprechenden Detektorsystems zu korrigieren. Die Eignung des Ver-
fahrens wurde unter Verwendung von jeweils einem Photomultiplier (PMT) und einer Avalanche-
Photodiode (APD) als Auslesephotosensor getestet. Die Analyse zeigt, dass die Variation der Ver-
starkung aufgrund von Temperaturschwankungen, sowohl mit PMT und APD Photosensoren, mit
einer Genauigkeit von besser als 1% korrigiert werden konnen, deutlich unter der CsI(Tl) intrin-
sischen Auflosung fiir ~1 MeV vy-Strahlen. Zur Teilchenidentifikation wird der Fuzzy-Clustering-
Algorithmus verwendet, um die Grundpulsform entsprechend der verschiedenen Teilchensorten in
einer unabhingigen Art und Weise zu bestimmen. Die Ergebnisse zeigen eine gute Diskriminierung
zwischen Protonen und y-Strahlen auf.

Im zweiten Teil der Arbeit wurde die Funktionalitat des AcTar Prototyps fiir das R®B Setup ge-
testet. Ziel war es, die Durchfiihrbarkeit und die Leistungsfahigkeit dieser Art von Detektoren unter
der Verwendung von Schwerionenstrahlen zu beweisen. Als Proof of Concept, wurde ein 58N Strahl
bei 700 MeV /u und eine He-H» (3%) Gasmischung verwendet. Die Ergebnisse bestitigen die Funk-
tionalitdten des Detektors mit den verwendeten Strahl und zeigen auf, dass die Pulsformanalyse in
der Tat zur Nachverfolgung der Riickstofsteilchen und zur Rekonstruktion der Kinematik verwen-
det werden kann. Es ist das erste Mal, dass ein Active-Target dieser Art erfolgreich mit Strahlen
schwerer als Kohlenstoff getestet wurde.
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Chapter

Introduction

The nucleus, at the very core of an atom, is a system of neutrons and protons held together by the
strong force. Through research, nuclear physicists provide humanity with insights on the properties
and structure of the nuclei and the mechanisms involved in their creation. The goal is to explain
conclusively the fundamental physical processes which govern the formation of matter since the
moment of the Big Bang and the limits for nuclear stability to help reveal the secrets of how the
universe is put together. The most advanced experiments are being performed in large facilities built
around accelerators, which require an enormous financial and intellectual contribution from many
countries. The investment in nuclear physics provide leading-edge instrumentation, world-class
facilities, support and training for the people involved in these researches. The result is a multitude
of information that is helping us to understand the atomic nuclei at ever-deeper levels. Among
future new facilities, one of the most resourceful is the Facility for Antiproton and Ion Research
(FAIR), which is meant to provide particle beams with unprecedented intensity and quality.

Since the discovery of the atomic nucleus through alpha-scattering experiments [1], many nuclei
have been identified and extensively studied throughout the 20th century. Our knowledge about
the properties and structure of the nuclei is mostly based on studies employing stable nuclei or
isotopes close to those stable nuclei, using electromagnetic or hadronic probes with sufficient energy.
A substantial amount of experimental knowledge and theoretical background was acquired from
investigations based on direct reactions. In particular, light-ion induced scattering reactions have
largely contributed with nuclear structure information for stable nuclei. Such reactions are normally
carried out in “normal kinematics”, i.e. the light ions with intermediate-energy are scattered off a
fixed target consisting of the stable nuclei to be investigated.

Although much effort has been made to provide a complete model that describes all nuclear
species, different descriptions have been attributed to different areas of the nuclear chart, and short-
lived nuclei still remain to a large extent not well known. Nuclei far from stability, characterised
by much larger or much smaller ratio of neutron number N to proton number Z (either neutron
rich or neutron deficient) compared to stable isotopes, are of major interest in the present days.
These nuclei present truly exotic properties providing tests for existing nuclear structure models
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and new physics such as halo ! nuclei [2], new collective modes [3] and new shell closures (“magic
numbers”) [4]. Regardless of their very brief existence, exotic nuclei play a very important role in
understanding the origin of the elements.

With the recent development of facilities employing accelerated beams of unstable nuclei around
the world, exotic nuclei have become subject of extensive study. These facilities have considerably
extended the number of finite nuclei available for experimentation in nuclear physics and therefore
bring new challenges to our understanding of nuclear reactions and nuclear structure. There are
primarily two methods for producing exotic nuclei: the Isotope Separation On-Line (ISOL) princi-
ple, where the reaction products of a primary beam are thermalised in a thick target and diffuse out
to an ion source for further acceleration and separation, and the In-Flight Separation method, which
involves in-flight projectile fragmentation of stable heavy-ions in a thin target with further fragment
separation. While the fragment separation technique provides a short separation time, which essen-
tially is determined by the flight time through the separator, the ISOL method is thought to provide
better beam intensities, but requires longer half-lives. The ISOL method is used in facilities such as
the ISOLDE facility at CERN [5], which has been operating since 1992, while the in-flight fragmenta-
tion method is available, for example, at the GSI (GSI Helmholtzzentrum fiir Schwerionenforschung
GmbH, Darmstadt, Germany) accelerator facility with the FRS device. The GSI facility is capable of
producing beams of every element until Uranium, with energies up to 1 GeV /u.

The upcoming Facility for Antiproton and Ion Research (FAIR?) will upgrade the existing GSI
facility, aiming to offer an improved beam quality, separation efficiency and beam intensity, which
will facilitate the investigation of secondary beam species even further from stability. The future
Super FRagment Separator (Super-FRS) is characterised by a much larger phase-space acceptance
[6].

The R®B [7] experiment is a part of the NUclear STructure, Astrophysics and Reactions (NUS-
TAR) pillar at the FAIR facility, and will be located at the focal plane of the high energy branch of
the Super-FRS. It comprises a rather sophisticated experimental setup intended to provide high ef-
ficiency, acceptance and resolution for obtaining kinematically complete measurements of reactions
induced by relativistic short-lived ion beams up to 1 GeV/u. Including the coincident detection
and identification of heavy residues, neutrons, protons and photons. The experimental configura-
tion scheme is based on a concept identical to the existing ALADIN-LAND apparatus, which has
been successfully used with secondary beams from the FRagment Separator (FRS) facility at GSI,
however, with substantial improvements in resolution. The most essential upgrades concern an ex-
tended detection scheme that includes additional detection of light (target-like) recoil particles and
a new high-resolution fragment spectrometer, see schematic view in Figure 1.1. The incoming sec-
ondary beams are identified and tracked on an event-by-event basis. Measurements of the magnetic
rigidity Bp®, energy loss AE, and time-of-flight ToF provide unique identification and momentum
determination of the isotopes.

n nuclear physics an atomic nucleus is said to have a nuclear halo if the radius of the nucleus is considerably larger
than that predicted by the liquid drop model, in which the nucleus is assumed to have the shape of a sphere with constant
density.

2The FAIR project is a joint endeavour of sixteen countries widely devoted to the study of exotic nuclei that is expected

to serve more than 2000 international users. http://www.fair-center.eu/
®Position measurement at the dispersive focus in the Super-FRS
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Figure 1.1: Schematic representation of the R®B experimental setup. From the left to the right, the setup is
comprised of incoming beam particle tracking, y-ray and target recoil detection, a large-acceptance dipole
magnet, a high resolution magnetic spectrometer, heavy-ion detection, neutron and light-charged particle
detection. The target and AcTar will be surrounded by the CALIFA calorimeter.

The versatility of this complex setup with many detection systems, allows to accommodate ex-
periments for studying different types of reactions and physics cases. The experiments proposed
to investigate reactions of elastic scattering, inelastic scattering and charge exchange, primarily
comprise the use of an active-target, a calorimeter surrounding the target and beam tracking detec-
tors. These will allow registration of the recoil particles in coincidence with heavy fragments and
gamma-rays.

The R®B Active-Target detector, hereafter named AcTar, is a gas based ionising chamber which
forms simultaneously the target and detection setup. Its design is optimised for direct reaction
studies of the nuclear structure of short-lived nuclei at low momentum transfer.

The R®B calorimeter, named CALorimeter for In-Flight emitted gAmmas (CALIFA), is designed
to detect the in-flight emission of gamma-rays and light charged particles. It is a highly granular
detection system, composed of many inorganic scintillation detectors, that is meant to provide high
total absorption capability and exceptional resolution in order to identify gamma cascades and light
charged particles. The Active-Target (AcTar) will be placed inside CALIFA for proper coincident
detection of the recoils and the emitted gamma-rays.

These detectors will have a large number of output channels. As in most modern experiments,
these systems equip fast fully digital electronic readout systems, which implement Analogue to
Digital Converter (ADC) based high-speed digitises to allow fully record detector output. The
result is the availability of a complete digital signal wave form which can be recurrently accessed to
extract features from the signal’s pulse shape characteristics.

1.1 Direct reactions in inverse kinematics

Among the experimental methods employed to study the structure of exotic nuclei, direct reactions
(e.g. elastic and inelastic scattering reactions of light-ion, transfer reactions) are important, because
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transitions can be selectively induced by means of proper choice of a probe and their relatively
simple to understand experimental observables. This gives one of the most capable and incisive
methods to explain in detail the structural and spectroscopic characteristics of the particles involved.

Nuclei far from stability are subjected to 3-decay and thus can only be studied using a Radioac-
tive Ion Beam (RIB); due to their short lifetime no target made of exotic nuclei can be produced.
Instead, the target becomes the beam. Furthermore, the information of interest is most readily ob-
tained in reaction where one of the elements involved has a relatively simple structure, e.g. Hy, D»,
%He and “He. For these reasons, the reactions induced by radioactive beams normally correspond
to inverse kinematics and require the use of light targets. Therefore, detection systems are devel-
oped considering these experimental conditions. The information of interest can then be deduced
by measuring the kinematical characteristics of the reaction products such as energies and angles.

Although the use of direct reactions with exotic nuclei seems to be intrinsically uncomplicated,
different problems may have to be taken into account. First of all, the nuclei further from stability
are usually the most interesting. Nevertheless, the production rate of exotic nuclei tends to decrease
exponentially with the increase of proton-neutron imbalance and the nuclei of interest are often
available only with a rate of few hundred or thousand particles per second. Consequently, the in-
tensities of RIB available at the present facilities are very low (in general many orders of magnitude)
compared to primary beams used to study stable nuclei; also their optical qualities (beam size and
emittance) are often much poorer.

In order to compensate for these difficulties, new detection systems with fine spacial resolution
and high efficiency are mandatory. Additionally, to further increase the reaction counting rate, thick
reaction targets also required. The first requisite is generally not easy to achieve, and the second
becomes a serious limiting factor as increasing target thickness leads to a high detection threshold
and a large uncertainty of the interaction point in the target. That consequently leads to large
uncertainties in the kinematic reconstruction and energy resolution, especially when low energy
particles are involved.

Moreover, for some of the reactions to be studied (such as for investigation of low lying electric
dipole (E1) strengths and giant monopole resonances (GMR)), the most interesting information is
concentrated at very low momentum transfer. The recoil particles have typically low energies (few
MeV) for the angular region of interest near zero degree in the centre-of-mass system for the case
of elastic and inelastic reactions. As an example, the kinematics for the case “He (°8Ni, %®Ni) elastic
scattering and *He (°®Nii, ®Ni*) inelastic scattering at the beam energy of 200 MeV /u is illustrated in
Figure 1.2. The plot shows the kinetic energy E;p versus the scattering angle in the laboratory frame
of recoiling “He target nuclei. In this region the detection of the light recoil is often rather difficult.
Therefore, it demands for high resolution detection of very low energy light target-recoil particles,
desirably in coincidence with the projectile to reduce background contamination and enhance the
spectra purity.

A well-established solution to overcome most of the experimental challenges above mentioned is
the idea of an active-target, in which the target is no longer the inert material but used also to detect
particles. Such device consists of a gaseous ionisation detector system, where the nuclei of the gas
atoms are also the target nuclei. The low production rates of exotic nuclei can be compensated
by a high detection efficiency, which can be as good as 100%. In addition, a very good position
resolution in the three dimensions of the active-target allows excellent tracking capability (and so,

4
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Figure 1.2: Kinematics plot of the energy as function of the angle for “He (°®Ni, *®Ni) elastic and *He (*®Ni,
%Ni*) inelastic scattering (with the excited states of the **Ni located at the excitation energies E* from 5
MeV up to 25 MeV). The energy of the incoming **Ni beam is 200 MeV /u. Centre-of-mass angles M are
indicated in the curve.

the measurement of angular distributions) and the event-by-event detection of the interaction point
between projectile and target nuclei, eliminating this way the energy loss effects associated with
thick targets. In certain cases, the target thickness can even be increased to a value in which the
incoming beam particle completely stops in the target without loss in resolution, thus optimising
the use of the beam particle. A wide variety of target species is achieved via different options for
filling gases. Light targets such as Hy, D, and He, are mainly available in gaseous form (allowing
their use as inverse kinematic reaction target), which can therefore be chosen to optimally suit the
purpose of the experiment. The ability to implement different gases enables to choose the one that
best suits the experiment purpose. Finally, the problem of the low energy recoil considered above is
addressed, as the recoil particles may be detected with an extremely low energy threshold. Another
feature consists in exploiting the energy loss of the incident beam in the gas to obtain excitation
functions for specific reactions with a single tuning of the accelerator, and thus optimising the beam
time.

The active-target concept has rarely been used in nuclear physics research, in which only few
active-targets were developed. Prior detectors were designed to be used with specific configurations,
therefore allowing reduced experimental flexibility. For instance, the IKAR detector [8, 9] used at
GSI, was developed for beam energies of around 1 GeV and operated with H; gas at 10 bar pressure.
Another examples, are represented by the MSTPC (Multiple Sampling and Tracking Proportional
Chamber) [10] designed at RIKEN (Japan), which studies astrophysical nuclear reactions and fusion
at low energy using atmospheric pressure and the MAYA[11] detector designed at GANIL* (France)
for the study of extremely exotic nuclei. Currently, new designs are mostly based on a gas-filled
apparatus where the gas constitutes both, the target and the detection medium. Among these, there

4Grand Accélérateur National d’Tons Lourds
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is the new AcTar detector, which is being developed and build at PNPI° as an upgrade of the IKAR
detector. This detector consists of an Ionisation Chamber (Ionisation Chamber (IC)) designed for
studying elastic and inelastic reactions in the region of very low momentum transfer, at very small
scattering angles in the centre-of-mass system.

The AcTar detector is meant to be integrated in the R®B setup. As part of this setup, the AcTar
enables the registration of recoil particles in coincidence with the heavy fragments, neutrons and
gamma-rays; and thus extending the R®B possibilities in studies of nuclear structure of short-lived
nuclei. For the R®B experiment the inverse kinematic reactions will be studied with gaseous targets
like: Hy, Dy, 3He and *He, either pure or mixed with standard detection gases such as methane
CHy. The identification and detection of low energy recoil particles is most uniquely performed
by an gaseous detector. This approach does not only permit to deduce the energy T, of the recoil
particles, but also their respective polar angle O of scattering and the z-coordinate of the reaction
point along the chamber longitudinal axis.

The experimental concept and opportunities of the AcTar detector within the R3B setup are to a
certain extent similar to those of the EXL (EXotic nuclei studied in Light ion induced reactions at the
NESR storage ring) project [12]. But the two different projects complement each other in the way
that AcTar provides access to experiments with exotic beams with half-lives shorter than 1 s, which
are not accessible in EXL. A minimum time is required for beam preparation in the storage ring and
for continuous accumulation. In this setup, the accumulation and recirculation of the beam in the
ring with typical frequencies of several MHz allow to reach a much higher luminosity compared to
regular beam line experiments, without the need of increasing the target thickness.

The employment of an active-target in the future RB project is mainly intended for three types
of experiments to be performed in inverse kinematics: elastic scattering of exotic nuclei on protons
at low momentum transfer, inelastic scattering of exotic nuclei on helium at the region of the gi-
ant resonances and charge exchange reactions. The implementation of those tasks differ on their
constraints concerning the experimental setups. While, for instance, the investigation of elastic scat-
tering reactions require the measurement of the recoils” energy and angular distribution, for the
inelastic scattering reactions not only the recoiled particle needs to be detected but also the gamma-
quanta is registered. Since the AcTar detector is not sensitive to gamma-radiation, an external
gamma-ray calorimeter is therefore necessary.

Due to the high velocities of the reaction products in some inverse kinematics measurements, the
emission of the gamma-rays by these products are subjected to Doppler shifts. In order to overcome
the limitations imposed by Doppler broadening to a tolerable level, a highly granular calorimeter is
required. The CALIFA detector, which is composed of thousands of inorganic scintillators, provides
the necessary angular resolution to reconstruct the gamma-ray energy in the projectile rest-frame.

The use of an active-target in combination with gamma spectroscopy allows for the first time
to perform (o,o’y) coincidence experiments on exotic nuclei in inverse kinematics. The CALIFA
spectrometer at the R®B setup will provide the necessary granularity, efficiency and resolution to
investigate resonant reactions at low energies with this isoscalar probe.

The number of readout channels of nowadays detector systems is much higher then their prece-
dents. Usually the number of channels of the detector systems constrains the minimal requirements
for a Data AcQuisition (DAQ) system and the total price of the readout system. The DAQ system

SPetersburg Nuclear Physics Institute, Gatchina, Russia. http://www.pnpi.spb.ru/
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should fulfil a number of strict requirements: low power consumption, compactness, the ability to
record at high-rates several hundreds of channels and affordability. Modern experiments tend to
migrate from analogue to fully digital and distributed systems, which allows for a more dynamic
and comprehensive interaction between the user and the system. The speed and the availability of
a new generation of high performance ADCs together with nowadays fast programmable digital
electronics are the motivation to replace the analogue circuitry of the acquisition electronics with
programmable digital systems.

In order for the detectors to perform at best certain conditions have usually to be met. For
instance, Avalanche Photo-Diode (APD) photosensors used in CALIFA to readout the scintillation
light output of the CsI(TI) crystals are extremely temperature dependent devices, which require an
active gain compensation or temperature stabilisation. One of the solutions to improve the per-
formance of these detectors consists in exploiting the advantages of fully digital data acquisitions
systems and the fact that the signals information is preserved for extensive feature extraction. In-
vestigation shows that there are indeed information on the pulses from CsI(Tl) scintillators that, in
principle, can be used for the purpose of particle discrimination and temperature gain dependent

compensation.

1.2 Sampling — differences to analogue analysis

During the last decade, the development of fast sampling Analogue to Digital Converters (ADCs)
with good resolution has made the digital processing of pulses from detectors possible. Many
data acquisition systems now incorporate digital processing in place of the traditional analogue
approach, which in some circumstances are proven to have significant advantages over analogue
systems. Normally, read-out systems are much more compact as all the information from the pulses
can be extracted from the digitised data either in offline analysis or already inside the sampling
ADC.

The use of a sampling ADC with sufficient high speed and resolution allows to preserve all the
information contained in a single analogue signal from the detector or preamplifier by taking mul-
tiple measurements of the pulse amplitude along the pulse duration and converting these samples
into a data sequence of digital values. Depending on the pulse length, many samples are required
during the interaction time of radiation in the detector in order to capture the full shape information.
The pulse shape characteristics are therefore carried out in a string of digital values that can then be
stored and manipulated using standard digital operations, such as multiplication, addition et cetera.
The combination of these operations can be used to elaborate more complex shape transformations,
including for instance, emulation of the standard shaping steps of integration and differentiation
used to produce pulse shapes similar to those proven to be useful in analogue shaping. These digital
shapers produce the same results as the equivalent analogue process.

Since the digital operations are carried out by software or firmware routines, digital signal pro-
cessing allows for an unlimited choice of input parameters that can take on arbitrary values. Be-
sides that, these parameters can be self-adjusted to adapt to changing conditions, e.g. discrimination
threshold levels can be automatically adjusted with respect to the amount of (parallel) noise. The
flexibility of the system is another advantage that can be exploited after investigating the proper-
ties of the pulse. By studying their shapes, new algorithms can be programmed to extract useful
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information. In conventional electronics, changing parameters such as shaping times or trigger
thresholds often require switching physical circuit components or adjusting potentiometers which
are limited to a predetermined range of choices and require to repeat the measurement with the
new set of parameters. Furthermore, there is a number of shaping approaches that are not feasi-
ble for analogue systems, such as removing the shaping effect of the preamplifier (deconvolution),
trapezoidal shaping or averaging of multiple pulses (Section 2.4.1).

Another advantage of the digital approach is stability. Once the signal is converted into digital
data, the information is no further changed and subsequent transport and treatment becomes im-
mune to distortions caused by electronic noise and temperature instabilities. Digital manipulations
will introduce no further noise into the system and behave perfectly linear. One disadvantage may
arise when measuring the pulse arrival time. The discrete nature of digital signals limits timing ac-
curacy to the nearest period of the sampling rate. Although some more complex techniques can be
applied to improve accuracy, analogue timing methods often yield better timing information when
fast detectors are involved.

This thesis deals with the development, implementation and test of digital signal processing al-
gorithms for CsI(T1) scintillation detectors (employing the CsI(Tl) crystals produced for the CALIFA
prototype) and for the AcTar ionising chamber equipped with digital electronics. In Chapter 2 the
digital pulse shape analysis algorithms suitable for the two detector concepts are presented. These
methods deal with processing and transformation of digital signals. The aim is firstly to improve
extraction of time and energy information from digitised raw signals, and later extract more com-
plex information required in more modern experiments. Given the intrinsic distinction between
scintillation detectors and ionising chambers, the experimental studies of the CsI(Tl) and the AcTar
detectors are addressed in different chapters.

In Chapter 3 the methods presented in the previous chapter are implemented and tested exploit-
ing the signal’s pulse shape characteristics of the CsI(T1) scintillation detector. The aim is to improve
energy and timing measurements as well as perform more refined tasks such as the compensation
for the temperature gain dependency of the CsI(Tl) detector system and particle identification. The
proposed method to correct the temperature gain dependence of the detector allows conserving a
good energy resolution in a temperature varying environment with no need for measuring the de-
tector temperature externally. The particle identification approach is intended to identify the pulse
shape of different particle species in an unsupervised and automatic way. Although these methods
are of special interest for R®B calorimeter, they are not only restricted to this purpose. Many other
applications employing CsI(Tl) based gamma-ray detectors, that may be subjected to temperature
variations, e.g. homeland security and background field radiation monitoring, can also benefit of
these techniques to improve their performance. Thus, the present study covers both, the use of
Photomultiplier Tube (PMT) and APD, as readout photosensors of the crystals scintillation.

Chapter 4 presents the functionality tests of the AcTar prototype for the R®B setup. The objective
is to test the feasibility and performance of such kind of detector with the use of a heavy ion beam.
As a proof of concept, a **Ni beam at 700 MeV /u was impinging on a He-H; (3%) gaseous target
mixture. Similarly to the scintillation detector, all the useful information, e.g. energy and scattering
angle, was extracted in post-processing analysis of the digitised signals.



Chapter

Methods in digital signal analysis

Digital Signal Analysis (DSA) includes methods for dealing with transformations of digital signals
and information extraction. This transformation process begins in the detectors and ends with the
formatted data. The main objective of Digital Signal Processing (DSP) is to remove the unwanted
information (baseline fluctuations, noise etc.) from the signal pulses and extract relevant informa-
tion from it. This chapter addresses the algorithms used to extract information from sampled signal
pulses provided by radiation detectors and evaluate means to classify their shapes. The radiation
detectors are used for nuclear spectroscopy applications, therefore a determination of relevant quan-
tities includes, e.g. the accurate measurement of the energy deposited in the detector, the time of
arrival or the shape of the pulse.

2.1 Introduction

The fundamental output of a pulse type radiation detector is a burst of charge Q freed by a single
radiation quantum (photon or particle) interacting within the detector active volume. While for
some detectors, such as ionisation chambers, the Q results from sensing the direct ionisation created
by the passage of radiation, for others such as scintillation detectors the energy of the radiation
quantum deposited in the scintillator is first converted into a detectable light and then converted
into Q by a photosensor. The charge Q is proportional to the energy deposited and is delivered as
a transient current pulse, where Q is the time integral of the current pulse. With the continuous
exposure to a source of radiation, the output of the detector is a series of these transient current
pulses, occurring at random times and usually with differing duration and amplitudes.

The first step in the digital pulse processing chain is the signal digitisation. The complete signal
waveform is acquired upon a trigger condition using a sampling Analogue to Digital Converter
(ADC). The required time, energy and shape information is then extracted from the sampled and
quantified signal by means of post-processing algorithms. The analogue waveform must be sampled
at sufficiently high sampling rate in order to retain its fundamental properties: Shape, Q, amplitude
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and time. All signal processing operations are done in the digital domain and are implemented in
software which provides more flexibility in comparison to the analogue approach.

During post processing the large amount of stored raw signal data is reduced to only a few
parameters classifying the pulse, such as time, energy and shape. For this work the numerical anal-
ysis of the pulse shape has been performed offline on the stored data. The used algorithms were
implemented and tested using the high-level programming language C++ and the ROOT frame-
work [13]. Although the computational resources are not of utmost relevance for offline analysis,
when possible the DSA algorithms were chosen taking into account their performance.

The methods presented were chosen aiming to be used for digital signal analysis of the sampled
signals from two different radiation detector systems, a CsI(Tl) scintillation detector (Chapter 3) and
an active-target ionisation detector (Chapter 4). However, the presented methods are generic to a
large extent and can thus be also applied to other types of detectors.

With the intention to expose the effects of the different methods in a clearer way, the data signals
presented in this chapter are artificial and were simulated to have ideal features.

2.1.1 Sampling ADC — Principles of operation

Sampling ADC transform an incoming analogue signal to a binary number and then eventually to a
digital data value for storage or monitoring. Since it involves quantisation of the signal in time and
amplitude, this process inevitably induces errors to the system. The principle of how a sampling
ADC works can be subdivided into three main phases: sampling, quantisation and encoding.

The time-continuous input signal is first sampled by a sample-and-hold (S/H) circuit and trans-
formed into a discrete time signal by holding the signal for a period defined by the sampling
frequency. The lower constraint for the sampling frequency is usually determined according to the
Nyquist-Shannon sampling theorem [14, 15], which states that as long as the sampling frequency
is at least twice the highest frequency component of the input analogue signal, it allows a full
reconstruction of the initial signal waveform from the sampled data without the introduction of
aliasing.

During quantisation, due to limited ADC resolution the input signal in quantised in discrete
steps. The resolution is specified by the number of N bits that an ADC can handle and is usually
defined with respect to the full-range reading Vmax of the ADC. Therefore the smallest signal step
VisB = Vinax/2" determines how precise the pulse amplitude can be resolved, which directly con-
tributes to the achievable energy resolution. Since the digital value is only an approximation of the
true value of the analogue amplitude at a particular instant, it introduces irreversible quantisation
errors which prevent an exact reconstruction. The maximum quantisation error eq is obtained as
leql < Visg/2. A common assumption is that the quantisation error affects a signal processing
system in a similar manner to that of additive white noise, and thus having negligible correlation
with the signal [16]. Additionally, because the ADC sampling rate also introduces quantisation in
time and is not correlated with the random detector pulses, the pulses are sampled with varying
time offsets with respect to the ADC clock phase.

As the last step the output is encoded. The string of unary codes (outputs of the quantisation
block) are normally first encoded into Grey codes to suppress sparkle code and metastability, and
then converted into binary words [17].

10



2.1. Introduction

2.1.2 Information contained in detector signals

When choosing to record the digital waveform of a detector signal the full pulse shape information
is available to analyse and can be repeatedly accessed. This is very convenient since accessing
this information often requires applying transformations to the pulse shape. The most important
information contained in the detector signals is in many cases the energy deposited in the detector
and the time of the event occurrence.

With modern high resolution ADCs some detector systems do not require further amplification
before digitisation, the output pulse induced by a particle interaction in the detector medium can
be directly measured. However, for some detector systems the current is too small to be measured
directly. The current pulse is first preamplified to improve signal to noise ration before digitisation.
The preamplifier frequently has a charge sensitive configuration, which integrates the transient
current pulse to produce a signal with amplitude proportional to the total charge Q.

After digitisation by the ADC, the sampled signals (a.k.a. raw signals) contain undesired in-
formation such as baseline fluctuations, noise or pile-up which difficult signal analysis. In order
to access the relevant information, the signal often require preparation by filtering the noise and
transforming their pulse shape before further information processing. The filtering and shaping
approaches addressed in the present work are explained in Section 2.2.

In case that the signal is sampled right after the detector, the energy is extracted integrating in
time the current pulse above the baseline (assuming a positive polarity of the pulse). Ideally, the
pulse would be integrated in its full extent since the energy resolution tend to improve when more
charge is collected. If the signal is sampled after the charge sensitive preamplifier the energy infor-
mation is conveyed by the maximum amplitude of the digitised signal. This maximum amplitude
is usually underestimated due to the so called ballistic deficit effect [18], which limits the achievable
energy resolution. The ballistic deficit can be compensated using a Moving Window Deconvolution
(MWD) algorithm to restore the signal’s original amplitude (see Section 2.2.5). The extracted value
of the energy deposited in the detector will further be referred in this document as the calorimetric
value of digitised signal.

In digitised signals the pulse time information is intrinsically carried by any sample in which
its position relatively to the pulse shape is well known. Because the signal has often noise that
limits measuring the exact start time, i.e. the sample index that determines the pulse start, this
time is obtained in reference to the pulse leading edge. Assuming that the pulse rise time does not
change, better timing can be extracted by locating the sample index for which the signal equals a
constant fraction of its maximum amplitude. Detailed information on these approaches used for
time extraction can be found in Section 2.3.

In addition to the energy (more precisely pulse height or pulse area) and timing information, the
signal from some detectors also carry information in their shapes. In particular for scintillation de-
tectors, the excitation mechanisms and time constants of the consequent fluorescent decay induced
by the incident ionising radiation in the detection medium are reflected by the pulse shape of the
detector signal. These excitation mechanisms are often affected by factors such as temperature and
type of the ionising particle, which, depending on the characteristics of detection medium may be
more or less pronounced. A similar effect may be found in ionisation detectors. Particles of different
ionisation power produce shorter or longer ionisation trails in the detector volume, also particles

11
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with different incident angles have a different projection of their ionisation trails in the detector
anode. Both of these situations result in different charge collection times and hence different pulse
shapes at the detector output. With an appropriate technique of pulse shape discrimination one can
take advantage of this property to allow a distinction or quantisation of the factors that influence the
pulse changes. The pulse shape discrimination algorithms used to classify different pulse shapes
are explained in detail in Section 2.4.

2.2 Filtering and Shaping

As mentioned in the previous Section, digitised signal pulses from radiation detectors provide a
variety of information of the detected radiation. However, the raw! signals need to be further
processed to extract this information. There are a number of filtering and shaping methods with
varying performances which can be applied to signal pulses in order to improve processing the
pulses information.

In signal processing, digital filters are systems that perform mathematical operations on the
sampled signals to reduce or enhance certain aspects of these signals. For instance, filters can be
designed to perform tasks such as reducing noise (smoothing) to improve signal-to-noise ratio or
changing the pulses shape such as integrating and differentiating. Reducing the noise improves
the signal’s timing and amplitude evaluation. Integrating the signal allows to calculate the area of
the signal under determined regions and evaluate the signal’s calorimetric value. Differential filters
allow to calculate the slope of the signals edges and improve pile-up detection which based on this
make a decision as to the acceptability of the event.

This Section presents the detailed information of five shaping filters further employed in the
present work to process the digital signals. These filters consist of: two integrator/low-pass filters,
a Moving Average (MA) filter and a Moving Binomial (MB) filter; two differentiator filters, a Moving
Gradient (MG) filter and a Bipolar Moving Average (BMA) filter; and a MWD filter. All filters have
a Finite Impulse Response (FIR), meaning that any input has zero effect after a finite time and, with
the exception of the MWD filter, are computed as a discrete-time convolution applied to the signals
data stream, which can simply be implemented as moving window filters.

2.2.1 Moving Average filter

The MA filter [19] is a simple FIR filter, most commonly used in digital signal processing for smooth-
ing sampled data/signals. It is one of the easiest digital filters to understand and implement. In
spite of its simplicity, the moving average filter is an effective low-pass filter for noise reduction
while keeping the sharp step response. As the name suggests the moving average filter operates by
averaging a number of points from the input signal to produce a single point in the output signal.
This procedure is expressed by the following expression:

bosen (K] :{ 1/N  ifke[0,N] , 21)

0 otherwise

!Output signals from the digitiser

12
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MAN K] = (S * boxn ) [k]

1 k
=N > sm). (2.2)

n=k—N
The MA[K] output sequence is the result of the convolution between input sequence S[k] and
the filter’s impulse response, which is given by the coefficients of the box kernel, i.e. a sequence of
coefficients with constant weight. The parameter N determines the width of the MA filter equal to
the number of signal samples in the average. Depending on the value of N the standard deviation
of the averaged signal can be reduced by a factor of 1/v/N compared to the original signal [20].
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Figure 2.1: Transfer function (left frame) and step response (right) of the MA filter for five different filter
lengths N. For a increasing filter length N the higher frequency components of the signal are strongly
suppressed suggesting the low-pass behaviour of the filter.

Figure 2.1 illustrates the transfer function (left frame) and step response function (right frame)
of the moving average filter for 5 different lengths. The transfer function is determined from the
Fourier transformation of the filter coefficients. The transfer function of the MA filter shows an
oscillating behaviour indicating that the attenuation does not constantly increase with the frequency.
However, if the signal power is concentrated mainly in the lower frequency range, the MA is a
preferred smoothing filter because of its simple structure. The moving average filter can also be
expressed as a recursive filter, which improves substantially the speed performance of the filter.
Since the coefficients weight does not change, it can simply be implemented by adding the newest
weighted sampling point and subtracting the N-th entry from the previous sum:

MAN k] = MANTk — 1] + %(S[k] — S[k—NJ). (2.3)

Besides smoothing of the signal noise, the moving average filter can be interpreted as a “moving
integrating filter”. The output of the MA filter is indeed the normalised integration of the input
signal inside the filter window. If the width N of the filter window is set to a time scale characteristic
of the length of the pulse to be integrated, the amplitude of the output signal MA[k] is proportional?

2The constant of proportionality is the filter order N. A real integration is obtained by setting coefficients of the box
kernel to unity.
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to the integral area of the input signal S[k] under the later N samples. Therefore, the MA filter can
be used to extract calorimetric information of the digitised current signals in a integrating time
window t = N - f¢ characterised by the filter width.
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Figure 2.2: Concept of MA filter for determining the pulse integral in a defined region. The value of the area
Q defines the integral of input signal from k; to k;. The peak amplitude of the MA signal is equivalent to the
maximum pulse integration inside window N.

Figure 2.2 illustrates the principles of the MA filter in calculating the integral of a representative
exponential input signal. The peak amplitude of the MA is the integral of the input signal inside the
window N. Since the integration occurs during the MA rise time, the amplitude difference between
two sampling points k; and k; can be used to calculate the integral of a fractional pulse region Q of

the input signal S[k]:

ko
Q=) Shl=(MAN[k]—MANIIDN, with k—k <N. (2.4)

ﬂ.:kl

2.2.2 Moving Binomial filter

The MB is another low-pass FIR filter. It is part of the family of Gaussian filters and is performed
here using the method developed by Marchand and Marmet [21]. This filter is used for smoothing
the signal removing high frequency noise and high frequency spikes within the signal. The bino-
mial smoothing algorithm has following properties: (1) zero phase shift at all frequencies, (2) the
sequence of smoothing coefficients by does not introduce undesired side effects such as multiple
peaks when only one is present in the original data, (3) the transfer function is never greater than
one in order to avoid enhancing some frequency components disproportionately, (4) the transfer
function is always positive and never contains phase reversals. The moving binomial filter convo-
lutes the input signals S[k] with a smoothing sequence of normalised coefficients b,, derived from

the Pascal’s triangle at a row level equal to 2N, + 1, defined as:

14
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2N
by = P 4Nv 2.5
" (Np +n>/ 25)

where by, is the binomial coefficient, b_;, = by, N}, is any positive integer characterising the
filter order and n is a positive integer increment [21]. The filter computation is performed by using

convoluted expression. The output filtered signal MB[k] is given by:

NP
MBn,[Kl= )  bnSk—n], (2.6)

n=—Np
The order N, of the filter must be chosen to obtain the desired cutoff half-transition frequency
f1 /2 defined as follows
f1/2 = (fs/2) - (2/m) - cos 1 (0.5"/2Np) 2.7)

where f is the sampling frequency of the flash ADC.
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Figure 2.3: Transfer function (left) and step response (right) of the moving binomial filter for five different
filter orders N,,. The transfer function of the binomial filter show no oscillation behaviour, contrary to what
is observed in the MA filter.

The figure 2.3 illustrates the transfer function (left frame) and step response (right frame) of the
moving binomial filter for 5 different orders. The transfer function is determined from the Fourier
transformation of the binomial coefficients. Contrary to the MA filter, the binomial filter shows no
oscillating behaviour in the transference function and is therefore a better low-pass filter than the
MA filter. Also the sharpness of step response is less sacrificed by the binomial filter for identical
cutoff frequencies. However, the filter is more demanding for computational resources than the MA
filter. The MB coefficients have to be stored and the filter requires multiplications with fractional

precision.

2.2.3 Moving Gradient filter

The MG filter is the first order derivative of the input signal. This filter returns the rate of change
of the pulse amplitude over time, which is interpreted as the slope or tangent of the signal at each
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sampling point. The fundamental problem is that according to its mathematical definition, a deriva-
tive can only be performed with continuous functions while the input signal is a discrete function of
integer temporal coordinates. As a result the MG filter can only be seen as an approximation of the
true derivative of the continuous detector signal. Furthermore, taking a derivative emphasises the
high frequency noise present in the signal. The general solution involves combining the derivative
operation with smoothing techniques.

A more robust derivative approach against the presence of noise in the input signal is therefore
adopted in implementing the MG filter. It consists in taking a number of sampling points N, before
and after a given sample index k in the input signal. An approximate value of derivative at the
sample index k is then calculated by averaging all slopes connecting every pair combination of
2N, + 1 sampling points in the interval [k — Ny, k + Np]. In order to implement this method, the
MG filter is computed using the odd convolution kernel defined by the normalised coefficients d,,
calculated as follows:

2N, +1 .
Th ke /O o
dn=<¢ 0 ifn=0 , (2.8)
—dn ifn<O0

where N, characterises the magnitude of the MG filter and (2N5+1) is the number of all pair

combinations in the 2N, + 1 range. The output of the MG filter at the sample index k is given by
the expression:

NP
MGn, (K= > dnSk—mn], (2.9)
n=-—N,

In defining the coefficients d,, in such manner, more weight is given to the samples which are
further from the k-th sample. The same way, noise has gradually less impact in determining the
true derivative at that point.

Figure 2.4 exemplifies the output waveform in the MG filter applied to a Gaussian-shaped input
signal with no noise. The maximum slope of the input signal leading edge and respective sam-
ple point in which this maximum is reached can be measured by detecting the peak amplitude
MG [kmax] and position kmax of the first derivative signal during rise time. Analogous, the minimum
slope and respective sample index of the input signal trailing edge can be measured by detecting
the minimum MG/[Kknpin] and position kmin of the first derivative signal during the fall time. This
method is useful to extrapolate the virtual points that define the beginning and end of the pulse
identically to the way rise-point timing is obtained in Section 2.3.5.

2.2.4 Bipolar Moving Average filter

The BMA filter is a FIR filter that transforms a unipolar input signal into a bipolar and smoothed
output signal. This filter is the box version of the first derivative, it produces similar results to
the moving gradient filter MG in transforming the input signal, with the difference that the kernel
coefficients have equal weight. The BMA method is therefore much simpler to implement and a
faster filter from the computational point of view.
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MD [k
Fma] «— Input signal
<}
o
k=
= >
Q.
£ ,
Z Vo ; Time
‘\‘ : /T~ 1st derivative signal
\ s
MD [Kypyin] |eeeeeeeeemmmemenn %oes”

Figure 2.4: Waveforms in the moving derivative filter. The amplitude of the MG represents the evolution of
the input signal. The local maximum of MGlkmax]during the input signal rise time returns the maximum
slope of the leading edge, while kmay is the time index when the maximum slope is reached. Analogous,
MG [Kmin] is the minimum slope of the signal fall edge occurring at the time index Kmin.

The BMA filter is computed by convoluting the input data stream S[k] with a bipolar box kernel
(bibox):

biboxw, [kl = ¢ 1 if k€]0,Wp] (2.10)
0 otherwise

where Wy, is both the width of the negative and positive part of the bibox kernel which charac-
terises the magnitude of the filter. The BMA[k] convoluted expression takes then the form:

BMAw, [k] = (S  biboxw, )[K]

k—Wy k
— Y sm- Y sl 1)
TL:k—ZWb Tl:k_Wb

The BMA output results in an averaged differentiation of the input signal. However, no quan-
titative information of the signal slope can be extracted, unless further normalisation is applied.
Thus, the first derivative equivalent of the BMA filter can be calculated from:

_ BMAw, [K]

BMAY, [k] = (2.12)
b W12)

Since the bibox is symmetric in polarity, the current baseline value is added and subtracted an
equal number of times. Therefore, the BMA method is not affected by the baseline dynamics as long
as the baseline fluctuations occur at a larger scale compared to the size of the bibox kernel Wy,.

The sensitivity of BMA filter to the slope changes of the input signal makes it well suited for pile-
up detection when performing trigger decision (2.3.2). The output waveform of the BMA filter, as
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Figure 2.5: Waveforms in the bipolar moving average filter. The two piled-up pulses were delayed by 9
sampling points from each other. The lower dashed line is the smallest threshold value for which the two
pulses will be detected, while the upper dashed line is the largest value for which the two pulses will be
detected.

response to representative pile-up signal with no noise is illustrated in Figure 2.5. The occurrence of
pile-up is detected by measuring a second peak in the BMA signal above a defined trigger threshold
within a hold-off time window characteristic of the pulse length required for further analysis. It
can be observed in Figure 2.5 that there is a range of thresholds for which pile-up events can be
successfully discriminated. The upper limit for the threshold is the amplitude of the first peak while
the lower limit is the dip between the two peaks.

In principle the trigger threshold is based on the magnitude of the noise level and, in order to
not sacrifice the minimum detectable energy, the value of this threshold is usually set to a low value
in the amplitude spectrum. The dip between the two pulses in the BMA waveform is affected by
the relative amplitude between the pulses, the pulse rise time, the delay between the pulses and the
magnitude Wy, of the filter. Consequently, for the defined magnitude W4, there is a minimal delay
between the pulses where the two peaks can be detected. Assuming a constant peaking time of the
pulses, i.e. the time that a pulse needs to reach maximum amplitude, a fairly good approximation
for the lower limit of delay can be obtained by satisfying the following inequality:

Jtpeaking +Wp - Ts < J[delay (2-13)

where t,eaking and tgelqy are respectively the peaking time and delay of the pulses and T is the
sampling period. The fraction of events which are potentially distorted by pile-up can be estimated
based on the delay information and on the trigger rate. If the arrival of pulses are independent and
random events, then their time arrival obeys the Poisson statistics and the probability of N event

occurrences in a time interval t is given by [22]:

(At)Nert

PIN) =

(2.14)

18



2.2. Filtering and Shaping

where A is the expected average event rate. Consequently, the probability of misidentifying a

piled-up event takes the form:
P'=1—-P(0) =1—e . (2.15)

For example, to ensure less then 1% of undetected piled-up events the detector has to operate
at a count rate below A < —In(0.99)/t, with t = Wy Ts. For instance, if the BMA trigger is able to
recognise events with arrival time difference t > 500 ns, less than 1% of undetected piled-up events
are expected if the detector is operated at a rate below 20 kHz.

The graphical representation of the kernel functions of the four previous filters presented in this
Section are graphically represented in Figure 2.6. Since this filters have finite impulse response (FIR
filters), the kernel functions correspond to the their impulse response functions. The output of each
filter is computed by convoluting the signals data stream with the respective kernel function.
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Figure 2.6: Schematic representation of the kernel functions of the filters used in the presented work.
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2.2.5 Moving Window Deconvolution

The MWD [23, 24] is an algorithm to extract the energy of digitised charge signals featuring an
exponential decay. The basic motivation for the MWD is to convert the signal’s exponential decay
into a flat top signal containing the total amount of charge induced in the detector within a defined

time window and to reduce the signal width.

The output signal from a charge sensitive preamplifier® results from the convolution of the
charge distribution function of the detector wit the impulse response function of the preamplifier*
(see Section 3.2.4). This signal has the shape of a fast rising step followed by a slow exponential
decay characteristic of the continuous discharge of the preamp feedback loop°. The fast rise time
is caused by the charge collection and reaches a maximum amplitude at the end of the charge
collection process. For the case of a scintillator detector the charge collection time corresponds
to the scintillation time, since the scintillation photons are converted into a charge current by the
photosensor. The energy information is therefore carried by the amplitude of the preamp signal.
However, because the rise-time is not infinitely short, the exponential decay reduces the final peak
height depending on the signal rise time. A synthetic representation of the preamp signal S[k] is
illustrated in Figure 2.7. The gap between S[k] peak and total charge Uy differs depending on the
charge collection process giving rise to different ballistic deficits [18].
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Figure 2.7: Principles of the MWD algorithm.The function f(t) is a single exponential decay fitting the trailing
edge of the preamplifier signal. The amplitude decrease of f(t) after a time t = t; — to is given by F/t, where
F is the integral of f(t) from t; to t; and 7 is f(t) decay constant. The difference between the peak amplitude
of the preamplifier signal S[k] and Uy determines the ballistic deficit.

3Such preamplifiers are used in the Avalanche Photo-Diode (APD) readout systems.
“The response function of a charge sensitive preamplifier can be well approximated by a single pole function, which

corresponds to a single exponential decay, h(t) = e =
5The feedback of a charge sensitive preamplifier is normally equivalent to an RC circuit, i.e. a parallel circuit of a

resistor and a capacitor.
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One advantage of using MWD is the reconstruction of ballistic deficits, especially when detectors
with slow signal rise time are involved. The reconstruction of the signal initial peak amplitude
allows to improve energy resolution. A detailed discussion of the MWD algorithm can be found
in [25]. Assuming that the preamplifier features a single exponential decay, by knowing the decay
time and the start time of the signal, the initial amplitude can be calculated from any sample
point of the decaying signal. Starting with an expression for a single exponential decay fitting the
preamplifier signal beginning at t = tg = koTs (see Figure 2.7)

f(t) = Up - exp (tOT_ t) , (2.16)

where T is the decay constant and Uy the initial amplitude at to. If tg and f(tg) are known, the
value of Uy can be derived from

u0 = f(tn) + U.o - f(tn)/
Uy =f(tn) + Up - <1 —exp <t0 :tn>> ’

1t
Up = f(tn) + J f(t)dt. (2.17)

to

The deconvolution expression 2.17 can then be applied to the charge sensitive preamplifier signal
S[k] to remove the influence if its continuous discharge. Since S[k] is in the digital domain, it is
convenient to write the expression 2.17 in the discrete form

k
U[k]:S[k]Jr% > Sl (2.18)

n=—co
The extension of the sum to —co can be made because the amplitude of S[k] is zero for k < ko.
The signal U[k] has the shape of a infinite staircase signal in which the amplitude increases during
the rise time of S[k] and reaches a flat top after the charge collection process is completed.
The next step is to transform the staircase signal U[k] into a more handy signal by setting its
length to a finite value. The numerical differentiation of the discrete deconvolution expression 2.18
leads to the MWD expression

MWDy [k] = Ulk] — U[k — NJ,

k-1
MWDy K] = S[k] — S[k — NJ +% > s (2.19)
n=k—N
where N is the width of the moving window. The MWD method gathers as basic elements
operations of differentiation and moving average. This constitutes a rather fast and intuitive method
to compensate for the exponential decay.
In order to illustrate the output MWD waveforms for different ballistic deficits, the preamplifier
signals were simulated by using [26]

S - { (o () —exp (2Y), it , (220)
0, ift <ty
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Chapter 2. Methods in digital signal analysis

where T, accounts for the rise-time of the signal, associated to the charge collection time (or
scintillation time) and T4 is the signal decay time constant characteristic of the preamplifier time

response, in which 1, << 14.
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Figure 2.8: Waveforms in the MWD method. Simulation of three preamplifier signals with different rise time
(left frame). The MWD step signal of each simulated signal (right frame).

Figure 2.8 shows the result of the MWD for three simulated signals with varying T, and constant
Tq = 40u. It can be observed that independently of the rise time, all signals reach a common
amplitude at the end of the flat top period of the MWD. It is important to notice that the MWD
algorithm only deconvolutes the signal inside the window N. The value of N should be set to
a value long enough to cover the signal rise time. By selecting a smaller N the processed signal
shape never reaches a flat plateau and consequently the signal amplitude is not proportional to the

deposited energy in the detector.
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Figure 2.9: Variation in the MWD signal shape due to incorrect determination of the signal decay time 74.
Different values of T4 lead to different amplitudes at the end of the MWD. Also the baseline is different from

its initial value afterwards.
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2.3. Timing and triggering discrimination

Additionally, as mentioned before, the performance of the MWD algorithm relies on the correct
knowledge of the decay constant T4. The effect of an incorrect determination of the decay constant
Tq in the shape of the MWD signal is shown in Figure 2.9. The underestimation of T4 leads to a
steadily increasing top of the MWD signal, while on the other hand an overestimation of T4 leads
to a steady decreasing top of the MWD signal. The baseline is also different afterwards, which
consequently requires that the signal fully decays in order to the baseline recovers to its initial

value.

2.3 Timing and triggering discrimination

The precise determination of the pulse arrival time is important for Pulse Shape Analysis (PSA),
coincidence measurements and reconstruction of time correlated observables. In the active-target
detector for instance, the angular scattering of the a-particles and the position of the reaction vertex
is reconstructed by measuring the drift time of the electrons through the gas volume (Chapter 4).
Therefore, the time between pulses across neighbouring anodes need to be well determined. Ad-
ditionally, the evaluation of the Principal Pulse Shape (PPS) (Section 2.4.1) and performance of the
pulse shape discrimination algorithms (Section 2.4) relies strongly on the good time alignment of
the individual pulses.

A first time information may be already provided during the DAQ trigger decision. However,
the resolution is not optimal due to the general uncertainty of the trigger decision and the limited
ADC sampling rate. To achieve a more precise time reconstruction, the trigger thresholds have
to be adjusted according to the pulse amplitude. Also, the information of multiple samples is
normally used to interpolate the time information between sampling points. These approaches can
be implemented using different methods.

2.3.1 Baseline correction

The baseline (i.e. zero value of the amplitude) is defined by the signal before the leading edge of
the detector pulse. This baseline is expressed in ADC units and has an offset that usually changes
for each event due to low frequency oscillations. Additionally, the baseline may show drifts or
fluctuations due to temperature, noise pick ups or changes in the detector leakage current.

Many of the filters used for digital pulse processing require the baseline to have zero offset to
produce optimal results. The baseline is then determined by averaging every input signal over the
region immediately preceding the pulse leading edge. This region should be broad enough to yield
a reliable mean value, but not too large to prevent including the tail of previous pulses. Because the
signals are already trimmed during the recording process, the average region is usually set between
the first sample and the pulse beginning. The resulting mean value is then subtracted from the full
signal. Figure 2.10 illustrates a digitised signal waveform in units of ADC channels before baseline
subtraction, where the shaded area represents the time interval for the reconstructed baseline to be
subtracted from the signal amplitude.

With the signal from the active-target (featuring a Gaussian shape) the pulses often suffer down-
pulling induced by the preamplifier after the trailing edge. In this case the baseline is also calculated
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Figure 2.10: Reconstruction of the baseline. The shaded region represents the averaging interval preceding
the pulse used to determine the baseline offset later to be subtracted from the signal amplitude.

after the pulse end. The mean value of the baseline calculated before and after the pulse defines the

true signal baseline during the pulse integration for energy extraction.

2.3.2 Trigger decision

The first step of the digital signal processing chain is to discriminate the detector pulses from the
background noise. This is normally achieved by comparing each sample from a digital data stream
S[k] with a given trigger threshold. When the data value is bigger than the threshold level Sy, the
transition of the trigger output T[k] from 0 — 1 indicates that the current signal should be further

processed, or otherwise discarded.

(2.21)

i <
g2 [0 Sk,
1 if S[k] > Sthr

Normally, a smoothing filter is applied to the data in combination with the triggering process to
improve discrimination between signal and noise. Additionally, if a large rate of events is expected,
the input data stream is often previously passed through a differential FIR filter in order to improve
the discrimination of piled-up events (see Section 2.2.4).

Since the pulse amplitude is correlated to the energy of the detected particles, the level of the
trigger threshold corresponds to a lower energy limit of the detected particles. In some applications
it is desirable to set the trigger threshold to a level very close to the noise amplitude in order to
prevent misidentifying of low energy events. In the active-target detector for instance, the energy
of the recoil particles is collected across several anodes. Therefore, the energy resolution relies on
the ability to detect small amounts of deposited energy while still avoiding to trigger on the noise
of channels without signals.

A robust way of choosing the trigger level consists in predetermining the Root Mean Square
(RMS) value of the noise amplitude over a range of N samples where no pulse is present, in order
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2.3. Timing and triggering discrimination

to create a reference for the threshold level. By assuming a Gaussian profile of the noise amplitude
distribution, the RMS;,0ise Value is equivalent to the standard deviation of the noise relative to the
baseline BL value which is given by:

1 & )
RMS oise = J N kZ_l (S[k] —BL)?, (2.22)

where S[k] is the input data stream containing the noise. An identical but less exhaustive method
consists of using the Mean Absolute Deviation (MAD)® of the input signal S[k] from the baseline BL
as an equivalent of the standard deviation:

k
1
MADoiselk] = 17 n;N Sin] — BLJ, (2.23)

where k is the current time index. This expression can also be written in a recursive form as:

1
MADnoise[k] = MADnoise[k - 1] + N“S[k—] - BL| - MADnoise[k])/ (2-24)

in which incoming data points update the current MADq,4ise (k] value. The number of samples
N reflect the dynamics of the digitised data stream and should be set to a value suitable for this
method to pick up the changes in the noise fluctuations.

The standard deviation of noise is not necessarily constant, either over time or across different
input channels. There are factors such as temperature changes and grounding of the hardware
involved (e.g. high voltage supply, preamplifier, sensors) that can lead to changes in the noise level.
The trigger level Sin,[k] can then be defined as a dynamic quantity as a function of the noise
standard deviation:

Sthr k] =r1- MADnoise[k]/ (225)

where 7 is the trigger threshold in unit of MAD,iselkl, which is used as a tuning parameter.

2.3.3 Leading edge timing

The leading edge timing (Leading Edge Trigger (LET)) [27] is the simplest approach to derive a time
information from the sampled pulse data. Similarly to the trigger decision (2.3.2), the pulse data are
compared to a fixed threshold value. When the signal exceeds the threshold value, the time index
kreT of the current sample value is considered as the starting time of the pulse.

The time difference between sampling points and consequently the ADC sampling frequency
defines the lower limit for the achievable time resolution. Unfortunately, the ADC sampling fre-
quency cannot be set arbitrarily high, especially when the recording of sampled analogue signals
is intended, due to limited storage resources, power consumption or price of the ADC chip. Even
though the achievable time resolution can be further improved by interpolating the signal between
sampling points, the major drawback of the LET approach lies on its dependence on the pulse am-
plitude. Assuming constant rise time, for higher amplitudes the signal exceeds the fixed threshold

®For the standard distribution, the ratio of the mean absolute deviation to the standard deviation is 1/2/7=0.7978. ...
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earlier than for lower amplitudes, which introduces “amplitude walk” in the timing result as illus-
trated in Figure 2.11. The concept of constant fraction timing (see below) is usually used to solve

this problem.
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Figure 2.11: Amplitude walk associated with the leading edge timing method: The signal with higher ampli-
tude (dashed) crosses the threshold LETn, earlier than the lower signal (solid), which causes the mismatch

between k; and k.

In dealing with fast detector systems such as scintillation detectors readout by photomultiplier
tubes (PMTs), an unique method for providing timing information can be applied using leading
edge timing if the ADC sampling frequency and the PMT output band width are good enough to
sense the arrival of single photoelectrons. Excellent time information can be carried out simply by
sensing the arrival of the photomultiplier signal corresponding to the first single photoelectron [28].
This is achieved by setting the trigger level LET1, as low as physically possible. Because photo-
multiplier noise has recurrent spikes that would also trigger at this level, the triggering signals are
crosschecked against the calorimetric value, i.e. if the signal has no considerable energy following
the trigger, the time ty g is disregarded. The LET is then carried on until this condition is eventually

satisfied.

2.3.4 Constant fraction discriminator timing

For the constant fraction discriminator (Constant Fraction Discriminator (CFD)) timing, in contrast
to LET, the pulse data is compared to a variable threshold which is scaled with the pulse amplitude.
The pulse time is therefore evaluated at a “constant fraction” of the pulse amplitude. Assuming that
the pulse rise time does not change with different amplitudes, the CFD gives a time information
for the pulse independent of the peak height, essentially eliminating the amplitude-dependent time
walk. Figure 2.12 illustrates the constant fraction principle.

Given that the data is available as sampled analogue signals, the most direct way of implement-
ing a digital constant fraction discriminator (CFD) algorithm consists of previously determining the

"The calorimetric value is the value of the charge collected in the detector, normally translated into the pulse amplitude

or area depending if it is a charge or current pulse.
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Amplitude

Time

Figure 2.12: Constant fraction discrimination (CFD) timing schematic. For each signal amplitude an inde-
pendent threshold is calculated, based on the present amplitude fraction (example: 40%), which results in
matching time (k; = k) for both signals.

pulse peak height Spyax. Then, based on the peak height and a defined fraction Fcrp the constant
fraction threshold CFDyy, is evaluated as

CFDtnhr = Smax : FcrD with O<Ferp £ 1. (2.26)

The constant fraction timing can therefore be determined in a similar way to the leading edge
trigger, where instead of a fixed threshold the determined constant fraction threshold is used.

Another way of implementing a digital constant fraction discriminator CFD, that does not re-
quire the peak height is a method usually used with analogue signals [29, 30]. The original signal
is delayed by a time delay D and a copy of it is inverted and scaled by a factor F, with F € [0 : 1[.
The two signals are then added. This process, with good choice of D and F, transforms the unipolar

pulse into a bipolar pulse. The digital bipolar output signal CFD[k] is expressed as

CFDp ¢[k] = S[k — D] — F - S[k], (2.27)

where S[k] is the original input signal and k the sample index. The time at which this signal
crosses the zero axis corresponds to the original point of optimum fraction on the delayed signal
and is independent of the amplitude, which delivers zero walking. To ensure the CFD timing, the
zero-crossing has to occur during or after the peak amplitude of the fractional signal, consequently

the delay D value is obtained using the relationship [31]

D= trise(l - F)/ (228)

where t,is. is the input signal rise-time (defined as the transition time from 10% to 90% of the
amplitude). The waveforms in the digital constant fraction technique are illustrated in Figure 2.13.
Due to the discrete nature of sampled signals, the constant fraction zero crossing often occurs
between sampling points, which adds a phase shift ¢ to the true CFD time tcrp. As previously
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Figure 2.13: Waveforms in the digital constant fraction technique. The zero crossing of the bipolar signal

yields the constant fraction timing.

mentioned (Section 2.3.3), further refinement of the pulse time information without increasing sam-
pling frequency, can be accomplished by interpolating the signal between the sampling points. The
simplest way of doing so is using a first order linear interpolation. Because the CFD acts on the
pulse rising edge, the linear approximation introduces only small errors due to the steep signal
slope. The principle of a digital constant fraction discriminator based on linear interpolation is

illustrated in Figure 2.14.

A

CFDkq]

Time

Amplitude

CFDIkp]

Figure 2.14: Principle of digital constant fraction discriminator algorithm with linear interpolation between
the two sampling points CFDy, and CFDy_, i.e. before and after the signal crosses the zero axis. The time

distance between k, and the zero crossing time determines the pulse phase shift ¢ [kq].

Considering the linear interpolation between the two sampling points CFD[ky,] and CFD[k,],

corresponding to the amplitude of the digital CFD signal before and after it crosses the zero axis, the
phase shift ¢p[k] between the zero crossing and the time of the sample index k, can be determined

as follows
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CFDIkq]

¢RJZZCH)RJ——CH)RM'

(2.29)

The true constant fraction timing tcrp can finally be estimated by subtracting the phase shift
from the sample index kq. Since the original signal has been delayed by D, it also needs to be
corrected. The phase corrected tcrp in units of time is obtained using;:

terp = (ka - d)[ka] - D) ) TS/ (230)

where T is the sampling period. For alignment purposes, as required for determining the
principal pulse shape (see 2.4.1), all signals have to be shifted so they share a common time. Because
the signal can only be shifted by integer number of sampling points, unless up-sampling is applied,
the constant fraction time tcfp is approximated to its closest sample index, so that:

terp = { (kp = D)

- Ts if > 0.5
(ka_D)'

.
: . (2.31)
T, ifd <05

2.3.5 Rise-point timing

In some applications, additionally to a precise time reference for the detector signal, it is important
to know the pulse rise-point, i.e. the time at which charge starts being collected in the detector. For
detector signals with a relatively slow rise time the difference between the CFD time and the rise-
point may not be negligible. If the rise time of the detector signal is constant, the difference between
the rise-point and the CFD time is also constant and can be determined to estimate the rise-point.
However, if the rise time is not constant, the CFD approach results in inaccurate determination
of the rise-point that increases with higher constant fraction thresholds. A different approach to
obtain the rise-point time consists in approximating the signal leading edge to a linear shape, which
is determined by the tangent of the input signal in the sample point where the leading reaches
maximum gradient. The virtual point t,, corresponding to the interception of the tangent line with
the baseline, can be used to extrapolate rise-point and is given by:

t, — BL + Mrise - km - S[km] (2 32)
‘ Mrise ’

where m; s is the maximum slope of the input signal leading edge, kv, is the sampling point
in which the leading edge slope reaches its maximum, S[k,] is the amplitude of the input signal
at k;y and BL is the baseline level (where BL = 0 if the baseline has been subtracted). The values
Myrise and ky,, are obtained using the moving gradient (MG) filter as explained in Section 2.2.3.

The principles of the rise-point timing approach are illustrated in Figure 2.15 using two Gaussian
shaped pulses without noise. The two pulses are time aligned so they share the same rise-point.
Although the two pulses have different rise time and amplitude, it can be observed that the virtual
point in which their maximum slope tangent intercepts the baseline is common to both signals. The
extrapolated t, point can therefore be used as an approximation for the rise-point timing.
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Figure 2.15: Rise-point timing. The tangent lines of the two signals represent their maximum slope during
rise time, which converge to the same point t, at the baseline level. S[k,,] and k;, are respectively the
amplitude and the time index of the input signal.

2.4 Pulse shape algorithms

There are applications in nuclear measurements where the information contained in the pulse shape
is also important. Discerning the differences in the pulse shape can serve a useful purpose when
applied to digitised detector signals. The applications addressed in the present work include (1)
correction of temperature-dependent gain effects of a scintillation detector employing a CsI(TI)
crystal; (2) separation of various particle types in a CsI(Tl) scintillator; (3) rejection of defective
pulses, caused by factors such as pile-up or noise structures.

Most pulse shape differences arise from changes in the time profile of the current produced in
the detector, i.e. changes in the slope of the pulse rising and trailing edge. If the signal is digitised
from the output of a charge sensitive preamplifier, the shape of the pulse is obtained by collecting
the current produced in the detector across a large time constant and will mainly show changes in
its leading edge.

In principle, the waveform of digitised signals for a given detector can be fitted by a function
characteristic of the detector response, in which the fitting parameters, constitute a way to classify
the pulse shape. Nevertheless, even with a small number of fitting parameters this is a rather
complex approach, which is not feasible for a large amount of data or online analysis. More efficient
methods of sensing the differences in the pulse shape are normally preferable to achieve Pulse Shape
Discrimination (PSD).

One widespread approach to perform PSD consists in deriving a signal based on integrating
the total charge over two different time periods, the so called integration method. More recent
approaches take advantage of digitising the detector signal using fast sampling ADC. The pulse
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shape of sampled analogue signals can be recorded allowing to perform different algebraic PSD
methods on the same pulses.

2.4.1 Principal pulse shape

The pulse shape of single detector signals is often not well defined and does not constitute a reliable
observable to determine the shape characteristics of the pulse. This is especially true for photo-
sensors with faster response compared to the arrival time of scintillation photons. The presence of
noise, baseline fluctuations and the stochastic nature of the scintillation process during pulse forma-
tion induce discrepancies among single signals. Assuming that the pulse shape of signals induced
by a given particle specie can be considered constant, i.e. the speed in which the shape changes
is much slower compared to the rate of incoming events, a better representation of the true pulse
shape can be obtained when taking several signals in account to determine the pulse characteristics.
Therefore the concept of Principal Pulse Shape (PPS) is introduced to define the true pulse shape,
which is obtained by averaging the total pulse waveform over multiple signals.

In order to yield an optimal representation of the PPS, the signals need to be perfectly aligned,
thus the signals were shifted accordingly so they share the same time reference. Additionally the
signals are trimmed so the PPS length is well defined.

Since the detector signals have different amplitude values depending on the energy deposited
in the detector, simply averaging multiple signals would lead to different amplitudes of the PPS de-
pending on the profile of the energy spectrum. Consequently the signals are previously normalised
by equalising the signal calorimetric value Q to unity, making the PPS energy independent.

Thus, the simplest way for obtaining the PPS is averaging over a fixed number of sequential
signals. Considering a n-th measurement S of the normalised true pulse shape T with noise u, the
additive model is assumed:

Sn = (T : Qn + un)/Qn/ (2~33)

where Q,, is the calorimetric value of S;; and the noise u, is (usually) an uncorrelated white
sequence of random values with equal variance. The PPS (or average) of a set with n pulse signal

measurements takes the form of:

1 n
PPS = pin = — Zl S;. (2.34)
1=

Supposing that data is continuously taken, the PPS can be recomputed for newer signal mea-
surements. However, it is more efficient to use the old value of u,, and continuously make updates
using new signal measurements S, ;1. Considering the arrival of a new signal S, 11, the new aver-
age estimate |, 41 is given by:

1 n [1& 1
1= ——= ) Si=— ( D Sit an) : (2.35)
n+1 = n+l\in = n

which can easily be written in the recursive form as:

n . 1
n+t1!™ Tl

Un41 = Sn+1 = Htn +K(Snp1 —un), (2.36)
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where K = 1/(n 4 1). This provides a revised estimate of the PPS, as a weighted average of
the old p, and the single value of S, 1. The revised sample variance can also be recalculated

recursively from:

L P

n T | (Sn1 = wn)?| = (1= K) (0% +K(Snr1— 1n)?). (2.37)

n+1

In Equation 2.36 the gain factor K represents how much the correction term (Sn41 — pun) will
influence the update of p, 1. Initially, when n is small, the estimates are not very reliable and the
correction term has more influence. As n becomes larger so does the confidence in p,,. Therefore,
the weight of 1., is larger than the weight of the new measurement S, 1. In the limit the gain factor
K approaches zero and the correction term is completely ignored. If the signal pulse shape remains
constant in time, the value of K =1/(n + 1) is indeed the optimal gain value. However, if the pulse
shape is not constant due to factors such as temperature, this approach does not produce a good
estimate of the current true pulse shape T.

Equation 2.36 can be recognised as the Kalman filtering [32] state update equation for this simple
case. If the detector signal pulse shape is expected to change in time, the Kalman filter provides the
means to recursively estimate the current PPS by finding the optimal gain factor K (denominated
Kalman gain). This is achieved in the way of minimising the estimate of the mean-square error
(with the error being e, = i, —Sy). The optimal gain for the Kalman filter is recursively calculated

in the form:

Pn

K=__"™_ 2.
P, + R’ (2.38)

where P,, is the prior average ., error estimate covariance (which in this simple case is the vari-
ance 02), and R is a constant that defines the estimated measurement error covariance introduced
by the signals noise u, (typically R is the variance of the noise, and is often used to tune the filter).

The newest estimate for the average 1,11 error covariance is computed recursively:

Poii = (1—K)Pn. (2.39)

The whole process can be casted into a series of steps that are followed iteratively. Given n points
and an initial calculation of u, and P, (G%L), when a new signal S, 1 is measured the gain factor K
is calculated using Equation 2.38. Then the average estimate 41 is updated using Equation 2.36
and finally, the average error covariance P, is updated using Equation 2.39, for the next iteration.
The PPS is therefore obtained from the updated average (i, 1.

Figure 2.16 shows the evolution of the principal pulse shape of a scintillation detector with
increasing number of averaged signal. It is clear that for a single signal the amount of fluctuation in
the amplitude makes it extremely difficult to visualise and analyse the pulse shape. However, the
true shape of the pulse starts being revealed the more signals are averaged.

If more then a “family” of similar shapes is present in the dataset, averaging all the signals
produce a mean pulse shape that is a blend of all families of shapes, rather than a principal pulse
shape. In order to reveal the true pulse shape each family of shapes need to be first grouped. One
way of achieving this is using a clustering algorithm as it will be further explained in Section 2.4.3.3.
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Figure 2.16: Evolution of the PPS as the number of averaged signal increases. The true pulse shape starts
being revealed the more signals are averaged.

2.4.2 Integration method

The integration method[33, 34] is a simple and efficient method for PSD. This method takes the ratio
of two integrals
Qi _ ity SK
— == (2.40)
QY2 S
over two different regions [a;, bi] and [ap, by], delimiting respectively the integrals Q; and Q».
When calculating Q1 and Q, by using the MA filter (2.2.1), a simpler expression is obtained

Q1 MAnlai] — MAN[by]
Q2 MAnla] — MAy[by)’
with the width N of the MA filter being large enough to overlap the two regions. The advantage
of taking the ratio over other arithmetic operations is that this approach makes the value indepen-
dent of the pulse amplitude. Thus, this method can be used to assign a shape parameter that is

(2.41)

independent of the energy, without the need of normalisation.

In order to achieve best discrimination results, the integration regions usually require careful
manual adjustments. Since the optimal adjustment is related to the principal pulse shape [35, 36],
the integration regions can therefore be obtained from the predetermined principal pulse shape.
One possible drawback for the integration method arises from the fact that integration regions
normally depend on individual detectors, in which manual adjustments are especially inadequate
for detector systems composed of many channels.

By defining the two integrations in subsequent regions with an identical width, the integration
method can be used to estimate the decay or growth rate of the pulse in a given part. A particular
example of this approach is the calculation of the decay time constant of the detector signals featur-
ing a single decay component. Starting by considering two sampling points S[ki] and S[k; 4+ N] at
the trailing of the pulse S[k], they are linked with the exponential decay as follows:
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—N-Ts

Slki + Nl =S[kil-e =, (2.42)

where T, describes the sampling period, and N an integer number of samples. Rewriting the
equation 2.42, the decay time T of S[k] is thus expressed by

1

2.43
In ™ ( )
Selecting the integration regions under the pulse trailing edge so that they have the same width
and are subsequent, e.g. by —a; = by —az = N and a; = by + 1, a representative mean value of the
decay time T can then be calculated by employing the integration method to define a mean ratio ¥

Mol witn 7= 2

= o (2.44)

T =

If the detector signal features more than one decay component this method can not disentan-
gle the contribution of each component involved. Different values of the integration method are
obtained depending on the chosen integration regions. The position of the integration areas with
respect to the pulse shape has to be kept fixed in order to yield a consistent parameter for pulse

shape discrimination.

2.4.3 Geometric approach

After being sampled by an ADC a detector pulse is given by a sequence of discrete amplitude values
describing the development of the analogue signal in time. With the knowledge of the pulse timing,
the signals can be cropped to contain a fixed number of sampling values corresponding to a well
defined pulse region. If the cropped signal S[k] contains L samples, it can therefore be treated as
a vector §'in L dimensions, where the vector §'is represented by an L-tuple §' = (S[kl), ¢y 1] with
respect to an arbitrarily chosen orthogonal basis of RE.

By representing the pulses as vectors, the pulse characteristics can be interpreted in terms of
both vectorial quantities, magnitude and direction. The vector direction is related to the pulse
shape, while the vector magnitude is related to the amplitude and area of the pulse. Consequently,
two pulses with similar shape point in similar directions in the L-dimensional vector space. In
performing pulse shape discrimination, one vector corresponds normally to the PPS to be identified
while the other corresponds to a discriminant shape of reference.

A proper measurement of similarity between the two vectors can be used to determine how close
two pulse shapes are from each other. The most intuitive approaches to calculate this similarity are
the angle and Euclidean distance between two vectors.

Whenever more than a single “family” of similar shapes are expected in a dataset, often due to
parallel detection of different particle species, it is important for many applications to group each
family of shapes into different subsets. If a measurement to quantify the similarity of two vectors
is available, it is then the aim of a clustering algorithm to find these groups in an unsupervised
learning approach.
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2.4.3.1 Angle method

If a detector pulse can be expressed as a vector, the angle between two vectors provides means to
quantify the similarity of two pulse shapes. The angle 6(s, 1) is defined as follows

4 (5-10)
STl

where § is the PPS vector to be identified and 1 is a discriminant vector of reference, |s] and

0(s, 1) = cos (2.45)

[ti| are norms of the vectors and (5 - 1) is the scalar product. Since the angle 6 of the two vectors
is independent of their magnitude, this method does not require normalisation of the pulses if the
pulse shape is independent of the amplitude.

2.4.3.2 Distance method

The distance between two vectors provides another measurement to quantify the similarity of two
pulse shapes. The distance D(s, i) between a vector § representing the shape to be identified and a
discriminant vector i is the Euclidean norm defined by

D(s,u) = [I§— |

= \/(§—ﬁ)T(§—ﬁ). (2.46)

In contrast to the angle method, the distance between two vectors is strongly dependent on their
magnitude. In order to make distance only sensitive to changes in the pulse shape, the pulses have
to be normalised to their amplitude or area.

It is important to note that the distance D does not take some properties of real signals such
as noise into account. The noise present in the signals is accumulated when calculating the Eu-
clidean norm and may increase significantly the distance between two otherwise very close pulse
shapes, producing false results. An alternative way to minimise this problem consists in defining
the distance in the form

d(s,U) =} (S[k]—Uk)) (2.47)
Kk
with S[k] and U[k] being the €, component of the vectors s’ and 1. This alternative approach
has the advantage of being less sensitive to the noise. In the sum of equation 2.47, the signs of
the differences between the single components are accounted allowing for part of the signals” white
noise to cancel out.

2.4.3.3 Clustering

Clustering algorithms provide a way to partition a set of N vectors into C clusters® such that vectors
sharing the same cluster are similar to each other. The criterion for similarity is based on the distance
between a vector from the set and the centroid of a cluster. The cluster centroids are representatives
of the clusters and are determined by the cluster algorithm. The number of clusters, however, is a
parameter of the algorithm and needs to be known beforehand.

8Clusters refer to groups of signals of the same shape.
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The degree of membership between the i-th vector and the j-cluster defines their closeness and
is designated by the membership value u;. The u;; is normalised to a range of [0,1] so that the
total degree of membership is chzl uij = 1. Depending on the allowed membership values two
clustering categories may be considered: (1) hard clustering where u;; € {0,1}, i.e. a vector belongs
only and fully to a single cluster; (2) fuzzy clustering employing the full range of ui; € [0,1], ie. a
vector belongs to all C clusters simultaneously, but with different membership degrees u;. In the
following only fuzzy clustering algorithms will be referred because they comprise the general case.
Here the Fuzzy C-Means (FCM) algorithm [37, 38] is taken as an example.

The FCM algorithm performs clustering by minimising the objective function J.,, of weighted

distances

N C
Jm=) Y ull-DEF,5)?, 1<m<oo (2.48)
i=1j=1

satisfying the constraints

C
Y wy=1 iefl---,N} (2.49)
j=1

N

D> w; >0, je{l,--,Ch (2.50)
i=1

Here, §; denotes i-th vector of the set, Cj denotes the j-th cluster and D(Vi, ¢j) is the distance
expressing their similarity; N is the number of vectors and C is the number of assumed clusters.
The constraint (2.49) ensures that every vector has the same overall weight in the dataset, while the
constraint (2.50) makes sure that none of the clusters is empty.

The parameter m influences the fuzziness of the partition: For m approaching one, the mem-
bership values ui; become more and more discrete’, while for m — oo all the membership values
become ui; = 1/C, reaching a maximum fuzziness. A rather weak dependence of the clustering
results on m is observed in the range m = [1.1,2]. A more detailed discussion on the m dependence
of the FCM algorithm can be found in [39].

The FCM partitioning is carried out by an iterative optimisation of the objective function 2.48,
with the update of the cluster centroids c; calculated as

o ij o 251
: > i uf 25D
and the update of the value of membership u;; calculated as
1
y (2.52)

The iterative process starts from a randomly chosen u;; obeying the constraints 2.49 and 2.50,
and terminates when max(|ui;j(k) — uij(k —1)[) < e. Where, € is the termination criteria between

9For m=1 the algorithm degenerates to the hard K-means algorithm.
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[0,1] and k is the iteration step. The random choice of u; ensures an unbiased application of the al-
gorithm in a most unsupervised approach, however, if some knowledge of the membership function
is available a priori, it can be used when initialising the algorithm to improve its convergence.

The centroids of the different clusters are in fact the principal pulse shape, as defined in 2.4.1,
for each group of pulse shapes present in the dataset (i.e. the principal pulse of each measured
particle specie). It should be noted that the partitioning of the vectors into clusters by the FCM
algorithm is based on the distance between themselves (D (v, ¢j)). Consequently the pulses need to

be normalised in order to make the clustering process independent of the pulse amplitude.
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Chapter

Pulse shape analysis using CsI(T1)
scintillators

The following chapter presents the experimental studies done in the framework of applying pulse
shape analysis to digitised signals from CsI(Tl) scintillation detectors. In this analysis the methods
presented in the previous chapter were implemented and tested exploiting the signal’s shape char-
acteristics. These methods allow performing tasks such as temperature gain correction for CsI(TI)
detector systems and particle identification.

The methods proposed to correct the temperature dependent gain of the detector aim at conserv-
ing a good energy resolution in a temperature varying environment without the need to measure
the temperature of the detector externally. For performing particle identification, the fuzzy clus-
tering algorithm is used to compute the principal pulse shape associated with different particles
species in an unsupervised and automatic way. A discrimination approach that uses principal pulse
shapes is proposed to distinguish protons and gamma-rays.

The work presented in this chapter has been published and can be found in [40], and [41]. A
detailed explanation of the experiments, the data analysis and results are presented.

3.1 Introduction

The use of scintillation materials for the detection of ionising radiation by converting the energy
loss into a light pulse is one of the most common and valuable techniques available in spectroscopy.
It allows the detection of a wide range of radiations with energies that go from few keV up to
hundreds of MeV.

Thallium-activated caesium iodide (CsI(T1)) scintillation crystals have been used for the detec-
tion of several kinds of ionising radiation in many scientific and commercial applications ranging
from experimental nuclear physics to studies of outdoor radiation environment [42, 43]. These
crystals have one of the largest scintillation light yields (photons per unit energy deposited) of
known scintillating materials and their relatively high density leads to a rather large cross-Section
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for gamma-ray interactions. The relatively simple handling and low cost of CsI(Tl) crystals make
them particularly suitable for large volume detectors.

One useful property of CsI(T]) crystals is the existence of more than a single dominant process
in their luminescent response. CsI(T1) scintillation is characterised by multiple components whose
intensity and decay time depend on the crystal temperature, ionisation density produced by the
exciting particles and thallium doping concentration.

The CsI(T1) scintillation characteristics are correlated with the signal pulse shape, which can be
recorded and (digitally) analysed by using modern readout systems including fast digitisers. Thus,
the use of digital pulse shape analysis applied to the CsI(T1) detector signals represent an ade-
quate approach to perform tasks such as correction of detector gain shifts induced by surrounding

temperature changes and particle identification.

3.1.1 Temperature dependence

Like most inorganic scintillators, the scintillation light yield per MeV energy deposited in the CsI(T1)
crystal is known to be a function of temperature [44, 45]. In addition, the most commonly used
photosensors, such as Photomultiplier Tubes (PMTs) and Avalanche Photo-Diodes (APDs), are in-
trinsically temperature dependent devices. Hence, any temperature change in the detector might
cause a gain shift. For accurate energy measurements in gamma-ray spectroscopy using CsI(Tl) de-
tectors, temperature variations have to be precisely monitored in order to correct possible detector
gain shifts.

As an example, Figure 3.1 shows the gamma-ray energy spectra of a ?2Na radioactive source
measured by using as detector a CsI(T1) crystal coupled to a PMT (left frame) and to an APD (right
frame) at different surrounding temperatures. The photopeak efficiency for the ??Na gamma-lines
remains constant, however, the effect of the temperature changes in the system gain is reflected by
the position shift of the 511 keV and 1275 keV peak, respectively.

1200 ———————————————————— 1200 —————————————————————
PMT — T=319.(5) K ; - APD — T =285.(8) K {
1000 | Na — T =294.(8) K-_ 1000 [ 2N, — T i ;S:i((l)) E-_
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2 . 2 -
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Figure 3.1: Left frame: Energy spectra measured at different temperatures using as detector a CsI(T1) crystal
coupled to a PMT sensor. The spectra are not calibrated to illustrate the detector temperature gain depen-
dence. Right frame: Energy spectra measured at different temperatures using as detector a CsI(T1) crystal
coupled to a APD sensor.
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An established technique for stabilising scintillation detectors consists in using radioactive refer-
ence sources. The scintillation signals from a known energy are used to evaluate the current detector
gain and correct it if needed (e.g. [46]). The use of an auxiliary source, however reduces the spec-
troscopic sensitivity of the system and may be undesired for safety reasons. A similar technique for
gain correction is based on a pulsed reference light source such as a Light-Emitting Diode (LED)
(e.g. [47]). Though, this only accounts for effects of the photosensor (the crystal is transparent to
visible light) and requires using extra hardware necessary to drive the LED, additionally LEDs are
also temperature dependent. The most direct way to correct the temperature of the detector is using
temperature sensors on the detector surface. Though, this method also requires extra hardware
and thus adds more complexity to the system. Therefore, alternative gain correction methods are
desired.

The CsI(T1) scintillation characteristics have been found to have at least two relevant scintillation
components (see Section 3.2.3 for detailed description of the CsI(Tl) scintillation characteristics).
The decay time and relative intensity of those components were measured to be also dependent
on the crystal temperature when excited by gamma-rays [48, 49]. Accordingly, the scintillation
characteristics of CsI(T1) and consequently the pulse shape of the detector signal are correlated to
the temperature of the CsI(T1) crystal.

It has been demonstrated that the temperature dependence of the CsI(Tl) scintillation yield
for gamma rays does not depend on the energy of the incident gamma-rays [44]. Therefore, the
temperature dependence of the absolute scintillation yield measured for a given gamma-ray energy
should apply to all gamma-ray energies. Additionally, the decay times and relative intensity of the
scintillation components of CsI(T1) crystal were observed to remain nearly constant for gamma-ray
energies above 80 keV [50]. For those energies the change of the pulse shape with the temperature
can be considered independent of the absolute scintillation light yield. Therefore, the use of Pulse
Shape Analysis (PSA) to classify the pulse shape, considering the actual internal temperature of the
crystal, provides a mean to directly compensate for the gain shift due to the CsI(Tl) temperature
dependent light yield. Assuming thermal equilibrium between the crystal and the temperature
sensitive part of the photosensor, it also allows to correct the gain shift of the entire detector system.

A technique for gain stabilisation considering the scintillator temperature has already been pre-
sented in [51] in which the single light decay time of a Nal(Tl) scintillator coupled to a PMT is
estimated. Then, using the decay time as temperature parameter, the authors perform gain sta-
bilisation under changing the ambient temperature. Another method described in [52] uses an
adaptive filtering approach to automatically deconvolute the information from the pulses using a
temperature-dependent ansatz. Though, without discussing the stability of the method or provid-
ing resolution optimality, the authors show excellent results from a climate chamber test. Both
articles show that the information contained in the pulse shape can be used to improve the stability
of scintillator based detection systems.

In this work, a method that uses PSA to correct temperature-dependent gain shifts of CsI(TI)
detectors is presented. The suitability of the method is tested employing both a PMT and an APD
photosensor to read out the crystal’s light yield. PMTs are well established devices in light readout
for calorimeters conferring a comprehensive base to study the effect of temperature changes on
the pulse shape. On the other hand, APDs have started to be frequently used in connection with
CsI(T1) crystals, as their spectral response better matches the scintillator emission spectrum and
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offers better quantum efficiency (see Section 3.2.4), which therefore yields a better overall energy
resolution. However, the APD shows a very strong dependence on temperature compared to the
PMT (compare Figure 3.1). In order to perform temperature gain correction, two differently defined
quantities are proposed, that parametrise the principal pulse shape of the detector signals. The first
quantity uses the ratio of integrals over two different parts of the signal, the second one considers
the sampled signal as a multidimensional vector and by means of vector calculations measures the
current pulse shape variations relative to a reference principal pulse shape. The correlation between
the peak positions in the spectra is used to derive a correction factor that is then employed to correct
the gain changes in a second dataset.

3.1.2 Particle ID

Particle IDentification (PID) is a fundamental task in many experimental setups. Since, in response
to different ionising radiation, CsI(T1) scintillation detectors yield light components whose ampli-
tudes and decay times depend on the particle species [53], the use of PSA provides an appropriate
approach for PID.

The results of various digital PID methods have been compared in [54], where good separation
of gamma-rays and particles has been reported using CsI(Tl) crystals. A widely adopted method
using PSA to achieve particle identification is the integration method (e.g. [33, 34, 55]). This method
uses the integrals over two different regions to discriminate between particle species.

For best particle discrimination, many of the PID methods rely upon good tuning of their pa-
rameters. In the integration method for instance, the regions have to be adjusted by hand for each
individual detector. Factors such as ageing and exposure to radiation might change the detector
response over time. Also external factors such as temperature affect the pulse shape characteris-
tics, requiring redefinition of the integration regions. Thus, calibration procedures which require
regularly performed human supervision, are a hard task for large setups with many detectors or
for detectors used in environments where the conditions might vary strongly. For this reason it is
desirable to develop a procedure that performs PID calibration of a detector system with the least
requirement of human supervision. The knowledge of the principal pulse shape for a given inci-
dent particle species and a given detector might be useful to optimise the pulse shape discrimination
methods. The fuzzy c-means clustering algorithm commonly used for pattern recognition, provides
a convenient way to find the principal pulse shapes associated to the different particle species.
This method has already been proven to perform calibration for gamma-neutron discrimination in
a fully automatic and unsupervised manner for liquid scintillator detectors [39]. In the present
work the same method is applied to perform PID in CsI(T1) crystal. The information obtained from
the clustering is used to discriminate gamma-rays and protons; the results are compared with the
integration method.

3.2 Experimental Details

Several experiments have been performed to obtain the data used to develop and demonstrate the
methods proposed for temperature dependent gain correction and particle identification. These
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experimental setups are explained in the following Section. Detailed information of the used pho-
tosensor characteristics and scintillation crystals is also given.

3.2.1 Temperature gain correction

To produce the experimental data, two setups were individually prepared employing the same
CsI(T1) crystal with the dimension of 15 x 15 x 30 mm?. Both setups are identical, differing only
in the photosensor used to read out the crystal’s scintillation light. A schematic drawing of both
setups is illustrated in Figure 3.2. For the first setup— the PMT setup— the crystal was coupled
to a Hamamatsu PMT with a photocathode of 15 mm diameter. A supply voltage of 1200 V was
applied to the photomultiplier. For the second setup— the APD setup— the crystal was coupled to
a Hamamatsu S8664 1010 APD photosensor [56, 57] with a large area of 10 x 10 mm?. A Mesytec!
MPRB-16 charge sensitive preamplifier, which also provides a stabilised bias voltage of 425 V, was
used as read-out electronics for the APD. The signals from both detector systems were sampled
using a Struck SIS33162 VME digitiser at a sampling frequency of 250 MSPS, a resolution of 14 bit
and an input range of 5 V. Each one of the setups was employed separately and two measurements
per setup were successively performed under induced temperature changes. The first measurement
was used to develop the methods for temperature gain correction, while the second measurement
was used to test the performance of the methods independent from the data used for calibration.
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(a) PMT setup. (b) APD setup.

Figure 3.2: Schematic drawing of the two setups used to record the CsI(Tl) scintillation data at different
temperatures. (a): Schematic drawing of the setup employing a PMT photosensor. (b): Schematic drawing
of the setup employing a APD photosensor. The two setups differ only in the photosensor used and their
required electronics.

Mesytec — http://www.mesytec.com.
2Struck innovative systems — http://www.struck.de/sis3302.htm/
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Apart from the detector and the respective readout electronics, both experiments were conducted
in a similar way. The CsI(T1) crystal was wrapped in a thin layer of reflective plastic to maximise
the light collection and thus improve the energy resolution. One of the crystal’s square surfaces
(10 x 10 mm?) was kept uncovered and was coupled to the photosensor with silicone grease to
improve light transmission. The crystal was additionally wrapped in black electric tape to ensure
light isolation and to attach two PT100 resistance thermometers (RTD) to the side surfaces of the
crystal (one close to the bottom and another close to the top on the opposite side of the crystal, see
Figure 3.2). The RTDs were read with an NI62173 analogue input module from National Instru-
ments, which allowed to register and monitor the temperature with a precision better than 0.1 K
while conducting the experiment. A ??Na source was placed about 2 cm away from the crystal’s
front face on the opposite side of the photosensor. The photosensor, the crystal and the source were
immersed in an antifreeze liquid solution contained inside a thermally insulated vacuum flask. A
heating wire was placed at the bottom of the flask allowing to warm up the liquid in a controlled
way.

For every experiment the liquid temperature started from a low value and was slowly increased
in steps of approximately 1.5 K estimated by dissipating 3.6x10° J per step. For the experiments
involving the PMT setup, a temperature range between 261.(6) K and 319.(5) K was covered. For the
experiments involving the APD setup, a narrower temperature range from 276.(6) K to 307.(0) K was
covered due to the APD strong gain dependence on temperature causing this detector to quickly
saturate. While heating up the liquid, air was pumped into the liquid at the bottom of the flask
forcing a turbulent convection to improve heat transfer and facilitate thermal uniformity[58]. The
high heat transfer of the liquid (compared to the air) allowed to reach the equilibrium between the
crystal and the liquid quickly within about 10 min. The temperature of the crystal was assumed
to be the averaged value of the two RTDs and whenever the crystal temperature stabilised it was
assumed to be in equilibrium with liquid temperature. A maximum temperature difference of
~0.4 K was registered between the two RTDs during the measurements.

The experimental data was taken in runs of 3 min duration after achieving thermal equilib-
rium, in which the temperature changes during data acquisition were observed to be less than
2 x 1072 K/min and therefore considered to be constant. The Multi Branch System (MBS) data ac-
quisition software was used to record to disk an amount of 80,000 traces, each consisting of 5000 and
8000 samples for the PMT and APD setup, respectively. Each trace was recorded upon an internal
trigger of the digitiser, and the position of the pulse signal in the trace was set to have a clearance
of 1500 samples between the trigger sample and the beginning of the trace.

3.2.2 Particle ID

The experimental data was taken during a beam time at the Munich Tandem-Accelerator (Maier-
Leibnitz Laboratory (MLL), Garching)(see e.g. [59, 60]). The Tandem-Accelerator provided a proton
beam with an energy of 24 MeV. The protons were shot on a 70 um CD; target foil. The nuclear
reactions inside the foil allowed to obtain simultaneously elastically scattered protons and gamma-
rays from inelastically scattered protons. Both protons and gamma-rays were detected by a 8 x 4
array of CsI(Tl) scintillation detectors [61-63] placed at an angle of 37° with respect to the beamline.

*National Instruments — http:/ /sine.ni.com/
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Figure 3.3: Schematic drawing of the detector setup at the MLL.

A schematic drawing of the detector setup at the MLL is illustrated in Figure 3.3. Each crys-
tal was read out using a Hamamatsu S8664-1010 APD. The detector signals were obtained with
a Mesytec MPRB-16 charge sensitive preamplifier optimised to the APD’s high capacities, which
also provided the bias voltage for the APDs. The detector signals were sampled by an Analogue to
Digital Converter (ADC) on a FEBEX2 FPGA* board [64] at a sampling rate of 60 MSPS and resolu-
tion 12-bit. The measured count rate in a single crystal was of the order of 200 events per seconds
resulting in a very small amount of piled-up events. The MBS data acquisition software was used
to record to disk the signal waveforms with 2000 samples each.

3.2.3 CsI(TD) scintillator properties

The CsI(Tl) scintillator material exhibits a property known as luminescence. When exposed to
sources of energy, such as heat or radiation, the scintillator absorbs and reemits the energy in
the form of visible light. The reemission occurs mainly immediately after absorption (i.e. within
10~8s, roughly the time taken for atomic transitions). However, especially when exposed to strong
radiation for a long time, CsI(T1) scintillators show afterglow (phosphorescence) typically up to 5%
of the total light yield after 3 ms [65].

CsI(T1) scintillators have found extensive use in nuclear applications due to their low cost, easy
availability and excellent properties. With a relatively high density (4.53g/cm?) and atomic number
(Z = 54) they provide a large cross-Section for gamma-rays and allow for more compact detector
designs. CsI(Tl) is one of the brightest known scintillators with the highest conversion efficiency
(64,000 photons/MeV) [66]. According to [49, 67], the intrinsic resolution of CsI(Tl) crystals for 662
keV photons at room temperature is around 4.8% and this value tends to worsen for lower energies
and higher temperatures. Moreover, CsI(Tl) crystals have good plasticity, are easy to handle and are
less hygroscopic compared to Nal(T1) (often used in similar applications).

The CsI(Tl) light output intensity has been presented in a number of experimental works per-
formed with gamma-rays and charged particles (e.g. [48, 65, 68, 69]). In all measurements two light
components were found with significantly different decay times: A fast component with T¢qst =

“Field Programmable Gate Array.
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0.6-0.9 ps and a slow component with Ts10w = 3.3-4 ps. In more recent publications [49, 50], an
even slower tail component with T¢qi1 >~ 16 ps decay time (at room temperature) has been observed,
which consists of around 22% of the integrated luminescence. Models of possible processes that lead
to these CsI(T1) decay components are well described in the literature [70-72]. In order to preserve
a good resolution, the CsI(Tl) long scintillation decay time requires a long integration time of the
charge-sensitive preamplifier of typically a few ps.

The CsI(T1) scintillation characteristics depend on the Thallium concentration. While the decay
times of CsI(Tl) are known to be independent of the thallium concentration upon excitation with
gamma-rays [69], the light yield of CsI(Tl) (particularly the relative intensity of the Tl band transi-
tion) increases with the thallium concentration [73, 74]. The scintillation characteristics also depend
on the crystal temperature and type of ionising particle, as already pointed out in Section 3.1.1
and 3.1.2.

After excitation by a gamma-ray or a particle, the fraction of energy deposited in the CsI(TI)
scintillator is released by the emission of photons following multiple Poisson processes. These
processes determine both the rise time and the decay time of crystal scintillation characteristics.
Assuming that the luminescent states of the CsI(T1) are populated and depopulated by independent
processes, the light output of a scintillation event, L(t), can be described to a good approximation
by a sum of exponential components [48, 68, 75, 76]:

L) =Y e V=Y Le s t>0
(3.1)
L(t)=0 t <0,

where h;, T; and L; are the integrated luminescence, characteristic decay time constants, and
initial intensity of the i-th exponential component. Because Tqi1 is much longer compared to
Tslow, Which makes the effects of the tail component in the pulse shape less noticeable, only the
two fastest decay components are usually taken as relevant for the purpose of pulse shape analysis.
The approximated model for the light output intensity becomes:

L= e B e, 62
Tf Ts Tr

where the indexes f, s and r refer to the fast, slow and rise components of the scintillator’s
luminescent states. The CsI(Tl) emission spectrum concentrates mostly at the long wavelength
region (with maximum emission at around 550 ns), which makes this material well-suited for APD
photosensors, as it will be shown in the next Section. The emission spectrum of the crystal sample
used in the present work, with a Thallium concentration of around 0.2 mol/%, is illustrated in
Figure 3.4.

3.2.4 Photosensors

This Section gives a description of the photosensors used in the present work to read out the scin-
tillation light of the CsI(T1) crystal.

Photosensors are devices designed to convert low intensity scintillation light into an electrical
signal. Generally this involves generating a detectable current signal proportional to the number of
incident scintillation photons. The processes involved can be divided into three steps: conversion of
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incident photons into electrons or electron-hole (e-h) pairs; multiplication of the primary electrons
to a detectable level; collection of the electrons to form the signal. Not all the photons hitting
the active area of the photosensor will produce an electron. The Quantum Efficiency (QE) is a
quantity defined as the percentage of incident photons contributing to the emission of primary
photoelectrons (and that reach the first multiplication stage). The QE is usually a strong function of
the photon wavelength A.

In applications involving low intensity signals, the PMT is generally used because it provides
a very high gain (typically 10°) and sufficient signal-to-noise ratio. This extremely sensitive device
is capable to respond on very low light intensities and usually does not need further amplification
of the anode signal. However, the use of PMTs has some disadvantages, such as sensitivity to
magnetic fields, comparably low quantum efficiency® for input light signals and a rather high power
consumption. Photodiodes (PDs), on the other hand, have very good quantum efficiency (close to
100%) in the visible and near red. A drawback of using PDs is that they have no internal gain
and require preamplification to provide a large enough signal. In the field of experimental physics
background noise may dominate over the signal. Signal carriers can be more than 10 times fewer
than those of noise charge [77], which are either due to noise in the readout electronics or due to
dark current in the detector.

The good characteristics of both PMT and PD are combined in the APD; it is a silicon photodiode
with an internal gain [78] (typically 10-100 times or more). The APD exhibits excellent quantum
efficiency (>80%), although when operated in linear mode, its gain is significantly smaller compared
to a PMT. Because of the relatively small gain, a charge-sensitive preamplifier is needed, which
decreases the very fast rise time of the APD (<2 ns). During the past two decades large area
APDs operating as linear detectors have become available. These modern APDs, especially with
reverse structure®[79], can replace photomultipliers as a scintillation photon detector in high energy
physics and in other applications. The energy resolution obtained with large area APDs is better or
comparable to those obtained with a PMT [80, 81].

Many of the applications for which large area APDs are suitable for have until now mostly relied
on PMTs. However, APDs offer a number of advantages over conventional photomultipliers. The
most evident advantage is that it is a compact, monolithic photosensor and thus is usually useful
in applications where the space is at premium, such as large detector arrays with high granularity.
Traditional PMTs are relatively bulky, mechanically fragile glass tubes and sensitive to magnetic
fields.

Besides a much higher quantum efficiency of the APD compared to a PMT, the APD quantum
efficiency also spans a much broader wavelength range of its spectral response towards the infrared
region (>60% between 390 and 930 nm). The spectral response of the APDs is therefore particularly
advantageous for scintillation detection using CsI(Tl) crystal, which have significant light yield at
longer wavelengths. While the peak sensitivity of typical PMT photocathodes is below A = 500 nm,
the APD spectral response fits much better to the CsI(Tl) emission spectra [56, 82]. Figure 3.4 shows
the comparison between the spectral emission of a CsI(Tl) crystal and the spectral response of the
PMT and APD devices used in the present work.

SFor the PMT the quantum efficiency is mostly limited by light transmission through the semitransparent photocath-
ode and the photoelectron escape probability from the photocathode.
®In reverse APDs the depletion is located in the front of the device.
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Figure 3.4: Emission spectrum of the CsI(Tl) scintillation crystal (from [83]), and quantum efficiency of the
Hamamatsu R1464 PMT and of the Hamamatsu S8664-1010 APD used in the present studies.

Another advantage of APDs over to PMTs include less sensitivity to external magnetic fields,
lower power consumption and a lower price due to its mass production potential.

PMT — operational principles

The simplified structure of a typical Photomultiplier Tube (PMT) is illustrated in Figure 3.5. A PMT
is a vacuum tube (usually glass), consisting of a light input window, a photosensitive layer (pho-
tocathode), an electron multiplier structure (dynode) and an anode. The photocathode, exploiting
the photoelectric effect, serves to convert the incident light photons entering the tube window into
low-energy photoelectrons. The photoelectrons are accelerated and focused such as to strike on the
first dynode where multiplication takes place by secondary emission effect. The secondary emission
is repeated in the subsequent dynodes resulting in a bunch of electrons multiplied to 10° or more,
which are at the end collected by the anode. The vacuum conditions inside the tube are required in
order to efficiently multiply low energy electrons.
The general parameters of the PMT used in the present work are gathered in Table 3.1.

PMT pulse formation — modelling

For a PMT, the single electron response shape is mostly determined by the electron cascade mul-
tiplication that occurs in the dynode system. This process essentially obeys a Poisson distribution.
The PMT response function for single photoelectrons can be fairly well reproduced by the response
of a semi-Gaussian’ shaping filter (CR-RC?) (0 ~ 7 ns) [84].

Following the interaction of radiation in the scintillator crystal, the arrival time of the scintillation

photons at the photocathode can be represented by an exponentially distributed sequence of a given

7 A semi-Gaussian shaper CR-RC™ of the n-th order is constituted by an approximated differentiator of time constant
Tcte followed by n approximated integrators of the same time constant T ..
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Figure 3.5: Schematic view of the multiplication process in a PMT device. The photoelectrons ejected from
the photocathode are accelerated towards the first dynode (by a DC potential typically of 100 to 200 V), and
undergo multiplication in the subsequent dynodes.

Table 3.1: Parameters of the Hamamatsu R1464 PMT used in the present work.

Useful size (diameter) 15 mm
Window UV glass
Photocathode Multialkali
Number of dynode stages 10

Anode dark current (HV = 1000V, temperature = 273 K) 10 nA
Spectral range 185 to 850 nm
Gain 10°

Quantum efficiency (wavelength = 390 nm) 19%

number of “Diracs” (or “1”s). This exponential distribution is determined by the crystal scintillation
characteristics. The scintillator and PMT’s overall efficiency results in an attenuation of the number
of photoelectrons emerging from the PMT photocathode. The simulated photoelectron arrival times
at the cathode, selected from an exponential random distribution obtained from Equation 3.2, are
depicted in Figure 3.6 (a), for two different numbers of photoelectrons.

To account for the amplification (through each dynode gain and number of dynodes) the height
of the simulated single photoelectron PMT response was scaled by a Poisson distributed random
factor. To account for the electron transit time spread, every Dirac representing the photon arrival
times was delayed by a Gaussian distributed random value.

The typical PMT pulse shape, as it is measured as a voltage across the input resistance of the digi-
tiser, is then obtained by convoluting the PMT single electron response function with the sequence
of Diracs. Additive Gaussian noise was added to the signal in order to simulate the analogue noise,
and down-sampling was done to match the digitiser frequency. Figure 3.6 (b) illustrates a simulated
PMT signal containing 1500 photoelectrons.
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Figure 3.6: Simulated arrival times of 200 ((a),top) and 500 ((a),bottom) photoelectrons statistically distributed
accordingly to CsI(T]) scintillation characteristics as defined in Equation 3.2; the time constants Trise = 25 nis,
Trast = 710 ns and Ts10w = 3260 ns were used. Together with a simulated CsI(T1) scintillation signal (b) with

additive white Gaussian noise; the signal includes 1500 photoelectrons.

APD — operational principles

The operation principle of an Avalanche Photo-Diode (APD) is based on the conversion of the energy
deposited in the semiconductor bulk by each impinging photon into a cascade of moving carrier
pairs. The simplified structure of a reverse type APD is illustrated in Figure 3.7. The APDs are
strongly reverse biased photodiodes in which the junction electric field is large, creating a volume
in the junction depleted of charge. The charge carriers entering the depletion volume are therefore
accelerated in the electric field, acquiring enough energy to excite new carriers by the process of
impact ionisation. The newly created carriers might create new ones, and so on. Thus, creating an

electron avalanche towards the anode which is then detected in the preamplifier.
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Figure 3.7: Sketch of the APD cross Section with doping (not to scale), shown on the left. The space charge
region with a net charge provided by a doping density p of fixed ions (donors and acceptors) and a resulting

electric field profile E, are show on the right.
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The reverse type APDs are especially designed to be combined with scintillators. The high field
multiplication region is located in the front end of the device (typically 5 um from the surface [77]).
Most of the light emitted by the scintillator is absorbed within the first 1-3 um of the depletion
layer. The generated electrons then undergo full multiplication. Since the thermal electrons do not
amplify inside the device (dark current undergoes only hole multiplication), the APD reverse type
has the advantage of reducing the dark noise contribution significantly.

The APD is capable of detecting low level light, however, it requires special care and handling
such as the need for very stable reverse voltage and detailed consideration of its temperature de-
pendent gain characteristics. The gain of the APD is expressed as an exponential function of bias
voltage and temperature [85]. The change of the gain M with the bias voltage is described by

1 dM
Mav = 4.5%/V (3.3)
at the gain of 100. Because the avalanche multiplication is affected by the mean free path of
the electrons between multiplication, which is temperature dependent, also the gain varies with
temperature T and is (at the same gain of 100) approximated by
1 dM
M oqr = 33%/T. (3.4)
The general parameters of the APD adopted for the present work are resumed in Table 3.2.

Table 3.2: Parameters of the Hamamatsu S8664-1010 APD used in the present work.

Active surface area 10x10 mm?
Window Epoxy resin
Package Ceramic

Dark current: Ip(gain = 100, temperature = 273 K)  10-31 nA
Break-down voltage: Vi k(temperature = 273 K) 460 V
Bias voltage: V g (temperature = 273 K) 425V
Capacitance: Cget(gain = 100, temperature = 273 K) 270 pF
Type: Reverse
Quantum efficiency (wavelength = 500-830 nm) 80%
Quantum efficiency (wavelength = 390-930 nm) 60%

APD pulse formation — modelling

As previously mentioned, for the APD, the photoelectron current created by the incident scintillation
light is first passed through a charge-sensitive preamplifier before being digitised, to improve the
signal to noise ratio. As the light detection process in the APD photosensor has no significant delay,
the detector response function is mainly determined by the following preamplifier.

The response function of the charge-sensitive preamplifier, used for the present experimental
setups, is an exponential function with a single decay time component 1. Since the fall time of the
preamplifier is usually much larger than the time constants of the scintillator (to minimise the ballis-
tic deficit and to get a maximum fraction of the signal), the preamplifier integrates the input signal
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from the scintillator APD. The signal pulse shape Q(t) at the charge-sensitive preamplifier output
is described by the time domain convolution of the scintillator light output (L(t)) and preamplifier

(H(t)) response functions:

t t (t—t')Ts

L(t')H(t—t')dt’—J [L(t))e = dt’, (3.5)
0

Q1) = L(t) * H(b) = J

0
where L(t) is obtained according to Equation 3.2. After sampling by the digitiser, the time-

discrete digital function Q(t) becomes:

k N
Q(k) = Z [hfekTs/rf i EefkTs/Ts _ hrekTs/Tr:| ei(k_fpm , (3.6)
Tt Ts Ty
k/=0
where T is the ADC sampling time. Figure 3.8 shows the simulation of a typical APD pulse
shape at the preamplifier output. The scintillator light output distribution L(k) was randomly
populated with 1500 photons. Additive Gaussian noise was added to the signal in order to simulate
the analogue noise. The exponential decay time of the preamplifier response function was estimated

by fitting the recorded signal, see Section 3.3.2.
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Figure 3.8: Simulation of a typical APD signal shape after passing through a charge sensitive preamplifier.
The signal was obtained by convoluting the scintillator yield and the preamplifier single exponential response
with a decay time of 40.6 us. The scintillation characteristics were simulated by 1500 electrons randomly
distributed according to Equation 3.2, in which the time constants Trise = 25 ns, Trqst = 710 ns and Ts1ow =

3260 ns were used.

3.3 Digital processing of CsI(T1) detector signals

Before applying the PSA methods to perform the tasks of temperature gain correction and PID,
some basic feature extraction operations are required. Every recorded raw signal was first prepared
by performing baseline correction, noise reduction and time alignment. Piled-up or otherwise
distorted signals were also removed from the dataset. The individual steps are described in the
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following. Different sampling frequencies were used during the different experiments. Because the
preparation steps were performed identically regardless of the sampling frequency, for simplicity,
in the following all pulse signals are treated as if they were sampled at 250 MSPS.

At first, the baseline voltage is estimated by taking an average over the first 850 samples (3.4 pus)
of the trace, where no signal is present, and then subtracted from the signal.

3.3.1 Trigger and time alignment

For timing and triggering a different approach was used regarding each of the APD and PMT
detector systems.

PMT signals

The PMT provides a very fast response compared to the overall scintillation process in the CsI(T1)
crystal, which results in a very fast rise time of the signals. This fast rising time is correlated to the
arriving of the first scintillation photons. Therefore, excellent timing can be achieved by sensing the
first photons using a simple Leading Edge Trigger (LET).

The LET returns the sample number ki g1 when the signal exceeds a given threshold. This
sample number ki et is then used as the pulse time-stamp for signal alignment. The threshold of
LET was dynamically defined as 6 times the Root Mean Square (RMS) noise of the baseline. Because
the threshold is set low enough to trigger on the first arriving photons, it also triggers on single
spikes present in the trace (see Figure 3.9 at around 1800 ns), caused by thermal emission of electrons
from the photocathode of remaining long tail luminescence of previous signals. Consequently, to
avoid (recurrent) triggering on those single spikes, a calorimetric check is performed by evaluating
the signal’s amplitude upon applying a 60 samples wide moving average (MAg) filter to smooth
the raw signal. The raw and MAg signals are illustrated in Figure 3.9. If the amplitude of the M Ay
signal also exceeds the defined threshold in a 240 ns interval after ki ¢, the LET is considered valid.
Otherwise, kgt is skipped and the process continues until a valid LET is found in the trace. The
PMT signals were time shifted with respect to the LET so that kp g1 = 1500 (corresponding to 6us).

APD signals

The recorded APD signals are shaped by the characteristic response function of the charge sensitive
preamplifier. The much slower rise time of these signals compared to the ADC sampling frequency
makes LET sensitive to the signals” amplitude. Therefore, a Constant Fraction Discriminator (CFD)
filter was used to obtain the pulse time-stamp independent of its amplitude. For better time align-
ment, before CFD timing, the APD raw signals were filtered by applying a Moving Binomial (MB)
smoothing filter to remove the high frequency noise, improving the signal-to-noise ratio and reduc-
ing time-stamping jitters.

Representative MB and CFD signals are illustrated in Figure 3.10. The order of the MB filter was
set as 375 samples (1.5 ps), corresponding to a cutoff at the half-transmission frequency of 3.4 MHz.
The CFD filter was defined with a delay of 480 ns and a pulse-height fraction of 0.4, which was
relevant to obtain the best possible time-stamp. The APD signals were shifted so that the CFD
time-stamp was kcrp = 2200 (8.8 ps). For trigger discrimination a threshold above remaining noise
level was applied to the MB signal.
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Figure 3.9: Typical PMT raw signal after baseline subtraction (thin solid nine) the resulting smoothed signal
by applying the Moving Average (MA) filter 240 ns long (thick solid line) and the calorimetric signal by
applying the MA filter 5.5 ps long (dashed line). The area indicated by the square in the left frame was
zoomed in the right frame. The dotted line represents the LET threshold at 6 times the RMS noise of the

baseline.
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Figure 3.10: Typical APD raw signal passed trough the charge sensitive preamplifier (thin solid line) and after
smoothing by applying the MB filter (thick solid line). Together with the result of the CFD (dashed-dotted
line) and MWD (dashed line) filters applied to the smoothed APD signal.

3.3.2 Calorimetry

The energies of the PMT events were calculated by integrating the detectors current pulse signals.
A MA filter was applied to compute the integration. The amplitude of the resulting MA signal is
proportional to the raw signal area under the precedent N samples defined by the MA filter width.
An MA width of N = 1375 samples (5.5 us) was used to integrate the PMT raw signal. An example
of an MA 375 calorimetric signal is shown in Figure 3.9. The maximum value reached by the MA
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calorimetric signal was then used to obtain the histograms, as illustrated in Figure 3.1. The integral
of the signal is proportional to the energy deposited in the detector.

In the case of the APD detector, the integration of the charge collected in the detector is carried
out by the charge sensitive preamplifier. Since the signal’s are digitised after the charge sensitive
preamplifier, the energies of the APD events are proportional to the signals amplitude.

Though, changes in the pulse amplitude (ballistic deficit) might occur due to factors such as
temperature, which affect the pulse shape and consequently the rise time of the integrated signals.
To remove the dependence of the signal amplitude on the rise time, a Moving Window Deconvolu-
tion (MWD) filter was first applied. The energy is then determined by finding the signal maximum
inside the MWD window. Because the signal maximum also contains the noise amplitude, creat-
ing a small average bias, the MWD filter was applied to the smoothed MB signal instead of the
raw signal. The result is shown in Figure 3.10. The two parameters of the MWD filter, width of
the moving window N and decay constant T, had to be adjusted to the characteristics of the APD
signal. The width of the moving window was set to 2200 samples (8.8 us) in order to fully cover
the signals rise time. The decay constant T was set to match the exponential response function of
the preamplifier, which was determined from a set of signals recorded with a length of 240 us at
room temperature. The value of T = 40.5 us was obtained by fitting a single exponential function to
the trailing edge of the principal pulse shape of those signals. The long APD principal pulse shape
signal and respective exponential fit are illustrated in Figure 3.11.
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Figure 3.11: Exponential fit to the trailing edge of the principal pulse shape of APD signals recorded with a
length of 240 us. The measured decay constant was used to deconvolute the preamplifier response.

3.3.3 Pile-up rejection

Due to the stochastic nature of the radioactive emission process and relatively slow scintillation of
CsI(T1) crystals, a small fraction of the events appeared distorted due to pile-up, especially at higher
count rates. Signals considered distorted due to pile-up were removed from the dataset before

performing any kind of pulse shape analysis. To do so, every signal was simultaneously smoothed

55



Chapter 3. PSA using CsI(TI)

and differentiated by applying a Bipolar Moving Average (BMA) filter. The width of the BMA
filter was set to 60 samples (0.24 us) for the PMT signals and to 200 samples (0.8 pus) for the APD
signals. Figure 3.12 shows a pile-up example of the BMA signal for both the PMT (a) and the APD
(b) detectors. The pile-up discrimination is accomplished by detecting a peak in the BMA signal
a second time above the defined trigger threshold, within a hold-off time window characteristic of

the signal decay time.
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Figure 3.12: Two overlapping signals in a pile-up case (thin solid line), for the PMT (a) and the APD (b)
detectors, together with the resulting signals after applying the MA (thick solid line) and the BMA (dashed

line) filters.

Additionally, PMT signals that the baseline RMS noise was larger than 20 of the noise distri-
bution of a representative dataset were considered distorted, mainly due to the contribution of the
CsI(T1) long scintillation tail of previews signals.

Following these procedures, in total about 9% of the recorded PMT signals and 14% of the
recorded APD signals were considered distorted and were removed from the dataset.

3.3.4 Principal pulse shape

As referred in Section 2.4.1, the pulse shape of single signals is often not a well-defined observable
due to the presence of noise and the photon arrival statistics in the scintillation of the CsI(TIl)
crystal. This is especially true for photosensors with a fast response such as the PMT. The pulse
shape fluctuations of a PMT raw signal are shown in the zoomed area of Figure 3.9, and an APD
raw signal is illustrated in Figure 3.10. Therefore, the Principal Pulse Shape (PPS) of a large number
of time aligned signals was calculated (using the prescription of 2.4.1) to visualise and analyse the
signals pulse shape.

Considering the temperature gain correction experiment, this process was repeated for every
temperature dataset. The amplitude of the signals was previously normalised to such that the
calorimetric value is equal to unity. Thus, the amplitude of the PPS signal at a constant temperature
is invariant regardless of the number of pulses from different energy events present in it. Figure 3.13
illustrates the PPS of 40,000 PMT and the APD gamma-ray signals recorded at three different tem-
peratures. The higher the temperature, the higher the maximum amplitude and lower the decay
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time. In the following Section the PPS is employed to derive a shape parameter correlated with

temperature.
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Figure 3.13: PPS calculated by averaging 40,000 signals at three different temperatures. The grey shaded
areas mark integration limits used in the integration method. Left frame: PPS obtained using PMT data.
Right frame: PPS obtained using APD data.

For the particle ID experiment, more than one particle species and consequently more than one
“family” of pulse shapes is present in the dataset, the overall PPS obtained by averaging every signal
does not serve as representative pulse shape for any particular particle species. Although, the overall
PPS can be used as a reference pulse shape to discriminate individual signals (see Section 3.4.1).
The drawback is that the peak positions and widths of each species distribution are not known
beforehand.

On the other hand, if the PPS of a particular particle species is required, it is the aim of the fuzzy
c-means algorithm to find and group the different pulse shape families. The PPS for each particle
species are therefore obtained from cluster centroids returned by the fuzzy clustering process (see
Section 2.4.3).

3.4 Temperature gain correction

The following Section presents the methods derived to correlate the pulse shape changes with
temperature. These methods were employed to correct the temperature dependence of the detector

gain, using the experimental data after being processed as described in Section 3.3.

3.4.1 Pulse shape definitions

In order to correct the temperature gain effects, three methods to derive a parameter based on the
pulse shape were proposed. These pulse shape parameters are monotonously correlated with the
crystal temperature and can be used to compensate for gain shifts in the detector system. The
first method consists of taking the integral over different parts of the signal, which is a common
procedure in various pulse shape discrimination approaches (Integration method). The second and
third method use the PPS and by means of vector operations compare the PPS of a given dataset to
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a reference PPS. While the second method exploits the distance between vectors, the third method
exploits the angle between two vectors.

Integration method

It can be observed in Figure 3.13 that the (overall) decay time of the PPS decreases as the temper-
ature increases. Thus, in principle, the decay components may serve as a pulse shape parameter.
Though, fitting a function to the pulse characteristics is a rather exhaustive approach. A very simple
approach, which is often applied for pulse shape discrimination, is to use the ratio of integrals over
different parts of the signal pulse. The differences in the decay time can, therefore, be interpreted
as differences in the integral over parts of the signal. The ratio of two integrals

Q  Xitg, Sk
Qi Y% sk G2

k= aq
over the regions [a;,b1] and [ap,by] was taken to make the value independent of the total integral,
and therefore independent of the energy. The distribution of Q»/Q; ratios illustrated in Figure 3.14
shows that for a given temperature it is in fact largely independent of the energy.
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Figure 3.14: Two dimensional distribution of the Q,/Q; ratios as function of the energy from the data
recorded at constant temperature.

Normally, to optimise the sensitivity of the Q»/Q; ratio to the changes in the pulse shape, the
integration limits have to be adjusted manually to the shape characteristics of the detector pulse
signal. The integration limits were chosen so that they cover the regions where the PPS changes
with temperature are larger and both regions (Q; and Q) have identical integrals. The chosen
integration regions for the PMT and APD signal are represented in Figure 3.13 by the grey shaded
areas.

Figure 3.15 illustrates the histograms of Q»/Q; ratios of single signals both for the PMT and APD
detectors at three different temperatures, where each histogram consists of 40,000 entries. Because
the pulse shape of individual signals is not well defined, the spread in the Q,/Q; distribution is
larger compared to the difference of the peak position at different temperatures; the peak width is
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Figure 3.15: Histograms of Q,/Q; ratios of single signals recorded at three different temperatures. Left frame:
PMT. Right frame: APD. Each histogram consists of 40,000 entries. Note the different scale for the APD and
for the PMT.

a measure of the uncertainty of individual Q,/Q ratio calculations. Nevertheless, the temperature
is usually a slowly changing parameter compared to the rate of incoming events, and so, it is not
necessary to determine the pulse shape from single signals. The mean value p(Q2/Q1) of a set
of pulses is therefore sufficient to determine the current pulse shape. The value of n(Q»/Q1) was
estimated by calculating the centre of gravity of the Q,/Q; ratios histogram. Figure 3.16 illustrates
the results of 1(Q2/Q1) calculated for all datasets as function of the corresponding temperature.
The correlation shows enough precision and dependence of Q»/Q1 in order to discriminate even
small temperature differences, both for the PMT and APD detectors.
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Figure 3.16: The p(Q»/Q1) calculated from the centre of gravity of the Q,/Q;, registered in the scintillator
temperature range from 261.6 K to 319.5 using the PMT sensor and in the temperature range from 276.6 to
307 using the APD sensor.
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Angle method

As it has already been mentioned in Section 3.2.3, variations in the pulse shape characteristics
across different detectors are expected to occur, due to factors such as possible variations in the
crystal Thallium concentration (affecting the scintillation characteristics) or due to photosensor-to-
photosensor response variations. Varying the Thallium concentration may manifest in differences
in temperature dependence of the pulse shape. Since in the integration method the integration
limits may have to be tuned to the detector signal characteristics in order to optimise the sensitivity,
an approach to quantify the pulse shape changes without the need for manual calibration brings
advantages when dealing with large detector arrays containing many CsI(T1) detectors.

Interpreting the signals as high-dimensional vectors, the information about the amplitude is
carried by the vector length while the information about the pulse shape is carried by the vector
direction (compare Section 2.4.3). Taking this into consideration, the angle 6 between the PPS S,
calculated at the current temperature and a PPS S,¢ of a reference temperature can therefore be
used as a shape parameter:

G G — S T'S f
0(Scur, Syer) = cos <_Cufe> . 3.8
eurs Sref Bowrl - Srerl (3.8)

For this method, instead of calculating the angle using the full length of the recorded traces, the
PPS were cropped to contain a fewer number of samples covering just the relevant pulse region.
The PMT PPS were cropped so that 1000 samples (4us) after kp gt were retained, and the APD
PPS were cropped so that 125 samples before and 2625 samples after kcrp (a final length of 11us)
were retained. The correlation between the shape parameter 0(Scy.r, Srer) and the temperature for
both the PMT and the APD detector systems are illustrated in Figure 3.17. Here, S, was set
to be the PPS Sy, recorded at the temperature T = 319.2 K and T = 307.9 K for the PMT and
APD, respectively. The choice of which S, is used as the reference PPS has no influence on the
dependence of 6 on T. However, for 6(T) to be an injective function, which is more convenient for
further gain corrections, it requires the S,.¢ to be recorded at a temperature outside (or at the edge

of) the operating range.

Distance method

Another vectorial approach as an alternative to directly measure the angle, is the notion of distance
between two signals to distinguish their shapes, which has been proven to be suitable for particle
discrimination. Thus, a metric is defined using the Euclidean distance

D(Scurz Sref) = ||gcur - gref” (39)

between the current PPS S..,» and the reference PPS S,.¢. Since the vector length is influenced
by the signal amplitude, the distance approach relies strongly on good normalisation of the signals
when producing the PPS S, and S;.¢, in order to avoid any energy dependence. Fulfilling the
normalisation requirement, the magnitude of the PPS vector can be considered constant for a given
temperature. The distance D(Scyur, Sref) is then correlated to the opening angle between the Scy.r
and S;er and so the distance method represents an alternative to the angle method for classifying
the pulse shape.
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Figure 3.17: Shape parameter 0(Scyr, Sref) plotted versus the temperature. The PPS were calculated from the
same signal sets as the 1(Q,/Q1) parameter in Figure 3.16. Note the different scales for the PMT and APD.

Figure 3.18 illustrates the distance D(Scwur,Sref) as function of the temperature for both the
PMT and APD detector systems. Analogously to the angle method, the S, . was set to the PPS S
recorded at the highest temperature. Also, the same cropping procedure was adopted to reduce

their number of samples.
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Figure 3.18: Shape parameter D(Scyr, Sref) plotted versus the temperature. The PPS were calculated from
the same signal sets as the 1(Q,/Q1) parameter in Figure 3.16. Note the different scales for the PMT and
APD.

In order to test the energy dependence of the angle and the distance method, the energy spec-
trum was divided into five energy regions. Then, calculating the PPS for each energy region, both
the 0 and D parameters were obtained using these PPS with respect to a fixed reference for differ-
ent temperature datasets. The result of these measurements is illustrated in Figure 3.19, in which
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the PPS obtained for the highest energy region of the lowest represented temperature was used as
reference. It can be observed that all parameters increase as the temperature raises. However, some
scatter is present in the shape parameter across the different energy regions for each temperature
dataset, especially at the lower energy regions. This effect tends also to be stronger for the APD
detector system. Possible reasons for this energy scattering of the parameters within a constant
temperature set are an insufficient number of signals from each energy region to create reliable PPS,
a decrease of the signal-to-noise ratio of the signals at lower energy regions or an effect in the pulse
shape due to full-energy versus Compton events.

When considering the full available dataset from each temperature measurement, rather smooth
and monotonic dependence on temperature was observed in all three pulse shape parameters pre-
sented here. This dependence is also stronger than the deviations with the energy regions. There-
fore, regarding this condition, the shape parameters indeed serve to determine the current pulse
shape and hence can be used as a “thermometer”of the crystal interior to correct gain shifts due to
temperature variations.

3.4.2 System gain correction

In the following, the pulse shape parameters defined in Section 3.4.1 were employed to correct the
detector gain drifts induced by changes in the ambient temperature.

While the changes of the pulse parameter with the temperature are mainly due to the scintillator
temperature variations, the changes in the peak position also include the influence of the temper-
ature on the gain of the PMT and APD photosensors. By assuming a good thermal equilibrium
between the photosensor and the crystal via a straight mechanical contact, the overall detector gain
and thus the peak positions were considered to be correlated to the changes of the pulse shape
parameter.

In order to determine evolution of the system gain drifts, the 511 keV and 1275 keV peak-
positions P in the ?Na spectrum were calculated via fitting a Gaussian function to the spectrum
peaks from each temperature dataset. The relative peak position RP = P/P; was defined to describe
how much the gain changes relative to a reference peak position Py. Figure 3.20 illustrates the RP as
function of the temperature from both the PMT and the APD detector systems. The value of Py was
set to be the peak position at the reference temperature Ty = 293.2 K. An overall gain drift of the
order of 6% and 74% was observed relative to the maximum gain value registered when using the
PMT and APD detectors, respectively. As expected the temperature dependence of the APD sensor
is much stronger than for the PMT.

The pulse shape parameters implicitly contain information of the current gain of the system,
composed of the scintillator light output and the photosensor gain. Thus, rather than actually
determining the scintillator temperature, the correlation between P and a given shape parameter A
(with A representing either the 1(Q2/Q1), 6 or D), can be employed to directly compensate for the
detector gain drifts. Once P(A) is known, one can construct the correction factor

1 <P511(T0) N P1275(T0))/ (3.10)

CA=3 Ps11(A)  Piors(A)

2
where Ps511(Tp) and Pya75(Tg) are the reference peak positions of the 2Na gamma-rays at the
temperature Ty, and Ty a suitable reference temperature. The mean relative position of both ?Na
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Figure 3.19: Energy dependence of the D and 6 parameters across different temperature datasets. The grey
shades in the top frame delimit the five energy regions from which the PPS was obtained to the calculated
shape parameters illustrated in the frames below. For all cases the PPS at the lowest temperature and the

highest energy was used as reference.

gamma-ray peaks was used to minimise the error. The correction factor C(A) shifts the P(A) to P(Tp),

therefore corrects the measured calorimetric value CV, representing the gamma energy E, for the
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Figure 3.20: Relative peak position with respect to the position at 293.2 K, of the *?Na gamma-ray peaks, as
function of temperature. Left frame: PMT. Right frame: APD. Note the different scales.

gain shifts caused by varying temperatures. C(A) was then applied as a multiplier on the CV value
of individual pulses: The new parameter

E=C(\)-CV (3.11)

represents the gamma-ray energy independent of A, and consequently independent of the detec-
tor temperature, if P(A) is a reproducible and well defined correlation in the temperature range of
interest. The pulse shape parameters (1(Q2/Q1), © and D show very similar dependence on temper-
ature. Apart from their scale, the correlations of the relative peak position RP and correction factor
C versus one of the parameters (represented by A) remain somewhat invariant upon considering a
different shape parameter A. Considering that, in the following only the parameter D was taken to
demonstrate the feasibility of the correction method. The correlation of RP versus the parameter
D along with the corresponding correction factor C according to equation 3.10, are illustrated in
Figure 3.21 for the PMT case and in Figure 3.22 for the APD case. In both cases the reference tem-
perature was fixed to Ty = 293.2 K. In order to obtain a continuous function of the correction factor,
the correlation C(D) obtained with the PMT detector was fitted with a third order polynomial (see
Figure 3.21), while the correlation C(D) obtained with the APD detector was fitted with a second
order polynomial (see Figure 3.22).

In order to demonstrate the method, a second independent dataset was taken with both detector
systems in a similar temperature region. While the correction factor C(A) was determined from
the first dataset, the events from the second dataset were corrected employing Equation 3.11 to
produce the temperature corrected Energy E. Note that the correction factor C(A) is the continuous
fitted function, rather than the correlated data points itself or some sort of lookup-table. Figure 3.23
shows the relative peak position of the second dataset as function of the temperature, similarly to
that shown in Figure 3.20, after applying the gain shift corrections. The results show that for both
detector systems the variations of the relative peak position after correction are reduced down to
the order of 1%, which is well below the intrinsic resolution and therefore sufficient for correcting
the temperature effects. The typical calorimetric value CV and gain corrected (E) energy spectra,
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Figure 3.21: Correlation of the relative peak position RP and corresponding correction factor C with the shape
parameter D, for the PMT case. The reference peak position P(Ty) was fixed at Tp = 293.2 K.
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Figure 3.22: Correlation of the relative peak position RP and corresponding correction factor C with the shape
parameter D, for the APD case. The reference peak position P(Ty) was fixed at Tp = 293.2 K.

considering the overall data recorded in the total temperature range from the second dataset, are
illustrated in Figure 3.24 for the PMT detector and in Figure 3.25 for the APD detector.

Concerning the PMT detector, the gain variations due the changes in the scintillation yield of
the crystal are comparable to the effects of the PMT gain itself. It can be observed in the left frame
of Figure 3.20, that the correlation RP(T) reaches a maximum around 293 K and then repeats the
gain values; the total gain drift is approximately 6% in the covered temperature range. Figure 3.24
shows that in the case of the PMT, despite the relatively wide temperature range, the peak structure
of the 2Na source is preserved in the CV spectrum, with a relative resolution of 66 keV and 115 keV
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Figure 3.23: The relative peak position RP as function of temperature using a dataset from a different mea-
surement, after applying gain shift correction. The RP was corrected with respect to the position at 293.2 K.
The grey shaded area delimits a region of 0.5% deviation from the reference peak position, which is small
compared to the typical energy resolution of about 7%. Upper frame: PMT case. Lower frame: APD case.
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Figure 3.24: Calorimetric value CV and corrected E energy spectra for the PMT detector data.

for the 511 keV and 1275 keV peaks, respectively. After applying the correction, a relative resolution
improvement of the order of 24% was obtained in the spectrum E (see Figure 3.24).

On the other hand, in the APD detector the process of light conversion in the photosensor is
strongly dependent on temperature (as mentioned in Section 3.2.4), which overwhelms the effects of
the light yield variations of the CsI(Tl) crystal relative to the overall detector gain. The uncorrected
22Na spectrum, illustrated in Figure 3.25, shows a smearing out of the 2Na peaks due to strong
gain shifts. Nevertheless, a dramatic recovery of the Na spectrum was achieved in the corrected
spectrum (E) when applying the method described above. Since the shape parameter is not affected
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Figure 3.25: Calorimetric value CV and corrected E energy spectra for APD detector data.

by the photosensor gain drifts, the fact that the energy spectrum resolution is restored is evidence
for a good thermal equilibrium between the crystal and the APD.

The energy resolution achieved when employing the different previously defined shape param-
eters considering both the PMT and APD detector systems is summarised in Table 3.3.

Table 3.3: Energy resolution of ?Na spectra after being corrected employing the different pulse shape pa-

rameters.
Shape Parameter Detector type Energy resolution (FWHM)
at 511 keV  at 1275 keV
Reference!: PMT 11.1(8) % 7.2(1) %
Integration ratio PMT 11.2(5) % 7.3(1) %
Angle 6 PMT 11.2(7) % 7.3(4) %
Distance D PMT 11.2(7) % 7.3(3) %
Reference?: APD 10.6(9) % 6.5(2) %
Integration ratio APD 11.3(1) % 6.9(3) %
Angle 0 APD 11.3(9) % 7.0(1) %
Distance D APD 11.3(8) % 6.909) %

12Gpectra measured at constant temperature.

3.5 Particle ID

In the following Section, two PSA methods for achieving Particle IDentification (PID) using scintil-
lation CsI(T1) crystals are presented. The first method is the integration method, that was already
employed in the previous Section to quantify the effect of temperature changes on the pulse shape.
The second method uses fuzzy c-means clustering a clustering algorithm to determine the PPS for
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each particle species present in the dataset®. The results from the clustering process are then com-
bined with two discrimination approaches, that interpret the signals as vectors, to assign the indi-
vidual signals to the different particle species. The performance of both discrimination approaches
are compared to the performance of the integration method.

The present results were obtained using the signals of two neighbouring detector crystals near
the centre of the 8 x4 array. Because the results of the clustering method tend to deteriorate when
the number of signals from each particle species are too different from each other [39], the energy
range from 2 MeV to 10 MeV was selected. This energy region is illustrated in Figure 3.26 and
contains a comparable number of signals from both species. The signals with energy outside this
region were removed from the dataset.

The PID histograms further illustrated in this Section show the results of different investigated
methods for two detectors. This allows to compare the effects of different detector responses. To
measure how well each method separates the two particle species, a figure-of-merit (FOM) is given
in the respective PID histograms. The FOM is defined as

FOM — ML~ 2l (3.12)
01+ 02

where pi, up and o7, 0 are the means and standard deviations of Gaussian distributions fitted
to the peaks of each PID histogram.

20 — T T T T T T T T T 1

gammas - .

protons |

Approximated Energy [MeV]

10 15 20 25

Figure 3.26: Energy of proton and gamma particles deposited in the detector plotted versus the distance d to
the overall PPS of the full set (see Section 3.5.2). The distance measure separates well both particle species.
The grey shaded region between 2 MeV and 10 MeV delimits the region selected to contain a sufficient
number of signals from each particle species.

8The data used in this Section was produced using the setup described in Section 3.2.2.
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3.5.1 Integration method

As different particle species have different pulse shapes due to distinct processes induced in the
scintillator, the integral over different parts of the signal differs also for different particle species.
The ratio Q1/Q2 over two different non-overlapping regions, as defined in Equation 3.7, was taken
to make the value independent of the total integral and therefore suitable for particle identification.
The integration limits adopted for the signals of a CsI(T1) detector with Nal APD readout are il-
lustrated in Figure 3.27, together with the typical normalised (single signal) shape of a proton and
gamma induced signals. The areas were set to cover the rising edge region of the signal, which is
strongly affected by the difference in the interaction process ionising densities of the two particles.

Normalised Amplitude [a.u.]

Time [us]

Figure 3.27: Typical single signal shapes, after being normalised and noise filtered, for protons and gamma-
rays of a CsI(Tl) crystal readout by an APD photosensor. The grey shaded areas delimit the integration

regions used in the integration method.

When producing the histograms of the Q;/Q ratios, each particle species produces a peak at
their characteristic Q1/Q, ratio mean value. Cuts can then be applied to distinguish the different
particles. In general for good identification results, the integration limits have to be adjusted to
the detector signal characteristics. Figure 3.28 illustrates the Q1/Q; histograms for two different
detectors calculated using the limits defined in Figure 3.27. The peaks in the two histograms have
different positions when comparing the same particle species for the two detectors. These positions
cannot be predicted beforehand and have to be determined by manual intervention or by fitting
procedure. The FOM for the two detectors is also given in Figure 3.28. The value for Detector 1 is

significantly smaller due to its wide proton peak in the histogram.

3.5.2 Fuzzy clustering

In the fuzzy clustering method, particle identification is achieved by comparing the detector signals
with the PPS (i.e. prototype signals obtained from the clusters centroid) of each particle species.
These PPSs do not need to be constructed manually, but can be automatically derived from a mixed

dataset containing a large enough number of signals representing the different particle species. In
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Figure 3.28: Histogram of Q1/Q, ratios from a dataset containing proton and gamma induced signals, for
two different detectors. The peaks are well separated, but due to different characteristics of the pulse shape
for the two detectors their positions differ slightly in both detectors.

the present work only two particle species were detected, gammas and protons, which reduces the
clustering algorithm to the two cluster case. representing the gammas and protons respectively. The
fuzzy clustering method can be interpreted as a two step procedure, with the derivation of the PPS
as a first step and the assignment of the individual signals to particle species as a second step.

To perform the first step, the fuzzy c-means algorithm was applied to the dataset. A more de-
tailed explanation of the fuzzy c-means algorithm has been given in Section 2.4.3.3. This algorithm
returns the PPS §;, determined by the cluster centroids, for each particle species and the matrix of
membership values ui; designating the degree of membership of every signal S; to each cluster S;.
As a second step, the clustering results (S; and uy;) were used to distinguish the signals from the
different particle species.

In principle, the degree values of membership can be used themselves to perform particle iden-
tification. Although, the peaks in the distribution of these values are strongly non-Gaussian and
have different positions depending on the fuzziness parameter m [39], which makes this approach
difficult to compare with the results of other PID methods. Therefore, different ways for achieving
particle identification using the results from the clustering process are preferable. In the following
two discrimination approaches to perform particle identification are presented: One approach uses
the concept of the distance between pulse shapes. The second approach makes use of the clustering
information to determine a weighting vector characteristic of each pair of particle species, that by
means of a scalar product with the detector signal is used to assign a discrimination value to every
signal from the dataset.

Distance approach

The notion of distance between two signals can be used to perform particle identification in a similar
way as shown before in the case of the temperature correction. After normalising the individual
signals, to remove the dependence of their amplitude on the energy, the distance between two signal
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pulses is only sensitive to the difference in their shapes. Therefore, a discrimination value based
on the distance between the shape of individual signals S and the PPS S, of one of the particle
species can be calculated to distinguish the different particle species. The most natural choice to
calculate the distance between two vectors would be the Euclidean distance, as it was employed in
Section 3.4.1 to discriminate PPS at different temperatures. However, single signals contain noise
that accumulate when calculating the Euclidean distance, which might significantly increase the
distance between otherwise similar signals. In order to circumvent this problem, an alternative

distance measure is defined as

d(S,55) = > (S(k) — 5;(k)), (3.13)

which allows for the noise contribution to cancel among the different samples. The parameter
L refers to the length of the signal in samples. For the distance approach the recorded signals were
cropped so that only L=500 samples (8.33 ps) are retained and the signals begin 50 samples (0.83 ps)
before ty determined via CFD timing (Figure 3.27 shows two cropped traces). The distance d was
then calculated to obtain a discrimination value for each single signal. In order to normalise these
discrimination values also the distance between the PPS of each pair of particle species, d(S1,S,),
can be calculated. This is advantageous because both species can be assigned with the values zero
and one, respectively:

Ao s d(s, $1)

a(s,5;) = WAL (3.14)

Figure 3.29 illustrates the normalised distance d histograms for the same dataset as in Fig-
ure 3.28. As expected, the peak positions corresponding to the protons and gamma-rays are sit-
uated around zero and one, respectively. The peak positions are also identical for both detectors,
even though the pulse shapes of the two detectors are slightly different. This leads to different
distributions in the Q;/Q> histograms (see Figure 3.28). Compared to the integration method the
FOM is identical, however the distance approach does not require prior knowledge of the pulse
shape characteristics and has the advantage of having fixed peak positions in the PID histogram.
Therefore the distance method is better suited for unsupervised calibration of large detector arrays
with many channels.

One particular property of defining the distance d in such manner, is that the distance between
three signals are closely linked:

L
d(S1,52) = ) _(S1(k) — S2(k)) (3.15)
k:O
=) (S1(k) — S3(k) + S3(k) — S(k)) (3.16)
k=0
=d(S1,S3) +d(S3,S,). (3.17)

The choice of a different reference signal to calculate the discrimination values only results in a
constant shift of their histogram peaks. Exploiting this property, one can circumvent the need of
performing clustering in the two-species case. The overall PPS S (i.e. considering the all dataset)
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Figure 3.29: Histogram of the normalised distance d to the proton PPS S,,. The distance d(S,,S,) between
gamma and proton PPS were used as normalisation value. The position of proton and gamma peaks are
situated around the distribution values of 0 and 1 respectively and are identical for both detectors.

can be used instead of determining the PPS for each particle species. Additionally, no care has
to be taken regarding strong asymmetries in the number of each particle species present in the
dataset. The result of this approach is illustrated in Figure 3.26 and was used in order to select
the energy region over which the clustering method was performed. It shows that the distance
measure separates both particles well. The disadvantage is that, compared to using clustering
PPS as reference signal, in this approach the peaks positions and widths can no longer be known
beforehand.

Weighted integration approach

Instead of performing the distance approach, the results from the clustering algorithm can be em-
ployed to calculate statistical quantities that, based on linear discriminant analysis, are used to
determine a “linear classifier” [86]. A linear classifier achieves particle identification by making a
classification decision based on the value of a linear combination of the signal characteristics.

In order to obtain good discrimination of the signals from the different particle species, a mea-
sure of the standard deviation for each cluster is required to quantify the difference between their
PPS, when determining a linear classifier. Using the matrix of membership values ui; and cluster
centroids Sj, the within-cluster scatter per sample k can be calculated as:

N
M) = 1 3 wig(Se(k) — S50, (3.18)
) i=1

2 2
with the total cluster size U; = SN uij. Thus, AHJ{IAZ is an estimate of the variance of the

dataset, and A% + A3 is the total within-cluster scatter of the signals. The information obtained
from the clustering facilitates the use of an improved integration method. Rather than having to
set the integration regions by hand, the prototype signals S; and A)z can be used to calculate a
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vector of weights (i.e. a linear classifier) aiming at the largest difference where the PPS of the two
particle species under consideration differ the most with respect to their variance AJ?. As there is a
considerable scatter inside each cluster, the widths of both signal distributions have to be taken into
account. A vector of weights
_S5-%
= m
is then obtained by relating the difference between the two PPS S; and S, to the total within-
cluster scatter A7-+A3. Figure 3.30 illustrates the vector of weights W calculated for the two detectors.

(3.19)

It is obvious, that the results for the two detectors are different, which shows the adaptive nature of

this unsupervised procedure.
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Figure 3.30: Plot of the weighting values obtained from Equation 3.19 for two detectors. The weighting values
emphasise the signal regions where the PPS of the two particle species differ the most.

By calculating the scalar product between the signals S(k) and the vector of weights W(k), a
discrimination value for each pair of particle species

L
a(S)=S"TW =) S(kW(k), (3.20)

with L being the length of the cropped signals in samples, can be assigned to each signal from
the dataset. This step can be interpreted as a weighted integration, in which the regions where the
signals are more similar contribute less. Note that in contrast to the integration method (Q1/Q2), ev-
ery signal had to be previously normalised to remove energy dependence. The discrimination value
o can also be calculated for the PPS of each particle species. Thus, the discrimination values can be
normalised so that a value of zero and one is assigned to both particle species PPS respectively:

crey . x(S) —«(Sq1)
x(S1) — «(S2)
By definition, the peak positions in the discrimination value histogram corresponding to the PPS

(3.21)

of the two particle species are now &(S1) = 0 and &(S;) = 1. Figure 3.31 illustrates the histogram of
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the normalised discrimination values &;;, where the peaks situated around the positions zero and
one correspond to the protons and the gamma-rays, respectively. The distribution peak positions
and peak widths are also similar for both detectors. Compared to the distance approach the FOM
has improved, which was expected since the weights vector explicitly focuses on the regions of
largest distance between the clusters, taking statistical fluctuations into account. This shows that the
approach of defining a vector of weights without prior knowledge of the pulse shape characteristics
gives good results.
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Figure 3.31: Histogram of the normalised discrimination values &;; for both detectors, obtained using the
weighted integration approach. The values were calculated from the same dataset in Figure 3.28 and in
Figure 3.29. The proton and gamma peaks are situated near zero and one respectively, and are identical for
both detectors.

The procedure to obtain the discrimination values can be interpreted as a special case of the
Fisher’s linear discriminant method for vanishing covariance between sampling points, described
in [38]. Because the signals were initially filtered to reduce the noise, which leads to significant
correlation between neighbouring sampling points, this assumption is not rigorously true. However,
the results provided an excellent way to distinguish the two particle species in an unsupervised
fashion.
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Chapter

Performance studies of the Active-Target
detector for the R?B setup

The following chapter presents the functionality tests of the Active-Target (AcTar) prototype for the
R%B (Reactions with Relativistic Radioactive Beams) setup. This detector is an ionisation chamber
designed and built for studying elastic and inelastic scattering of light to heavy nuclei on helium
and proton targets. As a proof of principle, a *Ni beam at 700 MeV /u was impinging on a He-H,
(8%) target mixture.

The preliminary results obtained during the in-beam experimental test are presented. The de-
tector data was fully recorded in a raw format of signals wave form. All the useful information was
extracted in post-processing digital signal analysis. Deeper analysis, including the information of
other detector systems involved, are still required for physical conclusions.

4.1 Introduction

Reaction and structure studies of exotic nuclei pose unique experimental challenges, which emerge
both from the constraints imposed by the production of such nuclei and from tools required to
explore their properties. Exotic nuclei are typically produced with low intensities, which demand
for a detection system with very high efficiency. Moreover, the information on the nuclear structure
is more promptly extracted using nuclear reactions where one of the participants exhibits a relatively
simple structure, e.g. 'H and *He. A promising solution for such experimental challenges is the use
of an active-target detector.

The AcTar is a relatively novel gaseous ionisation detector concept, in which the gaseous target
is no longer the inert material, but also constitutes the recoil detection medium. This allows to
efficiently detect very slow recoil particles in scattering reactions at low momentum transfer, without
the need for the recoil particle to leave the thick target. Compared to conventional solid targets, the
AcTar detector allows the use of much thicker targets increasing the luminosity without loss of
resolution. Different target thicknesses are achieved by controlling the filled gas pressure.

75



Chapter 4. Active-Target

Gas detectors provide a most unique way for identification and good resolution of low energy
recoil particles together with high efficiency. The working principle of such detectors is commonly
characterised as Charge Projection Chamber analogous to the Time Projection Chamber (TPC) used
in particle physics experiments.

The concept of the AcTar prototype is an advanced version of the IKAR detector [8, 87] developed
at PNPI! and successfully used in experiments [9, 88] with radioactive ion beams (Radioactive Ion
Beam (RIB)) in inverse kinematics for measuring the elastic scattering cross Sections at high energies
(1 GeV/u) of light nuclei at GSI Helmholtzzentrum fiir Schwerionenforschung GmbH (GSI). The
AcTar is mostly meant to be used in inverse kinematics, filled with target gas composed of 'H, 2H
and *He, either pure or mixed with standard detection gases such as C4H;g. The recoil gas particles
have very low energy with the most important centre-of-mass angles occurring at near zero degree
in elastic and quasielastic reactions.

A similar detector concept, the MAYA[11] detector, was recently built at the GANIL? facility,
where it has been used to measure different types of direct reactions at low energies (< 50 MeV /u).
Although this detector has proven the feasibility of the active target concept, it has limited dynamic
range, position and multi-track resolution.

In the present work the AcTar detector has been subject of test as integral part of a complex
beam experimental setup with the objective of investigating its suitability for the construction of
the ionisation chambers for the R®B project. The main aim of the experiment was to prove the
possibility of reliable detection of recoiling particles in scattering reactions with a 700 MeV /u >®Ni
beam. Although that for a physical case lower beam energies ( < 300 MeV) would be more suitable
to study %Nji nuclei with AcTar, higher energies were used to allow the beam reach through the
target with enough intensity so other detectors could also be tested in parallel.

The modern readout system of the AcTar detector, which includes fast digitisers, has made
the fully recorded track information of the recoil particles available. The information of the recoil
particles, such as kinetic energy and recoil angle, was extracted by applying different methods for
digital signal analysis. The functionality and design of the new detector AcTar will be explained
in detail in the following. The preliminary results in attempting to calibrate the detector together
with the detection of the scattering reaction products are also presented. The results show, that it is
possible to detect and isolate from inelastic scattering events.

The data obtained during the test experiment turn out to be of importance for the construction
of an ionising chamber suitable for the R®B project. It is the first time that an active-target of this
type has successfully been tested with a ion beam heavier than carbon.

The present analysis are preliminary and involve only data acquired with AcTar, showing the
principle functionalities of this detector. The aim of the experimental setup was to study the feasibly
and performance of such kind of detector with the use of an heavy ion beam. Further analysis are
necessary for the study of physical case studies, which will require an extended calibration of the
other detectors involved in the experiment.

1The Petersburg Nuclear Physics Institute
2Grand Accélérateur National d’Tons Lourds
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4.2 Experimental setup

The experiment was performed at the radioactive-beam facility of GSI Darmstadt. A primary **Ni
beam was extracted from the heavy-ion synchrotron (SIS) at an energy of 700 MeV /u. The beam
intensity was around 5 x 10% s~! with a duty factor of ~25% — 50%.

Crystal Ball ——
(left half)

Active-Target L
Crystal Ball
(right half)

Figure 4.1: Schematic view of the setup for testing the AcTar prototype using alpha elastic scattering on **Ni
nuclei in inverse kinematics. The AcTar serves simultaneously as a gas target and a detector for the recoil
alpha particles. The forward spectrometer consisting of three position sensitive silicon pin diodes (PSP1-
PSP3) determine the scattering angle of the beam particle in the target. The scintillation counters (LOS and
ROLU) were used for triggering and time reference for the ion passing through the setup.

The schematic representation of the detectors arrangement for the scattering reaction experiment
is illustrated in Figure 4.1. The main constituent in this setup is the AcTar, a cylindrically shaped
stainless steel gas detector with a diameter of 30 cm and a length of 60 cm. The detector was
filled with helium-hydrogen gas mixture containing 3% hydrogen (pure helium cannot withstand
the necessary high voltage). For estimating the optimal conditions to detect the recoil particles of
different energies, three different operating gas pressures of 10, 5 and 2 bar were adopted during the
experiment. Projectile beam particles interact with the gas particles in the AcTar, which serves at the
same time as a target and a recoil particle (proton- and alpha particles) detector. The recoil particles
registered in the AcTar were measured in coincidence with the scattered ions. With the purpose
of determining the track of the incoming and outgoing ions, three tracking detectors were used
(position sensitive pin diodes (PSP1-PSP3)). A plastic scintillator was used to provide a fast trigger
signal to mark the event start and for time-of-flight measurements. A squared aperture scintillator
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(ROLU) was used to limit the accepted beam size, rejecting projectiles that entered the AcTar outside

the area of 4x4 mm?

in a square centred in the central axis. The Crystal Ball (XB) calorimeter was
used to detect the emitted gamma rays following the **Ni inelastic scattering. However, due to the
geometrical incompatibility, it was not possible to fully close together both halves of the XB detector

in order to cover the full solid angle (see Figure 4.1).

4.2.1 Operating principle and design of the active-target detector

Ionisation detectors constitute one of the oldest and widely used devices developed for radiation
detection. The active-target detector is fundamentally a gaseous ionisation detector. This type of
detectors is based on the direct collection of the ionisation ions and electrons created in the gas by
the passage of radiation.

When a charged particle such as a proton, electron or alpha particle, move through a gaseous
medium it loses kinetic energy through collisions with the gas creating ionised atoms along its path.
The kinetic energy of the charged particles is lost to ionisation of the surrounding gas via multiple
Coulomb interactions [89]. After ionisation of a neutral atom, the resulting free electron and positive
ion are called an electron-ion pair.

The electron-ion pairs can be created either through direct interaction with the incident charged
particle or by a secondary process in which a fraction of the particles kinetic energy is first trans-
ferred to a delta-electron (or delta-ray). Delta-electrons are energetic electrons which receive enough
momentum impulse that after having left its parent atom, they still have sufficient kinetic energy
to produce further ions. Delta electrons appear as branches in the primary particle track. These
branches will appear near the start of the primary track, where more energy is transferred to the
electron.

After the passage of an ionising particle through the gas, the presence of an externally applied
electric field avoids the rapid recombination of electron-ion pairs, resulting in the electrons and ions
to drift apart towards the outer electrodes. As the charges move in the electric field, they generate an
induced current in the electrodes of the ionising chamber that reduces the chamber applied voltage
from its equilibrium®. A voltage appears then across the anode-cathode load resistance with equal
amount by which the high-voltage has dropped. The further from the electrodes the ionisation
occurs the longer is the drift time. Since the induced current is generated from the moment the
drifting charges are created, the pulse amplitude depends on the location of the primary ionisation.
The dependence of the pulse amplitude on the interaction position in the chamber can be removed
by installing a Frisch grid [90, 91]. The grid divides the chamber volume into two volumes, in
which all the radiation interactions are confined to the volume between the grid and the cathode
(see Figure 4.3). The potential of the grid is kept at an intermediate value between the anode and
cathode and the grid should be as transparent as possible to electrons. By measuring the signal
voltage at the load resistor between the grid and the anode, only when the drifting electrons pass
through the grid towards the anode the signal begins to build across the load resistor. Because all
electrons now have to pass through the same potential difference between grid and anode, which
contribute equally to the pulse formation, the pulse amplitude becomes independent of the position
of the primary ionisation and is proportional to the number of electron-ion pairs created along

®Equilibrium voltage is the voltage that appears across the ionising chamber in the absence of any ionising charge.
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the track of the ionising particle. The electric signal resulting from the drifting charges provides
information on the energy of the ionising particle propagating through the detector medium.
Independently of the detailed mechanism involved in the ionisation process, the practical quan-
tity of interest is the number of ion pairs produced along the track path of the radiation. The
mechanisms by which the incident particle loses energy in the gas do not always produce ion pairs.
There are mechanisms such as excitation processes where electrons are elevated to a higher bound
state without being completely removed. Therefore, the value of the energy dissipated by the inci-
dent particle (W-Value) is higher than the ionisation energy and is in principle expected to depend
on the type of radiation and its energy. However, empirical observation [92] has shown that W-
values are remarkably constant for many gases (including H and He). Assuming that the W-Value
is constant (for a given type of radiation), the energy deposited in the detection medium is there-
fore proportional to the number of ion pairs produced and can be determined if the corresponding

measurement of ion pairs is performed.
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Figure 4.2: Structural representation (not to scale) of the AcTar ionising chamber (Left). Schematic view of
the AcTar anode pattern (right). The projection of the alpha-source position in the anode is indicated by the
grey dot.

The AcTar detector, schematically illustrated in Figure 4.2 (left), consists of a single axial ionisa-
tion chamber with the electric field aligned with the beam direction and with a 27t azimuth’s angle
acceptance for detection of the recoil target particles. The windows at the entrance and at the exit
of the AcTar chamber, which coincide with the beam line, are made of thin Beryllium foils for min-
imisation of multiple Coulomb scattering and are shaped as semi-spherical shells in order to safely
withstand the high operating pressures. The distance between cathode and anode is 22 cm and the
distance between the Frisch grid and anode is 3 mm. A cage with voltage dividers constituted of
five guard rings placed equidistantly between the cathode and the grid and with the same diameter
of the electrodes was used to improve the uniformity of the electric field near the fringe region on
the edge of the ionisation chamber.

The pattern layout of the AcTar anode is shown schematically in Figure 4.2. The AcTar anode cell
structure consists of five rings and a central circle, see their dimensions in Table 4.1. The four outer
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rings are segmented in 16 sectors each, all constituting a total of 66 anode cells. The segmentation of
the rings in sectors is intended to reduce the influence of the delta-electrons, i.e. if a delta-electron
acquires enough energy to reach the outer rings. The fact that the rings are sectioned in equiangular
sectors reduces the probability of pile-up.

Table 4.1: Radial dimension of the AcTar anode rings.

Anode ring # A0 | A1 | A2 | A3 | A4 | A5
Outer radius [mm] | 10 | 20 | 42 | 64 | 86 | 100

For the purpose of energy calibration a reference energy deposited in the AcTar was contin-
uously measured with a low-activity (<10 Bq) 241 Am alpha-source, E, = 5486 keV, placed on the
cathode surface in the position facing the centre of cell #07.

When a scattering reaction occurs in the AcTar, a recoil particle is emitted radially with a certain
angle relative to the beam direction. Figure 4.3 illustrates a typical scattering event. The projectile
nuclei (*®Ni) elastically scattered at small angles (0 < 1.5°) pass the AcTar exit window and the
corresponding recoil tracks of the emitted alpha particles are almost parallel to the electrode planes.
Hence, the recoil particles deposit full energy in the AcTar when their tracks are shorter than the
radius of the chamber electrodes. Note that the recoil particle is faster (e.g. alpha particles with
kinetic energy of 5 MeV travel at 15 ~ m/us) compared to the drift velocity of the electrons. As a
result the electrons reach the grid with the same relative time difference that they were created. This
property is the basis of the recoil angle calculations as it will further be explained in Section 4.5.3.

05

>

Ionising charged particle

(alpha or proton)

Frisch grid (V=0) 1 E=~110 V/cm/bar

Amplification gap (3 mm) T E =400 V/cm/bar
L W W
Anode plane

Readout electronics N\ Y Y Y Y Y

Figure 4.3: Schematic representation of an AcTar scattering event. The electrons produced along the straight

track of the fast recoil particle drift at constant velocity towards the Frisch grid keeping the angle profile of
the recoil. The current signal is only detected in the anode after the electrons reached the Frisch grid. Note
the different electric fields (E) separated by the grid.

The high operating pressure allows to achieve reasonable target thickness and ensures total
absorption of the recoil particle energy inside the active volume. On the other hand, the precision of
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the recoil angle (0;) measurements tend to improve with longer recoil paths. Therefore, in order to
retain the particle in the active volume and still have relatively long recoil range, several operating
pressures are required to cover different recoil energy ranges.

Depending on the operating pressure (2, 5 or 10 bar) the voltage applied to the anode and
cathode was adjusted according to the values of Table 4.2, in order to keep the AcTar electric field
proportional to the operating pressure with approximately 110 Vem~'bar~! between cathode and
grid, and 400 Vem~'bar~! between grid and anode (see Figure 4.3). The grid potential was kept at
ground level (0 V). Consequently, the total drift time of the electrons in the chamber was the same
for the three operating pressures at around 60 ps.

Table 4.2: Anode and cathode applied voltage.

Pressure | Cathode potential | Anode potential
2 bar -5 kV 250 V
5 bar -12kV 600 V
10 bar -24 kV 1200 V

The signal from all 66 AcTar channels were preamplified and filtered with a 5th

order low-pass
Bessel filter. The preamplifier output was directly coupled to a set of 16 channels Struck* SIS3316
Flash-ADC (FADC) digitisers for parallel read-out and acquisition of the anode signals induced by
the drifting electrons. The SIS3316 digitisers have 14 bit resolution and were operated at 25 MSPS
(40 ns interval between sampling points).

The AcTar electric field was employed using high-voltage Heinzinger power supply® modules.
The voltage values in this modules can be set via serial communication, in which a NI* CompactRIO
control system was implemented to establish a back-end interface for high-voltage modules. The
reading of 5 temperature sensors and one pressure sensor was also performed by CompactRIO
modules. A slow control interface written in LabVIEW allowed to remotely control high-voltage,
as well as, monitor and log the temperature and pressure during the experiment. For additional
information on the AcTar slow control refer to Appendix B.2.

4.2.2 Trigger logic and data acquisition

The AcTar detector had implemented its own dedicated Data AcQuisition (DAQ) system, whereas
the event correlation with the other detector systems in the experimental setup was performed using
a synchronised clock that provided time stamping for posterior event matching.

Since during the present experiment (5438 experimental setup) the beam intensity was about
5 kHz, whereas the event rate of scattering particles in the AcTar was in the order of 102 Hz, the
data acquisition system was configured to register only those scattering events. Moreover, the time
between successive beam particles had to be controlled in order to reduce pile-up events due to the
long electron drift time in the ionising chamber, making the AcTar the slowest detector in the setup.
To meet these requirements, the trigger logic was comprised of different trigger levels.

4Struck GmbH - http:/ /www.struck.de/
5Heinzinger electronic GmbH — http://www.heinzinger.com/
®National Instruments — http:/ /www.ni.com/
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Figure 4.4 shows the diagram of the logic implemented to trigger an event registration in the
AcTar DAQ. The trigger of each individual AcTar anode cell was produced in the digitisers while
processing the event data stream. The SIS3316 digitiser implements a trapezoidal Finite Impulse
Response (FIR) filter which provides a trigger signal for each FADC channel. The trigger threshold
of each channel was programmed to be as low as possible without triggering on the baseline noise.
An OR gate was applied to the trigger of the 64 AcTar segmented ring channels, i.e. from all cells
excluding the two inner most cells, to provide a single trigger acknowledging the detection of a
recoil particle (recoil trigger). This trigger, however is not correlated with the arrival time of the
beam particle since a scattering reaction can occur at any z—position in the AcTar active medium.

64 64
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Active-Target » reamolifier » RAW DATA
anodes[1-64] P P
—
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XB sum

ROLU HH >
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Figure 4.4: Trigger logic scheme of the AcTar setup. This configuration allows to detect in coincidence the
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i

occurrence of a scattering reaction and favourable beam particle. If the trigger condition if fulfilled the DAQ
records the FADC signal traces with the time reference of the LOS trigger.

For further kinematic measurements it is important that the AcTar signal from each channel is
recorded with reference to the arrival time of the beam particle. To do so, a second trigger level
(beam trigger) was generated to provide a time reference for the beam particle and acknowledge
its validity. The beam trigger is obtained from the LOS detector in anti-coincidence with the ROLU
alone or in coincidence with tracking detectors (Tracking) or crystal ball sum (XB sum), see Fig-
ure 4.4. The “Tracking” signal indicates that the beam particle traversed all tracking detectors, and
the “XB sum” indicates the detection of gamma radiation anywhere in the crystal ball detector.
Downscale factors were implemented in some of the signals with higher rate to attenuate their con-
tribution in the overall event rate. The “beam gate” determines the beam spill duty time (onspill
or offspill). In order to have the AcTar DAQ record data from the digitisers, the coincidence con-
dition between the beam trigger, beam gate and recoil trigger must be fulfilled. The recoil trigger
is previously stretched by the maximum AcTar electron drift time (60 us) creating a recoil gate and
the beam trigger is delayed by the same quantity to ensure that the triggers coincide regardless of
the z—position (i.e. position along the beam direction) in the cathode-grid space where scattering
has occurred. If the coincidence is fulfilled, every channel is recorded in 82 us long traces covering
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8 us before and 74 us after the first LOS trigger. Any occurrence of further LOS triggers during
the trace recording period constitute the multiplicity of beam particles per event, which can later
be used to discriminate pile-up events. After being digitised the AcTar signals are recorded using
the Multi-Branch System (MBS) from GSI, which is used to control the dedicated DAQ. The data is
recorded on an event by event basis to produce binary List Mode Data (LMD).

Software

Unpacker — The recorded LMD files from the DAQ contain the collected raw data in a very compact
and unmodified form, which is in most cases unsuitable for direct processing. An unpacking (or
sorting) program is required to produce easily accessible data files in a standard format that allows
the use of analysis frameworks to process these data. In the present work the configurable UCESB
unpacker [93] was used and configured to specifically match the data format of the LMD files. With
this unpacker the files are then sorted and converted to files containing ROOT trees, which represent
the experimental data for each recorded event in a single entry in the tree. The raw traces from each
detector channel are represented by branches in the tree with a descriptive name assigned by the
unpacker. The LMD data is unpacked only once to the ROOT data format, and any analysis or
calibration is then performed based on these files.

Online analysis and histogramming — The ability to quickly unpack, analyse, and visualise
the currently accumulated data during the recording phase of the experiment is a valuable asset. It
allows for monitoring of the data quality, for prompt detection of anomalies in the detector system
and for feedback while tuning the control variables during the experiment. As mentioned above, the
unpacking is handled by the UCESB unpacker, which besides reading from the already stored data
can also read directly from a network stream provided by the data acquisition system. The reading,
analysis and visualisation of the data is performed using the Active-Target Online Monitoring and
Analysis Tool (ATOMAT), a Graphical User Interface (GUI) program written in ROOT. ATOMAT
updates its content automatically leading to a near-realtime (i.e. with a delay associated to the
unpacker processing time) view of the data. For more detailed information on ATOMAT refer to
Appendix B.1.

4.3 Interaction of charged particles with matter

When a charged particle moves through a neutral medium it will interact electromagnetically with
both the electrons and nuclei of the material. These interactions cause a continuous energy loss
of the charged particle, which is decelerated from its initial energy E, and to be possibly stopped
inside the material. The electromagnetic interactions with the nuclei occur as Rutherford scattering
and are seen as small (only occasionally large) changes in the propagation directions. On the other
hand, the mechanisms of Coulomb scattering with the negative charge cloud of atomic electrons
of the medium are far more frequent and are seen as a fairly steady loss of kinetic energy. The
energy transferred to the medium can be low, to only excite atoms and molecules, or high enough
to produce ionisation. In the case of the AcTar only the ion-pairs resulting from the ionisation
process are detected.
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The value of the differential ratio —dE/dx along the particle track defines the specific energy
loss (also called “rate” of energy loss). For particles with a given charge state, the specific energy
loss increases as the velocity decreases. The expression for the specific energy loss is known as the
Bethe-Bloch formula [94, 95] and for an incoming particle of mass M > me, it is written

B ﬁ B 4me*z? Nop
dx  mev2 A

where the factor B is not constant but varies slowly with energy in a logarithmic manner and is

2 2 2
B=2Z [m (2"11"*" )—m (1—2) _zz] ~ Ck. (4.2)

In these expressions, z and v are respectively the atomic number and velocity of the primary

(4.1)

calculated as

particle, Ny is the Avogadro number, e is the electronic charge and m, is the electron rest mass. p,
A and Z are respectively the density, atomic weight and (average) atomic number of the absorber
medium atoms. The parameter I is the average ionisation and excitation potential of the absorber
medium and Ck is the correction term for the partial screening of the nuclear charge by inner
(K-shell) electrons at low kinetic energies (shell correction term).

The penetration depth of the primary particle, also referred as range R, can be calculated as

—1
R(T) = JO (—dE> dE, (4.3)

T dx
where T is the particles kinetic energy. The range of alpha particles was calculated for three
different operating pressures using SRIM’ [96]. The results of the simulation are illustrated in
Figure 4.5 for energies between 0 and 10 MeV. Considering the dimensions of the AcTar ionising
chamber, it can be seen that at lower pressures (2bar) the particles with energies above 5 MeV tend
to leave the active volume before stopping, and therefore only a part of its energy can be detected.

200
180 |
160 |
140 F
120 |
100 |
80 F
60 |
40 F
20 |

Range [mm]

2 bar

A
A _

.....
5

2,
S,

Y rne s s 0 o 5

R | I P R P PR B P = I R RRNPI SR R IR

Z,
o>

0 N | I P |
0123456 7890123456 789 0123456 78910
Energy [MeV] Energy [MeV] Energy [MeV]

Figure 4.5: Simulation of the penetration depth as a function of energy for recoil particles in a helium-
hydrogen gas (3%) mixture for three different pressures. The calculations were performed using SRIM.

7SRIM - The Stopping and Range of Ions in Matter.
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4.4 Characteristic relations of elastic/inelastic scattering in inverse kine-
matics

This Section addresses the general features of elastic and inelastic reactions when studied in inverse
kinematics. Unlike in normal kinematics experiments in which the Centre-of-Mass (CM) frame is
almost at rest in the laboratory frame, in inverse kinematics the CM frame moves at nearly the beam
velocity, since the target is much lighter compared to the projectile. Measured in the CM, taking in
account the conservation of momentum, the velocities of the two particles after collision must be in
inverse proportion to their masses (see Figure 4.6).

forward scattered target

particle in the CM frame

vlab ;
T pcm/mT

lab
Vem

¢
pmn/ms

A4

Beam
lab
VS

Figure 4.6: Velocity diagram for elastic scattering in inverse kinematics. The picture is strictly classical,
using the Galilean addition of velocities. The picture shows that the light target particle (recoil) emerges just
forward 90° for small CM scattering angles.

The two body kinematics for elastic/inelastic scattering reactions connects the scattering angle
in the laboratory frame with the recoil energy:

Tlab _ \/m ., (4.4)

with the recoil momentum p, being:

\/ P2+ m2cos 0, sinh ¢ =+ cosh (])\/pf{%1 — m2sin? 0, sinh? ¢
1+ sin® 0, sinh? ¢

by — (4.5)

where pl,, is the momentum of the centre-of-mass after collision, m, is the mass of the recoil
particle and ¢ is the centre-of-mass rapidity. The detailed derivation of kinematical relations in
inverse reactions, as for the present scenario, is explained in the Appendix A.

Figure 4.7 illustrates the kinetic energy of the recoiled target nuclei as function of the scattering
angle in the laboratory frame for the scattering process in inverse kinematics. An example is shown
for elastic and inelastic scattering on alpha particles of *®Ni nuclei at 700 MeV/u. The maximum
kinetic energy imparted to the recoiled alpha particle is ~8656 MeV, and the maximum angle of the
scattered *®Ni nucleus is 4°.
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Figure 4.7: Kinetic energy as function of the scattering angle in the laboratory frame of recoiling *He target
nuclei for elastic and inelastic scattering events. The curve was derived from Equation 4.5 for an incoming
beam energy of T, = 700 MeV /u. Centre-of-mass angles 0“™ are indicated in the curve.

4.5 In-beam test measurements

In the AcTar, the post-reaction information on the recoil particle is obtained by analysing the pulse
shape and drift time of signals induced in the anode cells. The method of recording the AcTar signal
traces from the FADC used in the current work, has permitted to determine the recoil energy T,
the recoil scattering angle 6, and the vertex position (i.e. the longitudinal z-coordinate at the AcTar
where the scattering reaction occurred) in offline analysis. The FADC raw data was previously
prepared before further feature extraction. The baseline was estimated, in a first approximation,
by averaging the value of the first 200 samples (8 us) of each anode trace, where no signal is
present, and then subtracted from the signal. A smoothing procedure was applied to the raw
signals for improving the signal-to-noise ratio by filtering the high frequency noise component of
the signal using a Moving Binomial (MB) filter. The MB filter was set to 20 samples (0.8 us) wide,
corresponding to ~1.5 MHz half-transmission cutoff frequency.

Figure 4.8 (left) illustrates a typical recoil alpha pulse from a given AcTar ring cell. The Ty
and T, points were calculated following a peak searching algorithm using the Moving Gradient
(MQ) filter. These points correspond respectively to the samples in which of the maximum slope
tangent of the signal rising and trailing edge intercepts the baseline. In order to compensate for
low-frequency baseline oscillation and baseline pull-down following the signals, the baseline level
was recalculated by averaging over 300 samples (12 us) preceding T, and 300 samples following
Te. For further calculation the location of the T, sampling point in each anode FADC trace will be
used as the signal time reference sample to determine the z-coordinate of the recoil particle in the
cathode-grid space.

Since the distance between grid and anode is relatively small, variations in the signal width
along the recoil particle path, which are related to the electron drift time in that region, are also
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Figure 4.8: Example for measured current signal from a ring anode (left) and central anode (right), as recorded
by the FADC. Smoothing and baseline subtraction were applied to raw signals. The value T, denotes the
beginning of the pulse and is used to determine the z-coordinate position of the recoil particle in units of
electron drift time, T, denotes the end of the pulse. The FWHM of the central anode signal (right) is equivalent
to the total electron drift time in the cathode-grid space. The given signal corresponds to the common shape
of a non scattered event.

small (< 1.5 us for large recoil angles). This results in a constant width of the signal from anodes
with a same length, as can be noticed in the example event illustrated in Figure 4.9a of a recoil alpha
particle as registered in the AcTar. The signal’s characteristic width in the FADC trace is related
to the scattering angle and constitutes an important selection criterion in the process of identifying
recoil particle pulses.

4.5.1 Energy measurement of recoil particles

In order to determine the energy of the recoil particle T,, or its energy loss AT, in case it leaves
the active volume, the amount of energy collected in each anode cell was measured by performing
an integration to the induced charge in the region between T, and T, delimiting the pulse, see
Figure 4.8. The value of the integration was calculated by applying the moving integration filter, as
referred in Section 2.2.1, which is later calibrated into an energy value.

As previously mentioned in Section 4.2.2, an event that occurred in the AcTar is recorded when-
ever the trigger logic condition is fulfilled. In order to identify the anode cells in which energy has
been deposited by the recoil particles, a trigger was applied to the signals of every AcTar anode cell.
The threshold of these triggers was dynamically adjusted based on the Root Mean Square (RMS)
noise value of the signal’s first 200 samples (where usually no signal is present) of each FADC chan-
nel. On a regular noise level of the AcTar system, the trigger threshold corresponded to a minimum
detectable energy of approximately 200 keV per anode cell. For the inner two anode cells (number
65 and 66), the beam particle occasionally propagates across both of these volumes due to scattered
or unfocused beam. In such cases it is simple to treat the two inner anode cells as one by adding
their signals together, see Figure 4.9c. The energy is then calculated by integrating the recoil pulse
above the baseline redefined as the plateau of the beam signal.
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Figure 4.9: Typical AcTar event. The time difference between the arrival time of the anode signals from
the different rings (a) allows calculating the recoil angle. In the illustrated example the alpha particle was
measured at ~ 75° at 5 bar operating pressure. The AcTar anode schematic representation (b) shows the range
and azimuth direction of the recoil particle. In (c), the two most inner anodes are merged to reconstruct the
shape of the current signal induced by the beam particle.

The triggering of the AcTar anode rings was processed sector wise, i.e. each of the sectors were
processed independently, rather than having the energy of all triggered anode cells summed-up per
event. This way, in case of pile-up due to delta-electrons produced by the projectile or due to event
multiplicity greater than one, the angle and energy of the recoil can still be recovered if the pile-up
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does not occur in the same sector. In the example illustrated in Figure 4.9b the recoil particle is
emitted radially from the central anode cell and deposits energy along of a single sector, which
schematically represented by the coloured cells. The non-triggered ring A5 gives a upper limit to
the path length of the recoil particle.

The integral of the anode signals depends on the recoil energy T.. Figure 4.10 shows the cal-
culated partition of the energy loss by the recoil particles along the regions covered by the anode
rings as a function of the recoil particle energy T,. The values of AT, were calculated using the
energy-range curves, assuming a narrow beam aligned along the centre of the chamber axis. The
relations between the integrals of the anode ring signals can be used to help separating the elastic
events. For instance, in the recoil energy range T, < 2.9 MeV only two innermost anode ring cells,
A0 and A1, measure the total energy of the alpha particle. For T, > 2.9 MeV up to T, = 8.3 MeV the
alpha particle energy is fully measured within the AcTar active volume, the value of T. is just equal
to the sum S of the energy loss in the anode rings A2 to A5. For higher energies, in which the radial
projection of recoil particle track exceeds the AcTar anode radius, the signals of the anode rings
correspond to the respective partial energy losses AE in the active volume and the value of T, can
be determined from S. This corresponds to the region after S reaches its maximum in Figure 4.10.
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Figure 4.10: Calculated partition of the energy losses of the recoil particles in the volume of the chamber
anode rings A(0 —5). The calculations were made considering the elastic scattering of *Ni projectiles with
the energy of 700 MeV/u; the beam was considered infinitely thin and to be at the centre of the AcTar;
chamber pressure of 5 bar.

The calibration of the integrated signals in the FADC spectra in terms of recoil alpha particles
energy was achieved using the signals from the calibration alpha-source implanted in the AcTar
cathode. These signals were registered and analysed in a similar way as the recoil signals to preserve
a direct correlation. It should be noted that the energy and amplitude of the signals in the AcTar
are not proportional to each other as the shape of the signals vary with the angle of the recoil
particle. For instance the alpha particles emitted from the source, which always have the same

energy, produce signals with different amplitudes as they are emitted isotropically.
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In order to measure the energy of the alpha particles emitted from the calibration source their
events needed to be discriminated among all events. For the data recorded at 10 bar and 5 bar oper-
ating pressure, a trigger mask was used to only allow alpha particles that were emitted in forward
direction, triggering exclusively on cell #07. This is the simplest way to obtain an alpha spectrum
clean of recoil events or any noise that might randomly trigger another channels. However this
process revealed to be unsuitable at lower operating pressure (2 bar), where the maximum energy
registered in the alpha spectrum was rather low compared to the alpha peak position, suggesting
that the alpha particles from the source do not reach their full range in the AcTar extent (although
it doesn’t agree with SRIM simulations in Figure 4.5). The full energy of the alpha particle could
be reconstructed when allowing to sum up the energy of neighbouring cells to an extent of at least
2 cells from number #07 (i.e. for alpha particles emitted at forward angles > 20° from the source).
Figure 4.11 shows the energy spectra of the alpha source, E, = 5486 keV, obtained for the three
different operating gas pressures.
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Figure 4.11: Energy histogram of the > Am source implemented in the AcTar cathode for calibration use
measured at three operating pressures. The ! Am source has an alpha-line with energy E, = 5486 keV. The
Gaussian fit was used to determine the energy mean value.

For the current analysis it has been considered that the charge in the anodes is in good approxi-
mation a linear function of the recoil energy in the whole energy range and that this function goes
through zero of the coordinate system. In order to estimate the energy resolution AE the energy
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spectra of the AcTar alpha-source, shown in Figure 4.11 were fitted with a Gaussian function, to
obtain the following result: AE < 226 keV for 10 bar, AE < 169 keV for 5 bar and AE < 358 keV for
2 bar operating pressure.

The obtained resolution is significantly lower compared to what is expected for this detector.
This has partially to do with the fact that the source is not fully exposed on the electrode surface,
but safely held under a fine enclosure. Therefore, slight energy attenuations are expected as the
alpha particles leave the source. The amount of attenuation may also differ with the emission angle
relatively to the surface normal. The energy value of the detected alpha particles is consequently
lower than the value emitted by the source. Below, in Section 4.6 the results will be confronted with
the energy-range simulations to estimate the energy of the alpha particles emitted in the forward
direction.

An alternative approach for energy calibration would be to use the kinematic relations to cal-
culate the recoil energy from the measured scattering angle of the beam particle. However the
calibrated data from the tracking devices are not currently obtained.

When using alpha sources to calibrate proton energies, there is a small energy dependent differ-
ence between the amount of ionisation produced by alpha and proton particles of the same energy,
as described in [97, 98], that has to be considered. However this correction was not implemented
since there were correction variables, such as the adhesion of the electrons and the limit of trans-
parency of the grid, which were not known to this point of the analysis. Consequently all particles
have been calibrated with the same factor.

4.5.2 Flash-ADC calibration in terms of AcTar geometry

An important element in the data analysis is the calibration of the FADC recorded traces in terms of
the geometrical extension of the active volume of the AcTar ionising chamber. Given that the central
anode is aligned with the beam line, the beam particles crossing the ionising chamber also produce
a signal in this anode. For the beam energies of the present experiment the rate of energy loss in
the medium is fairly constant. This creates a homogeneous current signal (and consequently of
constant amplitude) during the period the beam particle travels between the grid and the cathode.
Figure 4.8 (right) illustrates the shape of the current induced in the central anode, convoluted with
the response function of the preamplifier electronics, for an event where no scattering reaction has
occurred. By analysing the edges of multiple averaged signals from the central anode, the sampling-
points in the recorded FADC trace can be deduced which correspond to the sample in time when
the electron produced at the cathode and grid positions arrive at the anode. These cathode and grid
sampling-points are the same for all AcTar cells since the FADC channels are all synchronised and
their cable lengths are the same. Their difference, i.e. the width of the central anode cell signal, is
equivalent to the total electron drift time Tgrif¢. The Tgrift relates to the precisely known cathode-
grid geometric distance of d = 217 mm and can be used to calibrate FADC traces in geometrical
units. Figure 4.12 shows the histogram of the Full Width Half Maximum (FWHM) of the central
anode signals. Each one of the plots correspond to a different pressure of the ionising gas in the
chamber. The high voltage values for each pressure were adjusted so that the electron drift times
remain similar (see Table 4.2).
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Figure 4.12: Histogram of the total electron drift time between the grid and cathode of the AcTar ionising
chamber, measured at three different pressures. The Gaussian fit was used to determine the distribution
mean value.

By using the calibration total electron drift time (Tq+if¢) and the distance (d = 217 mm) between
cathode and grid in the ionising chamber, the drift velocity of the electrons in the chamber can
directly be obtained as:

d

' 46
Tarift (46)

Varirt =

For each of the operating pressures 10 bar, 5 bar and 2 bar a mean electron drift velocity of
viobar = 3773 £ 0.6 ms—1, V30an = 3789 + 0.5 ms~! and V304, = 4012 £ 0.7 ms™! was respectively
obtained. These drift velocities agree well with the data form [99] for the same reduced electric field
strength of: E/p = 0.147 V/(cm mm-Hg) for the 10 and 5 bar case; E/p = 0.153 V/(cm mm-Hg) for
the 2 bar case.

The precise calibration of the FADC time scale is required not only to determine the vertex
position where the reaction occurred, but also to determine the effective target length (AL), that can
be chosen to be smaller than the distance d between cathode and grid. This permits to remove the
scattering events from the analysis, which may occur in the vicinity of the cathode and grid from
the interaction of the beam particles with the electrodes material (this phenomenon will be further

investigated in Section 4.6).
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4.5.3 Angular measurement of recoil particles with the AcTar detector

In the AcTar the angular information is obtained by analysing the time-stamp in the FADC trace of
the signals induced in the anodes. Figure 4.9 illustrates an example of a scattered event registered in
the AcTar for a measured recoil alpha particle. Note the shift in time between the pulse signals from
the anode cells along the path of the recoil particle in the example recoil event shown in Figure 4.9a.

By using the signals arrival time reference Ty, the alpha recoil angle can be reconstructed from
the arrival time difference A1, between the pulses. Knowing the electron drift time Vgrirt, the
longitudinal component AZ, i.e. the Z-axis projection (with Z being the beam direction) of the recoil
particle track between anode rings, can be calculated as:

AZ = Vgrift - AT, (4.7)

Depending on the range of the recoil particle, Aty is calculated averaging the arrival time dif-
ference between signals from all triggered neighbouring anode rings in the range A2 to A5. The
anode ring Al was not used for angular measurements due to its proximity to the beam line, which
subjects this anode ring to higher noise levels and occasional interception of scattered or unfocused
beam particle (see Figure 4.9¢).

The width of the AcTar anode rings is precisely defined, see Table 4.1, and gives information
for the radial component of the recoil track, i.e. the projection in the anode plane. Using both, the
longitudinal AZ and radial AR projection components to define the direction of the recoil particle,

the recoil angle 0, relative to the beam direction can simply be calculated as follows:

AR
0, = arct — . 4.8
arctan <AZ> (4.8)

Figure 4.13 (left) shows the 2-dimensional correlation of the arrival times difference between the
signals from anodes A2 and A3 (A1,(A2 — A3)) versus the difference between the signals from
anodes A3 and A4 (A1.(A3 — A4)), the time difference for those pairs of anode rings is expected
to be identical since they have the same width, AR = 22 mm. The spread of this correlation can be
used to estimate the angular resolution. The value of A1, characterises the recoil angle 6,. As an
example, the histogram of Figure 4.13 (right) shows the number of scattered particles as a function
of A1,(A3 — A4) for the interval 240 < At,(A2 — A3) < 280 ns. By fitting a Gaussian function
to this histogram it computes a resolution of 1.31 £ 0.1°. One should note that calculating the
recoil angle from only two neighbouring rings constitute the worst resolution case, the longer the
range of the recoil particles the more anode rings are triggered, consequently improving the angular
resolution.

The example event illustrated in Figure 4.9 corresponds to an calculated recoil angle of 6, ~ 75°.

4.6 Selection of recoil events

Besides elastic and inelastic scattering events, there are sorts of other events such as false events due
to random coincidences, alpha particles from the calibration source and scattering of beam particles
form the electrodes and grid in the AcTar which contribute to the background. The first step in
selecting the recoil events was to eliminate events corresponding to the alpha-source. Therefore,
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Figure 4.13: (left) Correlation of the arrival times difference of the signals from anodes A3 and A4 (AT,(A3 —
A4)) versus the arrival times difference of the signals from anodes A2 and A3 (At,(A3 — A4)), At, is related
to the recoil angle. (right) Distribution of events as a function of the time difference between At (A3 — A4)
and At,(A2 — A3) for a given interval of A1, € [0.04,0.24[. Operating pressure of 5 bar; 1 channel = 40 ns.

events with origin in the anode cell #07 (i.e. cell #07 registers the earliest pulse from all triggered
cells) are discarded. It is assumed that alphas emitted from the source always deposit energy in this
cell. Secondly, the events range was set to minimum in order to be able to calculate the recoil angle,
where only recoil particles reaching anode A3 were considered. A large fraction of background
events can be eliminated by defining discriminating limits based on the two-dimensional correlation
between the onset time of the recoiled particles as they are detected in the anode ring A2 and the
calculated recoil angle (according to Equation 4.8). An example is shown in Figure 4.14 considering
the data recorded at the operating pressure of 5 bar. As referred in Section 4.2.2, the FADC time
spectra are fixed with relation to the LOS signal (beam trigger), therefore the time scale of the anode
cells and in particular of ring A2 are tightly related to the z-coordinate where the scattering reaction
has occurred in the AcTar chamber. One can then observe a large concentration of events in the
AcTar regions in the vicinity of the grid and cathode respectively located at around 15.5 ps and 72
us. On the grid end of the AcTar chamber this large concentration of events result from scattering
particles that might have interacted with the anode or grid material. Such events were eliminated
by choosing a slightly smaller effective target length AL, covering the AcTar active volume from 20
us on. On the cathode end of the AcTar, the large concentration of events is registered at backward
angles (0, > 90°) that results from recoil particles which interact with the cathode material. The fact
that many of the backward recoil events are registered along the whole AcTar volume rather than
only in the vicinity of the cathode is due to overlapping of events with multiplicity higher than one
or due to random coincidences. All the recoil particles exceeding 0, > 90° were removed from the
dataset.

Furthermore, particles scattered at small forward angles or in which the measured recoil angle
was considerably discrepant when comparing the angle calculated using the kinematic relation with
the measured energy (see Section 4.4), were also discarded.

To help distinguishing the true elastic-scattering events, windows can be placed on the two-
dimensional correlation plots of the measured recoil particle energies for consecutive anode rings.
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Figure 4.14: Correlation histogram of the recoil particles arrival time at the anode ring A2 versus the calcu-
lated recoil angle accordingly to Equation 4.8. The data correspond to recoil events registered in the AcTar
for the case of 5 bar operating pressure. The anode and cathode sit respectively at the trigger times of ~15
us and ~70 us (see text for more details). The darker regions in the top histogram mark the discarded events
when redefining the AcTar active volume length.

As example, Figure 4.15 illustrates the energy correlations of two different ring pairs: A3/A2 and
A3/(A2+3), A4/A3 and A4/(A3+A4). The example data corresponds to the case of *Ni projectiles
scattering in the AcTar gas mixture at a pressure of 5 bar. Figures 4.15(a) and (d) show the correla-
tions A3/A2 and A4/A3 before event selection. The regions 1, 2, 3 referred in Figures 4.15(b), 4.15(c),
4.15(e) and 4.15(f) correspond to the regions of increasing energy T, illustrated in Figure 4.10. For
these events the partition of the recoil energies AT, deduced from each of the anode rings, must
agree with the calculated energy-range relations. As predicted the elastic scattering events group
together forming a characteristic triangular shape pattern. These plots can therefore be used to
discriminate background that falls outside the region containing elastic scattering events. The dis-
tribution of events in region 1 corresponds to the recoil particles that do not stop in the volume
confined by the ring pair under consideration. The branch of region 2 contains recoil particles
which stop within the dimensions of the outer anode ring. The narrow distribution along the di-
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agonal (region 3) corresponds to the recoil particles that stop within the dimensions of the inner
ring.

The technique of using the correlations between anode ring energies also allows to differentiate
between the recoil nuclei 'H and *He in the gas mixture. Note that this technique only works for
the region 2 of Figure 4.15, where the recoil particles stop in the outer ring. The double structure
observed in the region 2 suggests possible changes in the AcTar parameters during the long run
periods, such as the dropping of the high voltage value.

According to the calculations of the energy partition obtained from the energy-range simulations
(see Figure 4.10), the maximum energy deposited in the single ring and deposited in the two neigh-
bouring anode rings is expected to be around 3.1 MeV and 4.8 MeV respectively. These values reveal
a slight overestimation of the results shown in Figure 4.15, suggesting that the simplified method
of energy calibration adopted in the present work is not accurate enough. This is partially due to
the fact that the alpha particles lose energy before reaching the AcTar active medium, as stated in
Section 4.5.1. One can then confront the energy-range simulations with anode energy correlations
(see the red curve in Figure 4.15 (c) and (f)) to estimate a reasonable value for the energy of the
source. The corrected energy value calculated considering the alpha detected in forward direction
was 4724 keV (as opposition to the initial 5486 keV).
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Figure 4.15: Two-dimensional correlation plots of anode energy signals (see Section 4.5 for definition), as
registered in the AcTar for the case of **Ni scattering in the gas mixture at 5 bar pressure: (a) the energy
measured in ring A3 cells versus the energy measured in ring A2 cells corresponding to the same sector,
(b) same as (a) after selecting good events; likewise (d) and (e) show the energy correlation between ring
A3 and ring A4 cells. The plots (c) and (f) show respectively A2 versus A2+A3 energies and A3 versus
A3+A4 energies. The recoil particles corresponding to elastic scattering events group together to form a
characteristic pattern of triangular shape. The dashed red line represents the simulated value from the

energy range calculations.
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Chapter

Summary and Outlook

Within the scope of the present thesis digital pulse shape analysis have been employed to extract
information and improve the performance of two distinct detector systems, a CsI(T1) based scintil-
lation detector and an active-target (AcTar).

The suitability of using digital pulse shape analysis has been tested with CsI(Tl) based scintil-
lation detectors to compensate for the detector gain shifts due to temperature fluctuations. The
method exploits the influence of the temperature on the scintillation characteristics, i.e. relative
fraction and time constants of the different decay components in the light pulse of the crystal. This
feature of the scintillator material is carried on the pulse shape of the detector signal. Thus, Pulse
Shape Analysis (PSA) provides a unique way to estimate the scintillators internal temperature and
related gain corrections.

Two different ways of defining a pulse shape parameter have been proposed applying PSA on
the digitised signal. One uses the ratio of integrals over different regions of the signal. The second
considers signals as multidimensional vectors and by means of vectorial calculations measures the
distance or angle between the current Mean Pulse Shape (MPS) and a reference MPS. The obtained
shape parameters were then used to correct the temperature dependent gain shifts. Both a Pho-
tomultiplier Tube (PMT) and an Avalanche Photo-Diode (APD) were used as the crystal’s readout
photosensor to test the method.

The approach of using the crystals temperature to correct for the whole detector takes into
account that both, the crystal and the photosensor, contribute to the gain shifts. The temperature
of the photosensor is inferred via a straight mechanical contact to the crystal, hence ensuring a
good thermal equilibrium. Nevertheless, there are other partly temperature-independent factors
including drifts of the PMT and APD supply voltage, gain instability of the used preamplifiers and
possible damage of the photosensor which may affect the gain of the systems. Such contributions
are not accounted by this approach.

The results have confirmed that CsI(T1) scintillators are well suited for this procedure. By show-
ing a smooth monotonic dependence on temperature the proposed shape parameters have proved
to serve as a “thermometer” for the crystal’s interior. The resolution of both PMT and APD detector
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systems have improved when applying the corrections based on the different parameters. Even in
the case of the APD in which the gain shifts are strongly ruled by the large thermal sensitivity of
the photosensor, this method solves the gain correction problem at a high accuracy level.

In this thesis, the signal’s Principal Pulse Shape (PPS) were obtained from a dataset recorded
at fairly constant temperature. In a real application the pulse shape has to be calculated as the
ambient temperature changes. The idea of "running PPS ", in which the PPS updates over time,
can be implemented. A way to do this consists in buffering a constant number of signals where
newer signals replace the later. Alternatively, Kalman filters can be used to produce estimates of the
current PPS along with their uncertainties. These estimates are updated using a weighted average,
with less weight being given to estimates with higher uncertainty.

A robust and reliable method to perform Particle IDentification (PID) calibration for CsI(Tl) de-
tectors in a unsupervised manner have been proposed. It uses fuzzy clustering algorithms to obtain
the PPS for each particle species in a mixed dataset with similar population of proton and photon
induced signals. These PPS were used to obtain discrimination values which successfully assigned
the signals to the different particle species using discrimination regions that are — in contrast to
other methods — detector independent.

In the second part of the thesis, Chapter 4, the functionality of the AcTar prototype has been
tested to determine its feasibility for the R®B setup.

The presented results concern AcTar data only. For further conclusions on the performance of
this detector relatively to the physical study of elastic/inelastic reactions require other detectors
information. Detectors such as crystal ball and beam tracking detectors, are necessary to select
events in coincidence with the emission of gamma-rays and to know the position of the projectile
in order to precisely calculate the scattering angle. The data from those detectors require further
calibration which where not available at the time of this analysis. Although it can be seen that
simple cuts applied using only the AcTar data can already clean up undesired background events
quite efficiently.

It is possible to observe pulses from the recoils in central anodes of the AcTar because the
fluctuations of the signals induced by the heavy particles are relatively small. This provides the
possibility of pile-up rejection and a more complete reconstruction of the total energy deposited by
the recoil particles. The results obtained from timing information of the recorded traces suggest that
the PSA can indeed be used to track the recoil particles and consequently reconstruct the kinematics.
The experimental data obtained in the test experiment with the AcTar prototype have proven to be
of importance for the construction of the ionising chamber for the R®B setup. For the first time an
active-target of this kind has been successfully tested with beams heavier than carbon.

Ultimately the best approach to refine the pulse information has to be established and imple-
mented in fast digital electronics. Recording the signal’s full waveform is extremely demanding
considering the storage space required. The online processing of the signals will allow to only
record the important information, i.e. energy, timing, angle etc., what dramatically reduces the
used storage space.

The present work have contributed to study the suitability of PSA to process deeply embedded
information of early stage digitised detector raw signals. The results have proven great advantages
in using fully digital systems.
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Appendix A

Relativistic inverse kinematics

A.1 Characteristic relation for elastic/inelastic scattering reactions

This section addresses the general features of elastic and inelastic reactions when studied in inverse
kinematics. Since in inverse kinematics the target is much lighter than the projectile, the CM frame
travels at almost beam velocity. Measured in the CM, taking in account the conservation of mo-
mentum, the velocities of the two particles after collision between each other must be in inverse
proportion to their masses (see Figure A.1).

The squared norm of the total four-momentum tensor P* of a system of particles in Minkowski
space-time is a Lorentz invariant [100], i.e. invariant upon Lorentz transformations between differ-
ent frames of reference, such as the system’s CM frame and the laboratory (lab) frame. For a system

composed of several species (as in a nuclear reaction) the invariant mass is given by:

1

2
, (A1)

D_Pi
i

where c is the speed of light, p and E are the classical three-momentum vector and energy of the

given particle respectively.

Considering a projectile beam particle, with mass mp and kinetic energy Tp, colliding with a
target particle with mass m; and at rest (T{%® = 0) in the laboratory frame. The reaction of this
two-particle system creating a new two-particle system with masses m, and ms is expressed with
the notation P(t,r)S, in which the reaction products r and S are commonly named as the recoiled
and scattered particles respectively. The Lorentz invariant quantity P,,P* of the binary system (P+t)
before collision is then calculated as

PuPH = (mp + T + my)? — ((mp +Tp%°)% —m}), (A2)
= (m¢ + mp) +2m TEeP. (A.3)

The speed of light has been conveniently normalised to unity, ¢ = 1. This is not relevant for pure
kinematics where only momentum vectors appear. In the CM frame the momenta of the particles P
and s have the same magnitude and opposite direction. The invariant P,,P* does not change:
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2
PHPH = <\/mgc + p(i:m + \/m]29 + pgm) ’ (A.4)

where p{™ denotes the initial momentum of both particles in the CM frame before reaction.
Given that P, P* is constant in both frame the following equation determines pt,,

(A.5)

i
Pem =

(PuPH—m3 —m2)2 —4mim?
4P, PH ‘

The Lorentz transformation can be cast into a convenient form by defining a parameter ¢ called
rapidity. In order to determine the rapidity, it is considered that the boost applied to the target with
the CM rapidity transforms the momentum p! ., to the target particle.

(M1,0) = (Bt Pln) = (/M3 + Pl Phrn),

= (my cosh ¢, my sinh ¢). (A.6)

A simple property about hyperbolic trigonometry allows to calculate the CM rapidity ¢ in a
tidier closed way

L4y /m2+p3
coshp +sinhp =e® =¢ =In Pem ¢ i (A7)

m¢

After collision the CM momentum of the reaction products follow from the Equation A.5, in
which mp and m; are substituted by ms and m,:

¢ /¢UhP”—ﬂﬁ—*“@2—4m5“§ (A.8)

Pem = 4P, PH

For the case of an elastic scattering reaction, the masses of the binary system do not change
upon interaction, mp = mgs and m¢ = m,. On the other hand, for the case of a inelastic scattering
reaction whenever the CM energy happens to match the excitation energy of the recoil particle, this
excitation energy is given by the mass difference upon interaction, such that E* = mgs — mp (and
me = Mmy).

Given all the masses and the beam energy (Tp), the rapidity and CM momentum are calculated.
Applying the Lorentz boost with the CM rapidity to the reaction products allows to calculate their
energy and momentum in the laboratory frame as function of CM quantities.

Elab coshdp sinh¢p 0 Ecm
ph“b =| sinh¢ coshdp 0 pﬁm ,
e ) Ao o 1) e

where p| p are the parallel and perpendicular components of the momentum relative to the
beam direction. The simplified vector diagram describing elastic scattering in inverse kinematics is
illustrated in Figure A.1. By inspecting the Figure a minus sign needs to be considered for the boost
to the recoiled particle. The obtained recoiled energy and momentum are
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Er =/ pi2 +m2coshp —pf, cos0 ™ sinh ¢, (A.9)

r CO8 0 = —pip, COS cosh ¢ + \/pcm + mZsinh ¢, .
prcos Oy = —pl,, cos 8™ cosh § + 1/ p& + m2 sinh ¢ (A.10)
prcos @, =pl  cos@™ (A.11)

forward scattered target

particle in the CM frame

Beam

Figure A.1: Velocity diagram for elastic scattering in inverse kinematics. The picture is strictly classical,
using the Galilean addition of velocities. The picture shows that the light target particle (recoil) emerges just
forward 90° for small CM scattering angles.

Since all measurements are made in the CM frame, it is convenient to calculate the energy and
momentum as a function of the laboratory angle. By solving the previous system of three equations
in order to eliminate the CM angle, it yields the momentum of the recoiled particle as function of
the laboratory angle:

piﬁl + m2 cos 0, sinh ¢ + cosh ¢ pETZn —m2 sin® 0, sinh? [0)
T 2
Pr = — 5 +m; (A.12)
1+ sin” 6; sinh” ¢

In this solution the quantity under the square root in the second term of the numerator must be

positive or zero, since the momentum has to be real. In inverse kinematics this implies a limit on
the laboratory angle of the scattered beam particle:

f
. , p
mysinh ¢ > pl,, — 0192 = arcsin <mrsc1rnllhcb> . (A.13)
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Appendix B

Experimental supplement

B.1 ATOMAT — Active-Target Online Monitoring and Analysis Tool

The ability to quickly unpack, analyse, and visualise the currently accumulated data during the
recording phase of the experiment is a valuable asset. It allows to monitor the data quality, for
prompt detection of anomalies in the detector systems and for feedback while tuning control vari-
ables during the experiment. The unpacking is handled by the UCESB unpacker [93], which cannot
only read form the already stored binary List Mode Data (LMD) files, but as well read directly from
a network stream provided by the data acquisition system. The reading, analyse and visualisation
of the data is performed using the Active-Target Online Monitoring and Analysis Tool (ATOMAT)
which as been developed within this thesis. It a Graphical User Interface (GUI) based in the analysis
framework ROOT [13]. ATOMAT updates its content automatically leading to a near-realtime (i.e.
with a delay associated to the unpacker processing time) view of the data. The program can operate
in two major modes: in the first mode ATOMAT shows the data in a oscilloscope fashion displaying
signal traces as they are recorded by the flash Analogue to Digital Converter (ADC). It can also be
observed which channels are triggered in a bi-dimensional representation of the electrodes map of
the anode (see Figure 4.9b); in the second mode the raw data is pre-processed to produce several
histograms and correlations of energy, angle, arrival time and shape parameter from each recorded
event. Additionally, ATOMAT can be used to write new files in which now the ROOT trees represent
the data after being pre-processed, i.e. after calculating the energy, angle, time-stamp and shape
parameters of the Active-Target (AcTar) signals, as opposition to having the full raw traces. The
branches in the new ROOT tree files store the information contained in the traces in an higher level
and with a much smaller size. Therefore, allow a quite substantial decrease of the time required to
process files containing large number of events, and easily specify filtering conditions (e.g. timing
constraints) to produce special sets of histograms.

Figure B.1 shows screen shots of two interface panels of the running application, for each of the
operating modes. In the top picture the signal traces are shown in oscilloscope mode for the first
16 AcTar channels, corresponding to a quarter of the anode area. The bottom screen shot shows the
view containing different correlation histogram between energy, arrival time and angle calculated
for the different anode rings of AcTar.
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Figure B.1: Two representative screen captures

showing the ATOMAT interface.




B.2. AcTar slow control

B.2 AcTar slow control

The correct operation of the AcTar relies on the stability of temperature, pressure and high-voltage
parameters. During experiment such parameters are monitored by sensors equipped in the ionising
chamber and the high-voltage supply modules. In order to obtain the reading of this parameter from
a secured place they have to be accessed remotely. A CompactRIO control system, from National
Instruments, was assembled close to the detector to allow Ethernet remote access to the parameters
readings, which were then monitored in a front-end interface system build on a LabView platform
an developed within this thesis. The high-voltage can as well be adjusted remotely via the same
interface. Figure B.2 shows the GUI panel designed for the AcTar slow control.

AUTO READ ‘ DEBUG ‘ CONFIG | STOP
APPLY volt ch1  Wolt 1 VOLT? ch1 MEAN:VOLT? chil OUTPUT
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Figure B.2: Screen captures showing the ACTAR slow control interface.
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Appendix C
AcTar prototype testing setup

Figure C.1: Photograph of the AcTar prototype . The label in the picture indicates: 1 - the AcTar detector, 2 -

the Crystal Ball calorimeter.
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