Lawrence Berkeley National Laboratory
Lawrence Berkeley National Laboratory

Title

Advanced pulse-shape analysis and implementation of gamma-ray tracking
in a position-sensitive coaxial HPGe detector

Permalink

https://escholarship.org/uc/item/3bg88795

Author
Kuhn, Austin L.

Publication Date
2002-11-12

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/3bq88795
https://escholarship.org
http://www.cdlib.org/

Advanced Pulse-Shape Anaysis and Implementation of Gamma-Ray
Tradking in aPosition-Sensitive Coaxia HPGe Detector

by
Austin Lee Kuhn
B.S. (United States Merchant Marine Academy) 1997
M.S. (University of California, Berkeley) 1999
A dissertation submitted in pertial satisfadion d the
requirements for the degreeof

Doctor of Philosophy
in

Engineering - Nuclear Engineering
inthe
GRADUATE DIVISION
of the
UNIVERSITY OF CALIFORNIA, BERKELEY
Committeein charge:
Profesoor Stanley G. Prussgn, Chair

Professor JasminalL. Vujic
Professor Eugene E. Haller

Fall 2002






Abstraa

Advanced Pulse-Shape Analysis and Implementation  Gamma-Ray Tradking in a
Position-Sensitive Coaxial HPGe Detedor

by
Austin Lee Kuhn
Doctor of Philosophy in Engineering-Nuclea Engineaing
University of Cdifornia, Berkeley

Profesoor Stanley G. Prussn, Chair

A new concept in y-radiation detedion uilizing highly segmented pasition
sensitive germanium detedors is currently being developed. Through puse-shape
analysis these detectors will provide the three-dimensiona position and energy of
individual y-ray interactions and allow the full-energy and drection wedors of the
incident radiationto be reconstructed in a processtermed trading.

Here, a prototype segmented detector has been uilized in the assesgnent of
theoreticdly modeled puse shapes to gain insight into the fadors that effect ther
agreement with those experimentally measured. It was foundthat simple modeling of the
charge-collection process would provide fair agreement between calculated and
experimental pulse shapes. However, in some caes sgnificant deviations between the
two were present. Thiswas aresult of insufficient modeling of all the processes involved
in puse-shape formation. Factors contributing to this include the three-dimensional

gpatial distribution o the darge cariers, the path o the primary eledron, and



fluctuations in the dedric fields near electrode surfaces and die to variations in impurity
concentrations.

Additionally, the sensitivity of pulse shapes to changes in the interaction locaion
has been studied. The results indicate that single interadions with energy deposition o
662 keV can pdentially be locdized to better than the desired pasition resolution d 2
mm. However, when the study was extended to two interadions totaling 662 keV a
different conclusion was reached. It was $iown that the pulse shapes resulting from two
interadions were anbiguouws with that of pulse shapes from single interactions over
dimensions greater than 2 mm in the larger detedor segments. The size of these
segments in future detectors must be reduced in order to increase their sensitivity.

Ultimately, a signal decompasiti on algorithm was developed and implemented to
extrad the paosition and energy of y-ray interadions, occurring in the prototype detedor,
from both experimentally measured and simulated puse shapes. For the first time, this
all owed the peak-to-total ratio oltained in the energy spedra of **'Cs, ®°Co, and ***Eu to
be improved by preferentially removing partial-energy events in the tracking process
Larger gains in the pe&k-to-total ratio were obtained in the simulation as compared to the
experiment. These discrepancies were largely a result of insufficient agreement between
the experimentally measured puse shapes and those theoretically cdculated to form the

basis pulse shapes in the decomposition process
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Chapter 1

INTRODUCTION

Whether it is the outer reaches of distant galaxies, the inner workings of the
human bady, or inside the nucleus of an atom, scientists have long used eledromagnetic
radiation as a tod for peaing into the unknavn. To effedively use it, reseachers are
often forced to devise innowative ways of deteding the phaons, thus, allowing them to
obtain such information as the phaon energy, incident direction, a intensity to name a
few. This radiation can span orders of magnitude in energy. Therefore, each detection
devicemust be designed to best suit the task at hand.

In the field of nuclea structure, y-ray detedion systems designed for energies
ranging from approximately 0.1 to 10 MeV are essential comporents in the study of
nuclei. For many decades, semiconductor detectors have been utili zed for thistask. The
first of these detectors were fabricated of germanium which had urdergone alithium
drifting process (Ge(Li) detedors) [1]. The lithium aded to compensate the germanium
impurities, thereby allowing greaer depletion regions to be ahieved and thus greaer
detedor volumes. The Ge(Li) detedors also offered an improved energy resolution over
that of previously used scintillation cetedors such as dium iodide (Nal). As
germanium crystal growing methods advanced, greater purity levels were obtained. This

alowed for the production d high-purity germanium (HPGe) detedors [2]. Large



volume detedors with impurity concentrations as low as 10'° atoms/cm® can currently be
fabricated [3].

Today HPGe detedors are used regularly in nwclea structure experimentation.
Typicaly, to perform the experiments an energetic beam of ions, with energies on the
order of several MeV per nucleon, isincident on a stationary target material. Depending
upon the energy of the incident beam and the make-up d both the beamn and target,
various nuclear readions (i.e. inelastic scatering, fusion, etc.) can take placebetween the
two nwlei. These reactions often leal to the production d nuclel in highly-excited
states. By selection d the beam energy and the beam and target make-up, reseachers
can optimize the experiment for the production o the desired nuclei to be studied.

The excited nuwlei produced in the readions generally decay to lower energy
states through the emisson d multiple discrete energy y rays. The emitted y rays occur
in sequences, referred to as cascades, where the highly-excited nuwclel makes sverd
transitions in energy before reading its lowest energy state. The detection d these y-ray
cascades provides meaningful information abou the properties of the nucleus. The
energy and intensity of the y raysin the cacade give apicture of the energy level scheme
of the nucleus. The agular distribution and correlation d emitted y rays help to
determine spins, magnetic moments and static quadrupde moments. However, this
information orly comes provided the detedion system can acairately measure the
energy, time and angle of emisson d the y rays in a cacade. With this information,
cascades of y rays can be selected from the large badkground d unwanted y rays. The

large backgroundis aresult of partial-energy depositionin the detedion device as well as



y rays from the reactions taking place between the bean and target which are not of

interest.

1.1 Current Detedion Systems for Nuclea Structure

1.1.1 Detection System Requirements

In order to isolate specific y-ray cascades, the detedion system must med several
system requirements. One of the most important requirements is that two y rays close in
energy be distinguishable from one anather. This alows for good separation ketween the
y rays of interest and thaose of the badkground. This feaure is referred to as high energy
resolution. As in most systems, efficiency also plays an important role. The detedion
system as awhole must provide an efficient means for deteding the full energy of they
rays emitted or high full-energy efficiency. Full-energy efficiency is measured as the
number of full-energy events recorded by the detedion system divided by the total
number of y rays emitted by the source. Not only shoud the device have high full-energy
efficiency, it shoud also produce asubstantial ratio of the number of full-energy events
deteded to the total number of eventsin the energy spedrum (peak-to-total ratio).

The time ad angular resolution d the device dso have an impact on its
performance  Typicdly, there ae many y rays emitted in a cacade (up to 30in some
cases) and the abili ty to determine the time of ay-ray interaction, a time resolution d the
system, isimportant. Adequate time resolution all ows multiple y rays to be orrelated to

asingle cacade. Sincethey rays from a cascade ae usualy emitted ontime scdes that



are orders of magnitude smaller than that of the atievable detedor time resolution, the
cascade is effedively instantaneous for the detedion system. In arder to separate the
multiple y rays the system must have the aility to locdize individua y rays that are
spatialy close together. Each of these factors plays an essential part in the overall

performance of the detection system.

1.1.2 Compton-Suppressed Arrays

Because the desired information is the total energy of each o the y rays emitted
from the nucleus, y rays which urdergo Compton scétering such that the scatered
phaon escgpes from the detector are not of dired interest and are only a part of the
deteded badkground radiation. One way to reduce this badkgroundis to remove these
events from the energy spectrum whenever possble. Detedion systems utilizing
Compton-suppresson have been used for more than twenty years [4]. This process
invalves surroundng the primary detedion medium (HPGe in this case) with an efficient
shielding detector. The shielding detector acts to deted the phaons <attering out of the
HPGe detedor (depositing partial-energy in the detedor) and help prevent the scater of
phaons between two HPGe detedors. By disregarding y-ray interadions in the HPGe
detedor which occur in coincidence (simultaneously) with interactions deteded in the
shielding detector the background can be reduced. This helps to increase the pek-to-
total ratio. For example, the peak-to-tota ratio for a single HPGe detedor (7 cm in
diameter and 9cm in length) at a y-ray energy of 1.3 MeV is approximately 20%. The

same detedor using Compton-suppresson hes a peak-to-total ratio of approximately 50%

[5].



Currently, large detedor arrays consisting of numerous Compton-suppressed
HPGe detedor modues and covering a solid angle of nearly 4rtare used to perform high
resolution spedroscopy. Figure 1.1 shows a aosssedion through threedetedor modues
in such an array. Using tapered hexagonal and pentagonal geometry the detector modues
can surround the target. Large arays used today, such as GAMMASPHERE and
Euroball, consist of approximately 100 d these modues [6]. Each modue mnsists of a
HPGe detedor surrounced by a Bismuth Germanate (BGO) scintill ation detedor. The
BGO is an efficient materia for absorbing the scatered radiation, several times greder

than that of Nal, dueto its relatively high density and high atomic number of bismuth.

Germanium D etector
(7cm x 7cm)

_ Target
L ocation

Shield D etector
(BGO)

10 cm

Figure 1.1: Cross gdion through 3 modues of a Compton-Suppressed Array.
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The groupng of Compton-suppressed detector modues into an array provides
gred advantages over the use of individua modues. The increased coverage in solid
angle of the array alows for a more efficient means of deteding rare or we& y-ray
cascades (cascades occurring much less frequently than the mgority emitted from the

target). A current array such as GAMM ASPHERE has a peak-to-total ratio of 53% and a
full -energy efficiency of 9% at ay-ray energy of 1.3MeV. Besidesthe obvious improved
coverage in solid angle aound the target, the arays also alow for improved angular
correlation between emitted y rays. The aurrent arrays have an angular resolution d
abou 8° given by the detector diameter (7 cm) and the target to detector distance (25
cm). Angular resolution also plays a important role in the Dopder shifting of y-ray
energy. Sincethe y rays can be amitted from nuclel that are not at rest, a shift in y-ray
energy can be seen dependent upon the angle & which the y ray was emitted. The
relationship between the observed y-ray energy E' and angle of emisgon relative to the

velocity vedor of the source 8is given by:

0
57% (1.2)

where S is the velocity of the source divided by the speed o light ¢, and E, is the energy
of the yray when emitted from a source & rest relative to the detedion system. The
ability to determine angle of emisson d they rays allows for a @rrection d the Dopper

shift in y-ray energy to be made.



The improvements brought abou by Compton-suppressed arrays have led to
many bregkthroughs in the field of nuclear structure, ore of which was the discovery of
so-cdled “superdeformed” nuclei [7]. These nuclei, at high angular momentum, take the
shape of an elli psoid with an axis ratio nea 2. Superdeformed states are produced ony
in asmall percentage of the reactions which take place & the target, therefore it was not
urtil the use of Compton-suppressed arrays that this feaure of nuclear structure was able
to be deteded. A measure of the aility of a detedion device to isolate the full -energy
pe&ks in a given y-ray cascade from a complex energy spedrum is termed its resolving
power RP[6]. A predse formulation d resolving power can be foundin reference [8].
However, here it is only important to understand it in genera terms given by the

equation:

(1.2

O

O

O

RP = exp[3
O]

8
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where N is the number of events deteded in a given full-energy peak, N, is the total
number of events emitted by the source in a given cascade, Eg, is the average energy
spadng between full-energy peaks in the cacade, JE is the energy resolution d the
detedion system, ¢ is the full-energy efficiency and P/T is the pe&-to-total ratio. The
parameters that have the greatest influence on the resolving power are the energy
resolution o€, pe&k-to-total ratio P/T, and the full -energy efficiency €. Increases in these

fadors give Compton-suppressed arrays a resolving paver approximately 100 times
7



greder than that of an individual Compton-suppressed HPGe detector and 10000times

greder than that of a Ge(Li) detedor.

1.1.3 Limitations of Current Arrays

Although Compton-suppressed arrays provide orders of magnitude improvement
in resolving power over past systems and krought to light many new phenomena in
nuclea structure, there are limitations facad by the arrent systems. Clealy, the largest
drawback with the airrent arraysis their relatively low full-energy efficiency. Thisisin
part due to the lossin solid angle wverage aoundthe target by the incorporation d the
shielding detectors. The entire aray covers a solid angle of nearly 41, however, there is
only abou 2t coverage by the HPGe. Secondy, efficiency is reduced dwe to the
escaping of scattered y rays from the germanium. For example, a 1.3 MeV y ray incident
upona 7 cm diameter by 7 cm length germanium detedor only depasits it full energy in
the detedor abou 20% of the time. These factors limit the highest full-energy efficiency
that can be reached by Compton-suppressed arrays to approximately 15% [5].

Anather limiting factor in the performance of current systems is their angular
resolution. As previously mentioned, the angular resolution d the system dictates ones
ability to corred for the Dopgder shift in energy of emitted y rays. A finite agular
resolution leals to a broadening (degradation in energy resolution) of the y-ray full-
energy peak because of the inability to completely corred for the y ray’s dhift in energy.
In the aurrent arrays, the angular resolution is limited by the opening angle of individual
HPGe detedors given by the target to detedor distance of abou 25 cm and the 7 cm
diameter of the detedor. This results in an angular resolution o abou 8°. As an

8



example of Dopper broadening in energy, take the cae of al MeV y ray emitted from a
nucleus at the target location with a 3 = 0.3. According to Equation 1.1, a detedor
located at 90° relative to the velocity vector of the nucleus would measure y rays with a
Dopger shifted energy of 0.954MeV with an urcertainty of *0.038 MeV given by the
angular resolution. This uncertainty leads to a degradationin energy resolutionat 1 MeV
from the intrinsic value (i.e. when the source and detector are & rest relative to ore

anather) of 0.2% to avalue of abou 4.2%.

1.2 Detedion Systems Utilizing y-ray Tradking

1.2.1 Concept

A new concept for a y-ray detection system was proposed and is currently under
development at Lawrence Berkeley National Laboratory which aims to address the
limitations facal by Compton-suppressed detector arrays. The detedor array propcsed,
cdled the Gamma Ray Energy Tracking Array (GRETA), will consist of a shell of
approximately 100 HPGe detedors each similar in size to that of the detedors in existing
arrays. However, there will be no shielding detedors surroundng each of the GRETA
HPGe detedors. Eadh detedor will be shaped into a tapered hexagon to fit together
forming a spherica shell 9 cm thick with an inner diameter of 24 cm [9]. Furthermore,
the outer electrode of each detector will be segmented into 36€electricaly isolated sectors.
Eadh segment eledrode will colled charge from regions of volume in the HPGe detector
dictated by the locd eledric fields. This processwill be investigated in greater detail in

the next chapter.



The dedricd segmentation d the detectors along with signal processng will
allow the energy and paition d each y-ray interaction (i.e. predominantly phaoelectric
absorption, Compton scattering, and pair production in the energy range of interest) to be
determined. In a procedure based on the principles of Compton scétering and
phaoeledric asorption and termed “tracking”, groups of interadions belongng to
individual y rays will be identified, dstinction will be made between goups of
interadions that comprised the full energy of the y ray and those that comprise partial
energy, and in full-energy groups the sequencein which the interactions occurred will be
determined. To achieve this, scatering angles from the known source pasition (i.e. the
target locaion) are cdculated for the y rays using the energy of ead interaction in the
Compton scatering formula and then compared to the scatering angles measured using
the locaions determined for each interadion. Due to the finite position and energy
resolution d the system, judgment is made on the agreement between the two sets of
scatering anglesto determine if the group of interactions likely comprised the full energy
of the y ray or nat and, if so, the sequence in which the interadions took gdace This
ultimately results in the aility to preferentially remove partial-energy events from the
deteded energy spedrum while maintaining full-energy events and determine the y rays
angle of emisson from the source This processwill be thoroughly described in Chapter

5.
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1.2.2 System Requirements

In order for a detedion system based ony-ray tradking to provide significant gains
over the aurrent systems, there ae afew unique requirements the system must med in
addition to the ones mentioned in Sedion 1.1.1. These new requirements gem from the
fad that GRETA will cover a solid angle of nearly 4rtaroundthe target with HPGe. Just
as in the example in Sedion 1.1.3,the majority of y rays in the energy range of interest
will not deposit their full energy in a single HPGe detedor but will most likely depaosit
part of their energy in multiple detedors. This does not pose asignificant problem if
single y rays are amitted from the target on time scades sgnificantly larger than that
distinguishable by the detector (e.g. onthe order of 10 ns). In this case, the energy
deposited simultaneously in multi ple HPGe detedors can be summed together under the
asuumption d having come from a single y ray. Therefore, a shell of HPGe 9 cm thick
would increase the full-energy efficiency for al.3MeV yray to 60% (up from 9% in the
Comptonrsuppressed arrays). However, in redity, multiple y rays are emitted from the
target on the time scae of picoseconds which is much smaller than that distinguishable
by the detedor. Here, summing of energies, even of those in neighbaring detectors, can’t
necessry be performed duwe to the significant losses this would cause in the dficiency
and ped-to-total ratio because of the posshility of summing energies belonging to
separate y rays.

Therefore, the processof trading is employed to deal with this problem so a good
full-energy efficiency and pek-to-total ratio can be maintained. This places a
requirement on the detedors in the aray to accurately provide both the energy and

position d ead y-ray interadion. As will be discussd in Chapter 5, the greder the
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acaracy to which the pasitions and energies are provided the more dfedive the tradking
process Current simulations show that GRETA can provide significant gains over the
existing arrays with pasition resolution d 1-2 mm [5]. However, this degreeof position
resolution can na be achieved by segmentation d the detedors alone. Pradical
constraints place dimit onthe size of the dedricd segmentation d the detector and thus
lead to segment sizes substantialy larger than that of the desired pasition resolution.
Signal processng is needed to increase the position resolution beyondthat of the
segmentation size. In this process the detailed signa shape from the detedor will be
used to help determine the location d each interadion within the detedor. The pulse
shape from each of the dectrodes in the detedor(s) where a interadion(s) has (have)
taken place will be digitized. The signals will then be compared to a set of basis sgnals
that have been cdculated from theoreticd modeling d pulse-shape generation in the
detedor. A computer algorithm will be used to perform this comparison, which is
referred to as the signa decompasition process and will return a set of interaction
locaions and energies reproducing the signal generated. This processwill be discussed

in detail in Chapter 4.

1.2.3 Capabhilities

Implementation d a detector system utili zing y-ray tradking will bring abou
many new and improved features over that of existing arrays. The adility to reconstruct
the path of incident y rays, allows the target to be surrourded with HPGe detectors
withou Comptonsuppresson. This grealy increases the full-energy efficiency of the

array. Current estimates $how that, with tracking, the full -energy efficiency at a y-ray
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energy of 1.3 MeV will increase to abou 55%. The ability to tradk y rays alows
distinctionto be made between y rays that depasit their full energy in the array from those
that depaosit only part of their energy. This processalso alows y rays interacting close
together (i.e. with interadions separated by abou 2 mm) to be separated from one
ancther, including y rays which interact in the same HPGe detedor. These fadors leal to
an increase in the predicted peak-to-total ratio of the detector system to approximately
85% at ay-ray energy of 1.3MeV.

The aility to locdize thefirst interadion d they ray within 1-2 mmwill have an
effect on the angular resolution d the system. Given the aurrent cdculations with a
pasition resolution d 2 mm itis predicted that an angular resolution d abou 0.5° can be
achieved with an array of inner diameter 24 cm at atarget to detector distance of 12 cm.
This would grealy improve the Dopper energy broadening corredion capabiliti es of the
array. For the case mentioned in Sedion 1.1.3(al1 MeV y-ray energy, with 3=0.3,and a
detedor location d 90°), correction for the Dopper shift in energy would lead to a
degradation in energy resolution from 0.2% to orly 0.28% (as compared to 42% in
existing arrays).

As was previoudly discussed, a measure of the detedor arrays sensitivity is given
by the systems resolving power (refer to Equation 1.2. The patential improvements in
the full-energy efficiency, pee-to-total ratio, and angular resolution leal to a predicted
improvement in resolving power of GRETA compared to that of Compton-suppressed
arrays. Dependent upon the given experiment to be performed with the aray, the
improvement in resolving power can be upwards of two orders of magnitude over the

Compton-suppressed arrays. Figure 1.2 shows the evolution in resolving power of
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various detedor systems over time. Each new detedion system has led to the recognition
and exploitation d many new physical phenomena. It is predicted that GRETA will be
beneficial in the study of exotic nuclel (e.g. neutron a proton rich and very far from
stability) and nwclel at extreme levels of excitation bah of which have aosssedions for

production yields that are very small.
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Figure 1.2: Evolution of resolving power, as defined in Eq. 1.2, of various detedion systems
over theyeas (after A. O. Macdiavelli [55]).

14



1.3 Reseach Overview

The research presented in this dissertation addresses several isaes faced in the
development of a detedion system based on y-ray tradking. Measurements utilizing a
prototype dedrically segmented HPGe detector were carried ou to assessthe aility of
theoreticd signa calculations to match that of actua measured detector signals.
Additionally, investigation was performed to assessthe sensitivity of the pulse shapes to
changes in the y-ray interaction locaion. This was performed for both one and two
interadions occurring within a single segment of the detedor. Furthermore, a cmputer
algorithm was developed to uili ze the signal pulse shapes (both theoreticdly calculated
and experimentally measured) from the detedor and return the location and energy of y-
ray interactions within the detedor that resulted in the pulse shape inpu (i.e. signal
demmposition). Ultimately, the signal decomposition code dong with a tracking
algorithm were used to demonstrate, for the first time, the tracking of y rays with a
segmented coaxial HPGe detector.

In the following chapter, badkground onsigna generation in HPGe detedors is
discussed as well asthe formation d signalsin the aurrent segmented prototype detector.
It aso examines the fundamental aspeds of extrading three-dimensional pasition
information from the pulse shapes generated in an eledricdly segmented detedor.
Chapter 3 contains investigation into the cmparison between calculated signa pulse
shapes and those experimentally measured as well as the assessment of the sensitivity of
the pulse shapes to interaction locaion. The signal decomposition code developed to

return the location and energy of y-ray interadions within the detedor is presented in
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Chapter 4, including simulations performed to assess its capabilities. In Chapter 5, a
discusson d the traking process used to evaluate both simulated and experimentally
measured data is presented. Additionally, analysis of results from the implementation o
the signal decomposition and tracing for both sets of datais included. Finally, Chapter
6 summarizes the finding of the dissertation and their relation to the GRETA project as

well as brief discusgon onfurther appli caions of y-ray tracking.
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Chapter 2

PRINCIPLES OF GAMMA-RAY DETECTION
WITH HIGH-PURITY GERMANIUM
DETECTORS

An uncerstanding of the principles invalved in y-ray detection with germanium
semiconductor detectorsis crucia in the development of pulse-shape analysis methods to
determine interaction pgasitions within the detedor. Since the theoreticd modeling of
pulse shapes isimportant in the methods developed and dscussed later in this dissertation
for the determination d y-ray interaction locaions within the detedor, it is worthwhile
examining these principles in detail. These include the physical processes associated
with the interadion d electromagnetic radiation with matter, the basic properties of
germanium as related to its use in semicondwctor detectors, and the factors involved in
signal formation within the detedor. Each area ontributes to ores ability to acarately
model the pulse shapes formed by y-ray interactions.

This chapter will first examine the fundamentals of the interadion d
eledromagnetic radiation with matter, with emphasis on the processes dominant in the
energy range of interest. Seaondy, the principles involved in the use of germanium as a
semiconductor detector will be investigated. Here, attention will be given to the fadors

involving signal generation in large high-purity coaxia detectors sich as the one used in
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thisreseach. These principles will then be extended to a segmented detector and several
new aspects of signal formation in such a detedor will be explored. Finally, adiscusson
will be presented on the principles of determining a y-ray interaction paition with a

segmented germanium detedor.

2.1 Interadion d Eledromagnetic Radiation with Matter

Eledromagnetic radiation can interact with a material in several ways. The
probability that a phaon will undergo an interaction per unit path length traveled in a
material is cdled the linear attenuation coefficient, a. With this, a bean of
moncenergetic phaons incident upon a material of thicknesst will be &tenuated such
that:

| =1.e", (2.9
where | is the intensity of transmitted phdons and |, is the intensity before passng
through the material.

For this research, the interest liesin y radiation with energies from abou 100 keV
to severa MeV. Figure 2.1 shows a as a function d phaon energy in germanium.
Separate  wmporents for the three dominant interadion medhanisms, phdoeedric
absorption, Compton scattering, and pair production as well as the total li near attenuation
coefficient is snown. When ore or more of these processes take place within the
detedor, it results in the transfer of a portion d the y-ray energy to a primary eledronin

the germanium. Each processis briefly outlined in the following sedions in the cntext
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of y-ray detedion. It is noteworthy mentioning that these processes also play an

important part in the tracking processdescribed in Chapter 5.
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Figure 2.1: Linea attenuation coefficient as a function of photon energy in germanium. The
components for the photoeledric asorption, Compton scatering, and pair
production are shown as well asthe total a (i.e., the sum of eat component).
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2.1.1 Photoelectric Absorption

A y-ray incident on the germanium detedor and uncdrgoing phaoelectric
absorption transfers its entire energy to the detection material. The interadion takes
place between the incident y-ray and an atom, resulting in the transfer of energy to an
eledron in a boundenergy shell or the mnduction kand. The resulting free eledron is
referred to as a phatoel ectron and has an energy (Ee) given by:

E. = Ey -E, . (2.2
where E, is the energy of the incident y-ray and E, is the binding energy of the dedron.
This processis dominant at relatively low y-ray energies (up to approximately 200keV in
germanium, see Figure 2.1) [10]. In the cae that an atomic dedron is geded in the
process a resulting vacancy is left behind in the dectron shell of the gom. The vacancy
is quickly filled by an eledron in a higher-energy state, lealing to the amisson d a
characteristic x-ray or Auger eledron. The x-ray can then transfer its energy by means of
afurther phaoeledric asorption with eledrons of higher-energy shells (e.g. lesstightly
bound. The phaoeectrons (and Auger eledrons) undergo secondary interadions
transferring their energy via ionization d the germanium atoms. This process and its

relationto signal formationwill be discussed further in Sedion 2.2.3.

2.1.2 Compton Scattering

In the Compton scétering pocess the incident y ray undergoes an inelastic
collision with an eledron. The result is a scatered phdon with an energy lessthan the

incident y ray and a free éedron with an energy of that lost by the incident y ray. This
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processisill ustrated in Figure 2.2. Considering the electron to be free ad at rest allows
the solution to the mnservation d linea momentum to yield the scattered phdon energy

(E')). Thisisgiven by:

E = E, , (2.3
" 1+(E,/mc’)(1-cosd)

where E, is the incident y-ray energy, m,c’ is the rest massof the dectron and 6 is the

scatering angle of the phaon. This formula provides the basis for the tracking process
described later in this dissertation. Here it isimportant to nae that the energy deposited
in the detedor is that of the scattered eledron. The scattered eledron losses energy
through ionization o germanium atoms and aher excitation processes just as in the case
of phaoeledrons. The scatered phdon can then undergo one or more interactions (i.e., a
single phaodectric asorption a one or more Compton scdtering) until finaly
disappeaing in a phaoelectric asorption a scatering out of the detector. The Compton
scdtering processis dominant in germanium for y-ray energies between approximately
200 keV and 8 MeV. As an example, a 1 MeV y ray will most likely make four
interadionsin germanium in order that its full energy is depaosited (3 Compton scatering

foll owed by a phaoelectric asorption).
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Figure 2.2: lllustration of Compton scatering process

2.1.3 Pair Production

It is not until y-ray energies greder than approximately 8 MeV that pair
production beames the dominant interadion medianism in germanium (see Figure 2.1).
Pair production is a threshdd process that becomes energeticdly possble & twice the
eledron rest mass or abou 1022 keV. In the most common pocess with nuwclel of
atomic number larger than abou 10, the y ray interacts with the field of the d@omic
nucleus and its energy goes into the aedion d an eledron-positron pair. The energy

balanceis given by:

E,=E_+E_, +2mc’ (2.4)

Again, E, represents the incident y-ray energy, E. and Ee: are the kinetic energy of the
eledron and paition respedively, and myc? is the rest massof the dedron. This process

requires the presence of the aom for conservation d momentum, however, the anourt of
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energy transfer to it is negligible. The dedron and paition lose their kinetic energy
through ionization and aher interadions just as in the previous cases. However, as the
pasitron comes to rest it will annihilate with an eledron and give rise to the anisson o
two phdons with energies of abou 511 keV. These two phdons can then interad via
phaoeledric asorption and Compton scdtering before being fully absorbed in the

detedor or scatering out of the detedor.

2.2 High-Purity Germanium Radiation Detedors

2.2.1 Properties

Germanium radiation detedors have been used for decades in the field of high-
resolution y-ray spectroscopy. There ae severa characteristics of germanium that make
it well suited for use & a detedion medium for y rays. One of theseisitsrelatively large
atomic number, Z, of 32 as compared to ather solid media such as slicon (Z=14). The
importance of this is reflected in the crosssections for the various interadion
mechanisms, the phaoeledric asorption cross-sedion is propationd to Z>°, the
Compton crosssedion is propational to Z, and the pair production cross-sedion is

propartional to Z? [10]. Table2.1lists ®veral relevant material properties of germanium.
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Atomic Number 32

Atomic Weight 72.60
Density 5.32 glcm?®
Dielectric Constant 16
Band Gap Type indirect

Band Gap (@ 300 K) 0.665 eV
Band Gap (@ 0 K) 0.746 eV

Average Energy per 2.96 eV
e-h pair (@ 77 K)

Table 2.1: Properties of Ge [3].

The germanium used in the fabrication d HPGe detedors is macdiined from a
single crystal. Germanium in its crystalli ne form is a semicondwctor, meaning that there
is aforbidden energy gap between the most wegly bound eledrons in the valence band
and free dectrons in the @mnduction band. By definition d a semicondictor, this gap
must be lessthan abou 3 eV and in germanium the gap is 0.665€eV at 300K [11]. The
crystals can be grown to large sizes with net impurity concentrations of lessthan 10
atoms cm™ [12,13]. This allows the germanium to be used as a reverse bias diode with
large depletion regions. However, due to the large thermally produced legage current at
300 K the germanium has to be @maded and is typicdly operated nea liquid nitrogen

temperature of 77 K.

2.2.2 Closed-ended Coaxial Geometry

The germanium crystal can be madined to several different geometries

dependent on the requirements for use of the detector. The geometry of interest in this
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research is that of closed-ended coaxia. In the simplest closed-ended coaxial geometry,
the germanium crystal is cylindrical in shape. A small diameter hole is bored in the
center of the cylinder starting from the back face and extending approximately through
80% of the aystal axis and ads as the central electrode of the reverse bias diode. The
outer surface ads as the oppasing electrode, with the exception d the badk face, which is
made to be aneutral surface with no eledric field dstortions through passvation (US
Patent 4,589,008. Typicdly, baon (a substitutional acceptor atom in germanium) is
implanted to form the p+ dectrode (the +indicates that the @mncentration is abou 10"
atoms/cm®) and lithium (an interstitial dona atom in germanium) is diff used to form the
n+ dedrode[14,153.

Although the impurity concentration is extremely low, the germanium is termed
n-type or p-type if the impurities are majority dona or acceptor atoms, respectively.
Here the interest lies in ntype HPGe. In this case, the p+ dedrode is on the outer
surface and the n+ dectrode is on the central hole. Figure 2.2 shows two cross ctions
through a closed-ended coaxial detedor. Although the detector used in the research
presented in this dissertation is not a true cylindrical closed-ended coaxial geometry (i.e.
the outer contact is tapered hexagona not cylindricd), the same principles of charge
carier production and signal generation hdd true for both. The more mwmplex geometry

of the prototype detector will be discussed in Sedion 2.3.
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Figure 2.3: Transverse (a) and longitudinal (b) cross gdions through a cylindricad closed-ended
coaxia Ge detedor ill ustrating the layout of the dedrodes, crystal geometry, and
applied hias voltage V,.

2.2.3 Charge Carrier Production

The y radiation that interacts in the germanium crystal via one of the mechanisms
described in Sedion 2.1results in the production d an eledron (and paitronin the cae
of pair production) with an energy which can be significantly higher than that of the

eledrons boundin the lattice The high-energy eledron subsequently transfers abou half
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of its energy to the crystal viadired and indired ionization d the dedrons in the lattice
and the rest through nonionizing excitations (i.e. phonoms). This occurs both directly by
the primary high-energy eledron and by secondary electrons which have gained energy
from the primary. Theionization processresults in the formation d a doud d chargein
theregion d the interadion. This cloud d charge has a size on the order of the stopping
distance of the primary high-energy eectron. For example, a1l MeV electron krought to
rest in germanium via ionization interadions has a range of just lessthan 1 mm [16)].
Thisis an important fador in the positi on resolution achievable with HPGe detedors and
will be discus=ed later in this context.

The darge doud poduced consists of the dedrons moved into higher-energy
states in the cnduction band and the vacancies left behind in the valence band cadled
hoes. The hdes behave & net positive charge in the aystal and have distinct charge
carier properties that differ from those of the dectrons. Since each eledron raised to the
condwction band leaves a wrrespondng hale in the valence band, the two sets of charge
cariers are referred to as eedron-hoe pairs. An important fador in charge carrier
formation is the average energy spent by the primary eledron to produce one dedron-
hoe pair. This quantity has a value of 2.96 eV in germanium at 77 K [3] and is
esentialy independent of the primary eledron energy. This alows for a direct relation
between the number of eledron-hde pairs produced and the energy deposited by the

incident y-ray.
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2.2.4 Signal Generation

In order to oltain useful information from the distribution o electron-hale pairs
formed (such as energy and paition d the interadion) an eledricd signa is generated.
A potential is placal acrossthe dectrodes of the detector as shown in Figure 2.3. This
creaes a depletion region throughou the majority of the crysta. The vaue of the

patential @ is given by the Poisson equation:
r
0%ap(r) = —%, (29

where ¢ is the dielectric constant of germanium, and p(r) is the net space targe density
which isafunction d locaionin the aysta (r). The space tharge density represents the

net-ionized dona impurity sitesin ntype HPGe, and is given by:

p(r) =eN,(r). (2.
Here, Np(r) is the locd net-doror concentration and e is the dectronic charge. The
applied paential generates a strong eledric field acrossthe detector crystal. The dedric

field value (E) can be obtained through solution d the equation:

E(r) =-0d(r). (2.7
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For complex geometries, it is useful to solve the patential and eledric field numerically
by employing finite dement methodks.

The dedric field present in the detector prevents the recombination d the
eledron-hale pairs generated after a y-ray interadion takes place The force acting on
bath the dedrons and hdes in the presence of the dedric field causes them to drift
toward oppaing n+ (anode) and pt+ (cahode) electrodes, respedively. The value of the

charge-carrier drift velocity (v) for low eledric fieldsis given by:

Ve,h (re,h) = l‘le,h E(re,h) ’ (28)

where L1, isthe dedron (€) or hde (h) mobility and E(re,) isthe dedric field at position
rep for the dedrons or holes, respedively. The mobility of the darge cariers is

dependent uponseveral factors andis defined as:

Men = (2.9

where e is eledronic charge, T is the mean time between collisions and m ¢y, is the
effective mass of the dedron or hole. The dfedive mass varies dependent upon the
diredion o travel of the darge cariers relative to the crystallographic axes (i.e.
<100>,<111>, ed.). The dange in eff ective masscauses a change in the mohili ty of the

cariers, and at high eledric fields lealds to a significant anisotropy in the drift velocity of
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the cariers. The study of this effect and its impad on signal generation in HPGe
detedors can be foundin reference[17-20].

As the darge carriers drift, mirror charge is induwced at the dedrodes and a
current is produced. The arrent, I(t), which is produced in the detedor is related to the

induced charge by:

() ="=. 2.10

Here, dQ represents the total differential charge which is induced by the motion d baoth
the dedrons and hdes (i.e. dQ = dQ. (electrons) + dQ; (hdes)). Furthermore, the
differential charge dQe induced by the motion d the dharge arriers from pasitionrep to

(ren + drep) can be obtained through solution d the eguation:

dQ, = —qE(rU‘)dre'h , (21

(o]

where g is the darge depaosited in the detector (0 = ne, where n is the number of
eledron-hde pairs and e is eledronic charge), and V, is the gplied reverse bias voltage
aaossthe crystal. However, as will be seen in the following chapter, it is important to
obtain the induced charge & a function d time in arder for theoreticd cdculations of
detedor signals to be made. Accordingly, a relation can be obtained by using the drift

velocity v = dr/dt. Thisyieldsthe eguation:

30



dQ = —-(E(r,)v, + E(r,)v, Jot . 2.12

_a

Vo
Here, the separate mntributions from both the dedrons and hdes to the total induced
charge ae shown. Their contribution will be different due to the fact that the drift
velocity for electrons and hdes differ and they experience different eledric fields as they
drift.

The induced charge on the dectrodes rises as the darge cariers approach
oppasing electrodes and a maximum value is reat when bah pairs have been colleded.
The maximum, in an ided crystal (i.e. notrapping of charge arriers), is equa to the
charge deposited g. This means that, on average, the anourt of charge mlleded is

propartional to the energy deposited in the interaction.

2.3 Segmented HPGe GRETA Prototype Detedor

2.3.1 Detector Description

The HPGe detedor that was utilized for the measurements presented in this
dissertation was designed as a prototype for the GRETA projed at Lawrence Berkeley
National Laboratory and manufadured by Eurisys Mesures. Accordingly, it was
designed to fit into a sphericd shell of tapered hexagonal detedors, as described in the
previous chapter. The prototype detedor consists of a dosed-ended ntype HPGe aystal

with the outer surfacetapered in a hexagonal shape. The aystal geometry isill ustrated in
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Figure 2.4. The length o the crystal is 9 cm with a diameter at the back of 7 cm and a
maximum diameter at the front of 4.4 cm. The outer surfacehas a 10° taper angle. The

inner eledrode hole extends 7.5 cm from the bad face with a diameter of 1 cm.
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Figure 2.4: The GRETA prototype detedor crystal.

The outer eledrode is eledrically segmented into 36individual segments. Thisis
acomplished with six longitudinal boundaries lying onthe flat surfaces of the taper and
five transverse boundxries. The spacing between the transverse bourdaries garting at the

front face and ending at the back face are 0.75, 0.75, 1.5, 2.0, 2.Bnd 1.5 cm,
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respedively. It isimportant to nae, for future reference, that the segments are referred to
by numbers 1 to 6 from the front face to badk face dong with letters A to F in the
azimuthal diredion (seeFigure 2.4). The segmentation geometry was chosen as a means
of studying the eff ects of the various segment sizes on the sensitivity of the pulse shapes
[21]. Thiswill be addressed in the pulse-shape analysis gudies presented in Chapter 3.

In order to simulate the geometry that will be needed to closely pack multiple
detedors in a sphericd shell, the Ge aysta is encased in a 1 mm thick aluminum can
with the same shape & that of the crystal. Thereis a1l mm separation ketween the Ge
crystal and the duminum can. The field effea transistors (FETS) for each of the
segments, which ad as the first stage of the preamplifier, are located and coded in the
same vaauum system as the aystal. Codling of the FETs reduces the noise on the signal
providing for increased energy resolution [22-24] as well as being beneficial for the
determination d the locations of the y-ray interactions. The energy resolution, measured
experimentally at phaon energies of 59.54keV and 1332.5eV, for each o the working
segments is listed in Table 2.2. It is important to nde that, as delivered, ore segment
(D6) of the detedor did na produce an ouput signal. To bypass this problem, this
segment was shorted together with segment D5. This resulted in alarger capadtance for
segment D5 and is refleded in the degradation in energy resolution measured for that
segment. The output from the FETSs of two segments, E3 and E5, were lost shortly after
recaving the detedor. In general, the energy resolution values measured for the working
segments were in good agreement with average values of 1.41and 2.15keV at energies

of 59.54and 1332.5eV, respectively.
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Energy Resolution Energy Resolution
Segment @ 5954keV @ 1332.5kev  Segment @ 59.54keV @ 1332.5 keV

Al 1.25 2.10 D1 1.20 1.96
A2 1.26 1.98 D2 1.19 1.94
A3 1.40 2.02 D3 1.42 2.00
A4 1.51 2.09 D4 1.43 2.11
Ab 1.47 2.23 D5 2.22 2.80
A6 1.70 2.40 D6 XXX XXX
B1 1.22 2.07 El 1.29 2.10
B2 1.17 2.20 E2 1.26 1.94
B3 1.32 2.02 E3 XXX XXX
B4 1.35 2.18 E4 1.55 2.11
B5 1.80 2.59 E5 XXX XXX
B6 1.46 2.25 E6 1.58 2.41
C1 1.23 1.96 F1 1.29 1.97
C2 1.18 2.05 F2 1.19 2.01
C3 1.30 2.01 F3 1.36 2.04
C4 1.51 2.14 F4 1.45 2.19
C5 1.56 2.26 F5 1.50 2.40
C6 1.41 2.30 F6 1.42 2.20

Table 2.2: Measured energy resolution for ead of the detedor segments at 59.54 and 1332.5 keV.
The average uncertainity was* 0.01 and * 0.02 keV for the 59.54 and 1332.5 keV y-ray
energies, respedively.

2.3.2 Signal Generation in a Segmented Detector: Transient Induced
Charge Signals

The same basic principles of charge arrier formation and signa generation
outlined in Sedions 2.2.3 and 2.2.4 hid true for the segmented prototype detector.
However, in a segmented detedor, charge can be induced on multiple dedrodes by the
drift of eledrons and hdes. This phenomenon gives rise to the formation d “transient
induwced signals’. The time dependence of the signals induced at each segment eledrode

depends upon the fadors given in Equation 2.12. However, since multiple sensing
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eledrodes are involved, the dectric field vector (E) requires derivation from the

weighting patential for the dedrode of interest.
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Figure 2.5: A cross gdion throudh the detedor crystal il lustrating an intensity plot of the
cdculated weighted paential for one segment.

The weighting potential is a fractional measure of the cagacitance of an
infinitesmal eledrode and the sensing electrode [25]. It represents the dedrostatic
couping between the charge carriers and a given sensing electrode. In order to perform
the theoreticd cdculation d detedor signals from each segment, the weighting potential
is needed. The solution can be obtain through the use of Ramo’'s theorem and is

described in reference [26]. Figure 2.5 shows a cross dion through the fourth layer of
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segments and the calculated weighting pdential for one segment. It isimportant to nae
that the weighting potential is only a mathematical formulation and nd a true physicd
patential. The true operating potential, determined by the gplied hias voltage, is what
dictates the motion d the charge carriers. The cdculated operating potential, for the

same aoss gction through the detector asin Figure 2.5, can be seenin Figure 2.6.
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Figure 2.6: Intensity plot of the cdculated pdentia through the same aoss sdion of the detedor
crystal asillustrated in Figure 2.5.

As asimple illustration d the pulse shapes generated, Figure 2.7a shows a aoss
sedion through the fourth layer of segments in the detedor, the locaion d a y-ray

interadion and the respedive drift path of the dedrons and hdes. When the darge
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cariers are & alarge distance from their destination eledrode (i.e. the ceantral electrode

for the dectrons and ouer electrodes for the hales), the mirror charge induced by the drift

of the arriersisdistributed over several segment electrodes. Asthe charge carriers drift,

the weighted pdential (shown in Figure 2.5) for any given electrode varies along their

path. This variation dctates the shape of the pulse produced at each electrode acording

to Equation 2.12.

Outer Electrodes

X

D4 F4
Central
Electyode Segmentation
(a) I L« Boundaries
( y-ray interaction
location \*e-
<
S
&
C4 &/ holes Ad
== NE A%
y
B4
1o, EledrodeCd o,  ElecrodeB4 10, Electrode A4
0.8+ 0.8+ 0.8
(5] 4 (<) 4
2 o> ®
< 06+ 5 06 ?‘; 0.6
5. £ £
044 O o4 O g4
02—/\ 0.2L 0.2
G i i } ; i | 1 Q@r
100 200 300 100_ 200 300 0
Time (ns) Time (ns) 100Time (ns)200 300

Figure 2.7: (a) Cross dion through fourth layer of segments il lustrating the location of a y-ray
interaction and the drift path for both eledrons and holes. (b) Corresponding charge
signals produced at threesegment eledrodes.
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Figure 2.7b shows the darge signals generated at the dectrodes of three
neighbaing segments (A4, B4, and C4) from the y-ray interadion in Figure 2.7a. In the
ealy stages of signal generation (0O < time < 100 ns), the induced charge steaily
increases on each of the three éedrodes as the charge cariers drift. In this case, the
interadion takes places close to the central eledrode and the dedrons, having a shorter
distanceto travel, will complete the olledion processbefore the hdes. Accordingly, at
times between 100and 200ns, only the holes are left to drift toward eledrode B4 (close
to the C4 boundry) and the induced charge deaeases on eledrode A4 as the weighted
eledric field for that eledrode decreases. The drift of the hales continually increases the
induced charge on eledrodes B4 and C4 urtil atime of approximately 200ns. At abou
thistime, the holes nea the destination electrode of B4 and the amourt of induced charge
on C4 deaeases. At the end of the dharge mlledion process anet charge is measured on
the B4 electrode and the induced charge on the neighboring eledrodes of A4 and C4
return to zero. Hence the signals on the neighboring eledrodes to that which “charge
colledion” takes place ae referred to as “transient”. It is important to pant out the
differencein shape and maximum amplitude of the transient signals. These feaures are
crucia in determining the interadion pasition and will be discussd in this context in the
following section. A more in-depth investigation into the formation and modeling of the

pulse shapes will be avered in Chapter 3.
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2.3.3 Locadlizaion d y-ray Interadions

It is possble, and dten necessary in many applicaions, to extrad more than the
energy of the interacting y-ray from the detector signal. Many signa-processng
techniques have been developed to extrad the time of the interaction, the type of
radiation, and rough estimations of the mean pcasition d the interactions [27-30].
However, in the tradking of y rays, as considered here, three-dimensional position
resolutions on the order of 1-2 mm are nealed. In the dedrically segmented detector,
simple determination d the charge-colleding electrode will give apasition resolution on
the order of the segment size. Manufacturing restraints limit the size of the dedricd
segmentation onthe outer electrode of the detector. This leads to segment sizes that are
substantially larger than the desired pdasition resolution reeded in the implementation d
trakking y rays. Therefore, signal processng techniques which use the detailed puse
shape from each segment electrode are needed to determine the locations of y-ray
interadions within the volume of the detector to better than that of the segment size.

Studies with nonsegmented coaxial detedors have shown that the position o ay-
ray interaction, in ore dimension (the direction d charge carrier drift), can be inferred
from the pulse shape. The varying drift times of the dectrons and hdes, dependent upon
the locatiion d the interaction, provide the necessary shape danges in the darge signal
to alow for the etradion d position information. Such processes are described in
reference [17,30,3]. However, withou electricd segmentation onthe outer electrode,
the pulse shape is only sensitive in ore dimension. By segmenting the outer electrode,
threedimensional pasition information can be obtained. In addition to the pulse shape
from the segment electrode wlleding the dharge, the “transient” induced puse shapes on
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the neighboring eledrodes provide the added information recessary to resolve the
interadion pasitionin threedimensions.

As an example, Figure 2.8a shows a aoss gdion through the detedor in fourth
sets of segments and two y-ray interaction pasitions labeled 1 and 2, which result in net
charge olledion in segment B4. Because the two pgasitions are symmetric ebou the
centerline of segment B4, the pulse shapes generated at that eledrode for the cae of a
single y-ray interadion at position 1 o paosition 2will be identicad. This can be seen in
the resulting pulse shapes in Figures 2.8band 28c. The figures dso ill ustrate how the
induced signals on the neighbaing segment eledrodes of A4 and C4 ad to break the
symmetry of the two interactions. The pulse shape seen on eledrode A4 and C4 are
interchanged for the two dfferent interaction paitions. A similar ill ustration can be
made with interadions occurring at different depths (the diredion perpendicular to the
plane of the cross £dion) in the detedor. In this case, the symmetry would be broken by
the neighboring segments of B3 and B5. This clearly ill ustrates the importance of the
detail ed puse shape from each o the detedor eledrodesin determining the position d an
interadion. It will be the focus of the following chapter to examine the sensitivity of the
pulse shapes to the locaion d ay-ray interaction dependent uponsuch variables as sgnal

noise and segment size.
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Figure 2.8: (&) Cross dion through detedor crystal in the fourth layer of segmentsillustrating
y-ray interadion locaions 1 and 2 (*). (b) Pulse shapes produce d three déedrodes for
interadion 1. (c) Same &s (b) for interadion at 2.
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Chapter 3

EXAMINATION OF THE PROTOTY PE
DETECTOR PULSE SHAPES AND POSITION
SENSITIVITY STUDIES

Determination d the locaion of ay-ray interadion in threedimensions within the
detedor volume to an acaracy better than the segmentation size, requires the use of the
detail ed puse shapes from each o the segments. Asill ustrated in the previous chapter,
the dhange in the signal shape & eadh segment eledrode provides the means for
extradion d position information. This point raises a fundamental question. How
sensitive is the pulse shape to a change in interaction locaion, relative to the uncertainty
in the signal itself (i.e. the noise)? Quantifying this sensitivity provides a measure of the
ability to locdize an interaction based onthe pulse shapes generated. Since the fadors
involved in puse-shape generation change with locéion in the detedor, so too daes the
sensitivity.  Unfortunately, it is not feasible to make this comparison wing
experimentally measured puse shapes from single y-ray interadions throughou the
detedor volume. Therefore, one must rely on theoretically cdculated puse shapes. This,
in turn, raises a separate isue adressng the acuracy to which the theoreticdly
cdculated puse shapes can represent those generated within the detector. The acuracy

of modeled puse shapes is aso of importance in the signal decomposition process
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developed and oulined in Chapter 4. Because it is not feasible to construct such a
process using experimentally measured puse shapes, the signal decomposition rocess
relies on the use of theoretically modeled puse shapes.

The am in this chapter is to addressisaues asociated with the acaracy of the
cdculated puse shapes and to quantify the sensitivity of pulse shapes to changes in the
interadion location. The foll owing sectionwill describe the model used in the generation
of pulse shapes. In Section 3.2,the experimental measurements performed to verify the
acaracy of the theoreticd pulse shapes are described. In addition, a discusson is
included onthe agreament between the model and measurements addressng the factors
limiti ng the model. The studies performed to quantify the sensitivity of the pulse shapes
to a changein interadion locaion (termed “ position sensitivity”) are presented in Sedion
3.3. The studies include sensitivities for both single and doulbe y-ray interadionsin ore
segment of the detector. These studies were performed for the most part with calculated
pulse shapes D that the entire volume of the detector crystal could be mvered. However,
in the seled regions where pulse shapes were experimentally measured they were used

and compared to modeled results. Finally, adiscusson d thefindingsisincluded.

3.1 Cdculation d Charge Signals

The theoretical cdculations utili zed to model detedor pulse shapes are important
in severa respeds. First, the studies performed to examine the sensitivity of the aurrent
prototype detedor rely on the use of such calculations. In addition, the signa

decompasition process developed also makes use of the cdculated puse shapes. It is
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important to nde that the process of modeling pulse shapes was developed prior to the
research presented in this dissertation. However, it is important to ouline the process
developed to provide asound undrstanding of the assumptions of the model. The
experiments performed to assess the acuracy of the aldress sich assumptions by
comparing the experimentally measured and cdculated puse shapes.

The objedive of model is to cdculate pulse shapes resulting from charge-carrier
generation at a spedfied location within the aurrent prototype detector. Thisis performed
by finding an approximate solution to Equation 2.12. First, solution to the Poison
equation (Equation 2.5 for the given detedor geometry and applied bias voltage V,
(+3000V) is ohtained by employing finite dement methods. Here, the net space targe
density p(r), which is locaion dgpendent, must be gproximated. The manufadurer of
the prototype detedtor provides average impurity concentration values, Np, of 11 X 10°
atoms/cm® and 6X 10° atoms/cm® at the front and bad face of the detector, respectively.
Therefore, alinea variation is assumed from the front to the back face, which effedively
yields p(2) (the Z-diredion keing perpendicular to the front and bad face). However, it
is known that variations in the impurity concentration from the mean are dso present in
other diredions [32]. Solution to the Poisson equation yields the potential @(r). Rather
than repeat this processeach time the patential is needed at different locations, values of
@(r) are stored at locaions ("grid pants') separated by 1 mm throughou the detector
volume (the cdculated pdential for a aosssedion d the detedor was srown previously
in Figure 2.6). With thisinformation, Equation 2.7is lved for the dedric field E(r) at

ead grid pant.

44



Using the dedric field determined in this way, the drift path of the charge arriers
is cdculated for a given y-ray interadion location. Several assumptions are made in this
process The time required for formation d electron-hde pairs and the time interval for
the pairs to reach the velocity given by the locd electric field are asumed to be
negligible mmpared to the total drift time of the dharge carriers. In addition, the range of
the primary electron and finite size of the dedron-hole pair distribution is negleded.
Therefore, it is assumed that the dharge-carrier distributions are represented by a point
charge drifting aong the field lines. These assumptions will be discussed in Sedion
3.2.3in further detail. The initial trgjedory of the eledrons and hdes is determined by
interpolating the dedric field between grid pants for the given y-ray interaction site.
The relation expressng the charge carier drift velocity as a function d electric field and
crystal orientation is taken from references [18,19. With this, the path of the charge
cariersis determined for afinite timeinterval (At) chasento be1 ns. Thetimeinterval is
chasen to be small compared to the total drift time (~200-500 ns dependent uponlocation
in the aystal) preventing large discontinuities in the drift velocity. This process is
repeaed urtil both eledrons and hdes reach the inner and ouer eledrodes, respedively.
Figure 3.1 shows cdculated drift paths for both the dedrons and hdes for an interadion

located in segment B4.
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Figure 3.1: XY (a) and XZ (b) cross ®dions through the prototype detedor ill ustrating the
interadion location (*) and cadculated drift paths for the dedrons and holes.
The small dashed lines () show the segmentation boundaries.
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Calculation d the dharge induced at each of the segment electrodes requires use
of a weighted pdentia. By employing similar finite dement methods, the weighting
patential for each segment eledrode is obtained (a cross ®dion d the detedor crystal
indicaing the caculated weighting potential for one segment was iown previously in
Figure 2.5). The values of the weighted eledric field for each electrode ae calculated
and stored at the same 1 mm grid pant locaions. Using the previously determined drift

paths for both the dectrons and hdes the induced charge AQ; on segment electrode j is

determined for timeintervals At of 1 ns aong the path such that:

AQ, =17 ((E () v.) + (B (1) vt @

Here, g, represents the total charge produced in the interaction (normalized to 1) and
Ej(ren) is the weighted eledric field for segment j at the locéaion aong the drift path for
the dedrons or hales. Figure 3.2 shows the calculated puse shapesinduced at €l ectrodes
B3, B4 and C4 for the interadion depicted in Figure 3.1. The separate contributions from
the dedrons and hdes to the total induced charge are ill ustrated for eledrode B4. Only

the total induced charge for the transient pulse shapes in segments B3 and C4 is shown.
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Figure 3.2: Calculated pulse shapes at eledrodes B4, B3, and C3 for the interacion
shown in Figure 3.1. Separate dedron and hole components are il lustrated
for segment B4 (charge-colleding eledrode).

3.2 Experimental Measurements of Pulse Shapes from Locdized
Single Eventsin the Prototype Detedor

As ameans of verifying the accuracy of the calculated puse shapes described in
the previous =dion, an experimenta arrangement was designed to locdize y-ray

interadions within the prototype detector. The goal wasto confine energy depositionto a
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small volume of the detedor crystal at a known locaion. The resulting pulse shapes from
charge olledionwere then dgitally recorded to al ow comparison to the calculated puse

shapes.

3.2.1 Experimental Arrangement and Methods

The y-ray source utili zed in the measurements was 1 mCi of *'Cs (B” decay to
13'Ba followed by the emisson o a 661.7keV y ray [33]). The source was fixed in a
collim ated tungsten absorber such that the llimated y rays were incident uponthe front
face of the detedor crystal. Both a top and side view of the detector and source
arrangement are illustrated in Figure 3.3. The cylindricd collimator opening in the
absorber measured 1 mm in dameter and 7 cm in length. By fixing the ésorber to a
scanning system, its location relative to the detector in the XY plane (see Figure 3.3
coud be aljust with an accuracy of *102 mm. In order to provide the necessry
collimation in the Z-direction (depth into the detector crystal), three ollimated Nal
detedors were anployed. These detedors were dhasen due to their relatively large size
(12.7 cm diameter and 15.2cm length) and, therefore, large solid angle cwverage aound
the prototype detedor. Lead absorbers, each 10 cm thick, were aranged in front of each
of the Nal detedors. Ead of the lead absorbers had a1 mm dlit parall el to the XY plane
(see Figure 3.3) providing the collimation for the Nal detectors. The Nal detedors and

the lead absorbers could be raised or lowered to adjust the collimationin the Z-diredion.
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The locdions of y-ray interadions were fixed by seleding events with
simultaneous energy deposition in bah the prototype detector and ore of the Nal
detedors (events in "coincidence"). Because the collimation d the source and Nal
detedors are & 90° to ore ancther, such events imply the occurrence of an approximate
90° *1° Compton scéatering processin the region d the prototype detector defined by the
collimation. In such a cae, the incident y ray will deposit about 374" 5 keV in the
prototype detedor. This fad is used to further aid in locdization d single interactions.
By selecting events with energy depasition closeto 374keV in the prototype detedor, the

number of events that undergo more than ore Compton scatering in the prototype can be

reduced.
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Figure 3.4: Distributions of coincident events as a function of the number of interadions
in the prototype detedor with (b) and without (&) requiring energy deposition
of 374* 5keV.
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Figure 3.4 shows results of Monte Carlo simulations of the radiation transport
performed with GEANT-3 [34] for the given experimental arrangement. The figure
ill ustrates the distribution d coincident events as a function d the number of interactions
of the incident y ray, bath with and without requiring energy depasition o 374* 5keV in
the prototype. Withou the energy requirement, only abou 55% of the @incident events
are the result of a single interadion in the detector. However, with the energy
requirement, approximately 85% of the events are the result of a single interaction. The
distributions of interadion locéions in the X- and Z-diredion, also oltained from the
simulation, are shown in Figure 3.5. The distributionin the Y-diredionis very smilar to
that of the X-direction, bdh being dictated by the cylindricd collimation d the source.
Due to the very small opening angles, the arrangement defines a nearly cylindricd
volume in the prototype detedor for single interactions with a diameter of abou 1.5 mm
(in XY plane) and depth of abou 1.9 mm (in Z-diredion), bah measured as the full -

width at half-maximum.
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Figure 3.5: Monte Carlo simulations showing distributions of interadion locationsin the
X-diredion (a) and Z-diredion (b). The full-width at half-maximum obtained by
fitting the distributions with a Gaussan isindicated for ead.

52



In order to define the X- and Y -locéions of the sourcerelative to the detedor, the
scanning system was utilized. The source was moved in 1 mm increments along the X-
and Y-directions. The intensity of the 661.7 keV y ray was measured in each o the
segments for fixed time intervals at each locaion. Plotting the intensity in ead segment
as afunction d source pasition alowed the transitions in intensity between segments to
be determined and thus the locaion d the segment boundxries to be estimated. Figure
3.6 shows measured intensity distributions for the first and third layer of segments (A1,

B1,Cland A3, B3, C3) andthe estimated segment boundiries.

Y-Position (cm)

2 Relative

X-Position (cm) Intensity

Figure 3.6: Experimentally measured intensity distributionsin the XY plane from the alli mated
137Csy-ray source The dashed lines indicate the estimated segment boundary
locaions.

To determine the dignment in the Z-diredion between the wllimated Nal
detedors and the prototype detector a separate **Am source (E, = 59.54 keV) was
employed. This ourcewas pasitioned behind the 1 mm dlit i n the lead absorber such that

the y rays incident uponthe prototype detedor were ollimated in the Z-diredion. By
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trandating the lead absorber and source dong the Z-diredion in 1 mm increments and
measuring the transition in intensities between segments, just as in the X- and Y-
alignment, the segment boundxries in the Z-diredion (i.e. B1, B2, B3, ed.) could be
estimated.

After defining the dignment of the wllimator-detedor arrangement, the >*!Am
source was removed and puse shapes from the mincident events of the **'Cs urce
(including the energy requirement in the prototype detector) were measured at various
locations in the detedor. Because the event rates were small, in some cases lessthan 1
event per hour, alimited number of pasitions in segments B1, B2, and B4 were chosen.
Locations resulting in charge alledionin segments B1 and B2 (smaller front segments)
and B4 (larger middle segment) provided a good \eriety of pulse shapes for comparison
with model predictions. Pulse shapes from atotal of 91 locations (36 in segment B4 and
55in segments B1 and B2) were measured. Locaions were separated by 4 mm in the X-
diredion and 3mm in bah the Y- and Z-diredions. Figure 3.7 ill ustrates the relative
locaions of the interaction sites in the detedor. On average, events were acquired at
ead location for a period d one day. The number of events measured at each location
ranged from abou 10 to 200, dpendent upon the locaion in the detector crystal.
Locations toward the inside of the aystal (i.e. smaler X andor larger Z) resulted in
fewer measured events. At ead locaion the pulse shapes from the segment colleding
the dharge as well asthe eght nearest neighbaing segments (i.e. for an interactionin B1,
A1-3, B2-3, and C1-3) were digitally recorded using an 8 lit flash analog to dgital
converter (ADC) operating at a sampling rate of 500 Mhz. The ADC digitized the

voltage from each of the nine segments every 2 ns.
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Figure 3.7: Cross ®dions of the detedor crystal in the XY (a) and XZ (b) planesill ustrating the
locations where pul se shapes were measured (open circles). The size of the drcles
represent the goproximate volume defined by the cllimating system and the dashed
lines sow the segment boundaries.
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3.2.2 Experimental Results and Comparisons with Model Predictions

In order to illustrate the experimental data and the relative quality of the
cdculated puse shapes, a seled group ou of the 91 measured data sets is presented in
this sdion. This group is representative of the overall quality of the comparison
between experiment and model cdculations for al the positions and the subsequent
discusson d fadors effeding their agreament applies to y-ray interadions throughou the
detedor volume. Figure 3.8 shows a set of six experimentally measured puse shapes
(solid traces) and the calculated puse shape (dashed trace) at the position X = 18,Y =
15 and Z = 1 mm for segment B1 (charge-colleding eledrode) and the eght
neighbaing eledrodes. Note that the position is given as the centroid o the mllimated
volume for the experimental pulse shapes (see Figure 3.7). Addtiondly, the charge
amplitudes are given relative to a pulse height in segment B1 (normalized to 100 and the
scde is much increased for the neighboring segments. In genera, the cdculated puse
shapes from each segment closely represent the pulse shapes experimentally measured.
As an example of the dfect that locaion has on the pulse shapes, Figure 3.9 shows a set
of six measured puse shapes and the cadculated puse shape for the position d X =6,Y =
1.5,Z = 1 mm using the same format as in Figure 3.8. Because this position is much
closer to the central electrode and thus the dharge crriers experience higher eledric
fields over short distances, the pulse shape seen at eledrode B1 rises much faster than
that shown in Figure 3.8. This fedure is aso present in the model and suggests that the
eledric fields and charge carier drift contained in the model are reasonable. The
discrepancies between the experimental data and model calculations, seen mostly in the

neighbaing segments, will be discussed later in this sdion.
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Figure 3.8: Six measured (solid traces) pulse shapes and the arresponding cdculated (dashed
trace) pulse shape & apasition of X=18, Y=1.5, and Z=1 mm for segments A1-3,
B1-3, and C1-3. Thelargest discrepancies are seenin segments B1, B2, and C1.
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trace) pulse shape & a position of X=6, Y=1.5, and Z=1 mm for segments A1-3,
B1-3, and C1-3. Significant discrepancies are seenin segments A1, B1-2, and C1-2.

To ill ustrate the comparison between the cdculations and experiment in the larger

segment B4, Figure 3.10 shows baoth calculated and experimentally measured puse

shapes from the location d X =22,Y =4.5,and Z = 34.5mm. Again, puse shapes from

the aght neighboring segments in addition to the dharge-coll ecting segment (e.g. B4) are

shown. Theinteractionin this case takes place dose to segments C4 and B3. This means
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that the values of the weighted electric fields for these segments, over the drift path of the
charge arriers, were larger than in the other neighbaring segments and thus resulted in

pulses with larger absolute anplitudes.
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Figure 3.10: Six measured (solid traces) pulse shapes and the corresponding cdculated (dashed
trace pulse shape & a pasition of X=22, Y=4.5, and Z=34.5 mm for segments A3-5,
B3-5, and C3-5. The largest discrepancies are seen in segments B3, B4, and C4.
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To examine a tange in pasition within segment B4, Figure 3.11shows cdculated
and experimental pulse shapes at the locaion d X = 14,Y = 4.5, and Z = 34.5mm.
Again, the interaction takes place dose to segments C4 and B3, thus, the resulting pulse

shapes have the largest amplitudes in these segments. However, the pdarity of the pulses
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has changed relative to thase seen in Figure 3.10. This dems from the fad that the
interadion is now closer to the central eledrode and the individual contributions to the
induced charge from the drift of the dedrons and hdes has changed. To ill ustrate thisin
detail, Figure 3.12a shows the weighted paentia for segment C4 in a portion d a aoss
sedion through the XY plane in segments B4 and C4. Overlaid on the figure is the
interadion location (0) of X =22,Y =4.5,and Z = 34.5mm (pulse shapes in Figure
3.10), the drift path marked by the dashed line to the left and right for the dectrons and
holes, respedively, and the weighted eledric field vector (E,) for segment C4 at severa
locaions along the drift path. In the ealy stages of the charge arrier drift, close to the
interadion, the angle between the dectron dift velocity and E,, is greater than 9C¢° and
the angle between the hde drift velocity and E,, islessthan 9¢°. Thisresultsin an initial
negative induced charge contribution from baoth the dedrons and hdes. Figure 3.12b
shows the separate cntributions of the dedrons and hdes to the darge induced at
segment C4 as well asthetotal. Inthe ealy stages of pulse development (times lessthan
~75ns) theinduced charge from both the dedrons and hdes are negative. At later times,
the hales have reached the B4 electrode (i.e. AQnies = 0) and the angle between the
eledron dift velocity and E,, is now less than 9C° (i.e. AQgectrons 1S pPositive). The
eledrons cortinue to drift until reading the central eledrode & which pant their positive

contribution to the total induce darge & C4 resultsin atotal charge of zero.

61



e i
/N — o
= : 1Ll
( a) \C)/ '—“—?:}—M._M“‘H’E‘rectrons
~ = I
0.5 I 1 I
0

0.15 |

.

’

(=

S

(]
I

K ‘ Electrons

(b)

Charge (arbitrary)
(=)

-0.05 -
........................................ Holes
-0.1
Total
-0.15 e P PN RN I IR S
0 50 100 150 200 250
Time (ns)

Figure 3.12: (a) XY cross ®dion through a portion of the detedor crystal showing the weighted
potentia (P,,) for segment C4 and the drift path of the dedrons and holes for an
interadion location of X=22, Y=4.5 and Z=34.5 mm. The weighted eledric field
vedor (E,) for segment C4 is shown at severa locaions along the drift path. The
white dashed line indicaes the boundary between segment B4 (charge-coll ecting
eledrode) and segment C4. The cdculated pul se shape for segment C4 with separate
eledron and hole contributionsis siown in (b).
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Figure 3.13: (a) XY cross ®dion through a portion of the detedor crystal showing the weighted
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eledrode) and segment C4. The cdculated pulse shape for segment C4 with separate
eledron and hole contributionsis swown in (b).
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To ill ustrate the pdarity change of the pulse shape & electrode C4, Figure 3.13a
and bisthe same & Figure 3.12 bu for the interactionlocaion X = 14,Y =4.5,and Z =
34.5 mm (pulse shapes in Figure 3.11). In this case, the angle between the hadle drift
velocity and Ey, isinitially greater than 90° and that of the dedron drift velocity and E,,
is lessthan 9C°, thus, contributing to a paositive induced charge & C4. The pasitive
contribution d the dedrons to the induced charge is dominant until their colledion at
which pdnt the negative contribution d the hales to the induced charge returns the total
induced charge to zero. Thisresultsin apasitive maximum in the pulse shape. A similar
example can be illustrated in the Z-diredion for the induced puse shapes induced at
eledrode B3. In bah cases, these features are well reproduced in the model, again,
suggesting reasonable representation d weighted electric fields and charge arrier

transport in the modeling.

3.2.3 Discussion

In general, the calculated and experimentally measured puse shapes from the
seled regions investigated are in good agreement. There are, however, significant
deviations between the two in some caes. This sction will provide ageneral discusson
of the factors effeding the aility of the model to accurately represent experimentaly
measured puse shapes. The focus will be on fadors related to the modeling process
itself rather than thaose of the experimental arrangement. Factors inherent to the modeling
process are of much more fundamental importance than thase specificdly related to the
experimental arrangement used for the aurrent measurements (i.e. the overall alignment

of the collimation system on the order of 1 mm and the finite volume dlowed for
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interadions ~3 mm°). Experimental condtions can be dhanged to provide greaer
acairacy in confining the position d a single interadion. However, improvement in the
modeli ng requires the understanding and incorporation d additional physical phenomena,
which may not be so straightforward. Thismay pose alimit onthe abili ty of the model to
reproduce experimental measurements and Utimately may trandate into limitations on
the position resolution that can be adieved (see Sedion 3.3.3. Here, the discusgonis
limited to modeling of pulse shapes.

Fadors effeding the agreement between the modeled and experimentally
measured data can be separated into two genera classes. The first class contains those
fadors invalved in signal generation (i.e. charge-carrier generation and colledion). The
semnd class contains fadors that define the dedric fields in the detector, including
impurity concentrations and eledrode surfaces.

The signa generation processincorporated in the model is rather simple. Energy
deposition and charge carier prodiction is assumed to take place d a single point. In
redity, these processes occur over a finite range. As discussd in Sedion 2.2.3,the
primary electron transfers its energy primarily through drect and indirect ionization and
other excitations in the germanium crystal.  In addition, the trgjedory of the dedronis
not linea [35]. Thisresultsin threedimensional spatial distributions of charge that vary
from interadion to interaction for the same total energy depaosited. Thus, for example,
the adual pulse shapes generated by a1l MeV primary electronwill produce adistribution
of tracks with sizes onthe order of 1 mm?® [36]. Furthermore, as the charge carriers drift,
diffusion will | ead to additional spreading of the distribution. However, this effed is

small relative to the initial size of the distribution. The spreading for both electron and
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hole distributions has been shown to be gproximately 65 um/cm of drift distance in
germanium [37]. Additionally, the darge carier drift velocities depend onthe dectric
field strength, temperature, and crystal orientation relative to the drift diredion and the
eff ects of the later two have not been included in the present model.

The dedronic dcharacterization d the detector crystal also plays an important role
in modeling pulse shapes. As dated in Sedion 3.1,the model uses an approximation for
the distribution d impurities throughou the detedor crystal that varies linealy in the Z-
diredion. However, variations in the impurity concentration can dstort the locd electric
fields [38,39. These fluctuations in eledric field values can alter the drift paths of the
charge arriers and utimately change the pulse shape cmpared to that predicted with
uniform impurity concentrations. Additionally, the model assumes that the passvated
badk face and surfaces between adjacent electrodes are perfect surfaces. In this way,
Neumann boundry condtions are used in the solution d the dedric fields (i.e. d®/or =
0 at the surfaces). However, thetrue charaderization d these surfacesis nat well known,
and thus they may have an effed on the locd dectric fields and resulting pulse shapes.
Each o these factors lead to uncertainties in the modeling process and may ultimately

contribute to dscrepancies between the cadculated and experimental pul se shapes.
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3.3 Position Sensitivity

As discus=d in Chapter 2, the dhanges in the detailed signal shapes from the
detedor is the fundamental means by which ore can resolve interaction locaions to
better than the segmentation size. A rough fed for the sensitivity of pulse shapes to the
change in interadion locaion can be seen from the results $hown in Figures 3.10 and
3.11where achangein location d 8 mm in the X-diredion poduced a changein pdarity
of theinduced puse shapes at eledrodes C4 and B3.

As will be derived here, the position sensitivity relates the difference between
pulse shapes, as a function d y-ray interadion locdion, to the signal uncertainty due to
noise. This relationship will be used to approximate the dimension at which changes in
pulse shape becomes distinguishable over noise. The sensitivity will be examined as a
function d segment size, locaion within ead segment, and drectionally (i.e. changesin
X,Y,and Z). InSedion 3.3.1, pation sensitivity is derived and examined for single y-
ray interactions at locations throughou the detector. For such an extensive examination,
cdculated puse shapes are utili zed. However, as a means of justifying such an approach,
pasition sensitivities derived from experimentally measured puse shapes are shown and
compared to those obtained from the model calculations. In Sedion 3.3.2 the processis
extended to examine two interadions occurring in a single segment.

It isimportant to stressthe use of the term positi on sensitivity rather than pasition
resolution. Position resolution implies that the asolute position d one or more
interadions can be determined to a given accuracy. Position sensitivity, howvever, only

guantifies the paint at which dfferencesin puse shapes beame distinguishable over the
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noise. Many of the fadors discussed in the previous sdion, such as the finite range of
the primary electron, have an impad on and may be limiting fadors in the paosition
resolution that can be adieved. An important factor, which will be aldressed by

examining the position sensitivity, is the geometry and segmentation size of the detedor

eledrodes.
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Figure 3.14: (a) Positionsi and j separated by Ar = 2 mm shown in a XY cross dion of segment
B4. (b) Calculated pulse shapes for an interadion at i (solid trace and j (dashed trace
in segments A3-5, B3-5, and C3-5.
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3.3.1 Single-Interaction Position Sensitivity

The modeled puse shapes provide an excdlent means for deriving position
sensitivity because they have no satisticd fluctuations (i.e. nase). Therefore,
differences in their shape can be derived solely on the basis of a change in interaction
pasition. To illustrate this, Figure 3.14a shows a aoss sedion through the detector and
two pasitions labeled i and | separated by a distance of Ar = 2 mm. Figure 3.14bshows
the cdculated puse shapes, in nine neighboring segments, resulting from separate
interadions occurring at positions i and j. In order to distinguish a single interaction
occurring at positioni from one & j the overall differencein signa shape (i.e. amplitude
differences, (t)-;(t)) must be greater than that caused by the randam fluctuations or the
noise level g, that would be present in experimentally measured puse shapes. It is
important to pant out that oy, as discussed here, refleds nat only statistica fluctuations
in the signal generation processitself (i.e. thase intrinsic to the detedor crystal) but also
eledronic noise from the amplification and dgitization d the pulse shapes. The
difference in induced charge & a function d time for the pulse shapes ill ustrated in
Figure 3.14bis shown in Figure 3.15. In order to relate the pulse shape differenceto the

noise, the quantity x; is defined as:

B} f
. g(q:“ (t) - q}“(t))dtg
Xi =2 0 0 (3-2
m:1|:| 20n |:|
5 5
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where g"(t) and q["(t) are the induce charges a eledrode m for a single interaction
occurring a pasitioni and j, respedively. For practicd purposes, theintegral in Equation
3.2 is evaluated at fixed time intervals, At = 2 ns, because in bah the cdculated and
experimentally measured puse shapes presented in the previous sdions the induced
chargeisremrded every 2 ns. It isasumed that the noise level is nat position dependent
(i.e. =0g;=0y). Therefore, comparing the two puse shapes at i andj yields atotal noise
contribution o 20, Both g(t) and o, are in urits of potential and thus xj is
dimensionless It isimportant to nae that Xij2 has a form very similar to a merit function
used in genera least squares minimization [40], which is utilized in the signa
deaompoasition process described in Chapter 4. Given x;, the position sengitivity S; is

defined as:;

Ar,

S = X_.,J (3.3

This relationship can be used to approximate the dimension at which the dhange in puse
becomes distinguishable above the noise. As an example, for a given Arj;, if x; =1 then
the diff erence between the two puse shapes is exadly the same level as the total noise
contribution. This results in §; = Arj; indicaing that in the region aroundi and j puse
shapes from single interadions bemme distinguishable from one acother at the
dimension given by Ar;;. However, if xj islessthan 1 (i.e. the noise level is larger than
the pulse shape differencefor the given Ar;;) theresulting S; will be greater than Ar;;. For

instance, if the noise level is twice that of the pulse shape difference (i.e. x; = 0.5 the
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resulting S; will be twicethe dimension d Arj. Assuming the change in puse shape is
propartional to the separation dstance the §; of 2A4rj; represents the dimension by which
i andj would have to be separated to be distinguishable from one anather. The oppdasite
is true for a x; greder than 1 and the resulting S; would be lessthan Arj;. In the case
illustrated in Figure 3.14a, paositions i and | are separated in the X-diredion. However,
this cdculation can be performed in each of the cordinate diredions yielding separate

position sensitivitiesin ead dredion(e.g. S, S, and S,).
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Figure 3.15: Difference as afradion of the net charge in segment B4, between pulse shapesi and
j shownin Figure 3.14.
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In order to examine the paosition sensitivity in ead of the prototype detedor
segments pulse shapes were generated at locations sparated by 1 mm in ead coordinate
diredion throughou the volume of the detedor crystal. Using pulse shapes from
neighbaring locations yields a Arj = 1 mm in eat coordinate direction. A g, of 5 keV
was used in accordance with the results reported in reference[41]. The energy deposited
at ead location was chasen to be 662keV. At each locaion in the detector, the pasition
sensitivity was cdculated in accordance with Equations 3.2 and 3.3for ead coordinate

diredion. Thetotal sensitivity Sr for each pasition was then defined as:

\/SXZ +Sy2 +SZZ

S, = (3.4

By groupng positions acording to the segment in which the interadion accurred,
distributions of sensitivity values were generated.

Figure 3.16a and b show the distributions of cdculated sensitivities, in ead
diredion, for positions in segments 1-6 (no letter is used due to the symmetry of the
segments). The mean S, and RMS deviation <S.” >* are indicated for each
distribution. There ae severa noteworthy feaures ill ustrated by the distributions.
Foremost, al the mean sensitivity values are less than the Ar; value of 1 mm. This
indicates that the change in puse shape throughou the majority of the detector is larger
than the noise for energy depaosition d 662 keV. Semndy, the mean value of S, in
segments 2-5 increases with segment size. Thisis due to the fact that in larger segments

there is greater separation between neighboring segments in the Z direction. As
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described in Chapter 2, the symmetry of the pulse shape in the Z diredion is broken by
the induwced signals on the neighbaing eledrodes. The greder the distance of an
interadion from these dedrodes the smaller the induced signals and thus y is decreased

and S, increased.
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Figure 3.16a: Distributions of the single-interadion sensitivitiesin the X-, Y-, and Z-diredions for
energy deposition of 662keV for segments 1-3. The mean and RMS values are given

for ead distribution.
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Figure 3.16kx Distributions of the single-interadion sensitivitiesin the X-, Y-, and Z-diredions for
energy deposition of 662keV for segments 4-6. The mean and RMS values are given
for ead distribution.

The mean value of S, in segment 6 is greater than segment 5 despite the fad that it is a
smaller segment. This is due to the fact that segment 6 has only one Z neighboring
eledrode. The smallest S, mean value is ®e in segment 1. This arises because the
eledrodes of the first segments cover the front face of the detector. This gives them

unique dedric field characteristics and makes them more sensitive to changes in
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interadion location in the Z-diredion (very similar to a position-sensitive germanium
detedor of the planar geometry described in reference 42). Additionally, the mean values
of S, remain very similar despite the size of the segments. Thisis because in segments 2-
6 the X diredionisvery similar to that along the diredion d the charge-carrier drift path
(see Figure 3.1). Therefore, changes in interaction locaion in this diredion result in
variationsin drift time of the dectrons and hdes, thereby changing the pulse shape on the
charge-collecting eledrode. Here, the pulse shape from the dharge-colleding eledrode
provides the mgority of position information in the X-direction rather than the
neighbaing eledrodes. This is very similar to the method by which ore-dimensional

pasition information is extraded from a non-segmented coaxial detedor (references

17,30,and 3.
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Figure 3.17: Distributions of the total single-interacdtion sensitivities for energy deposition of 662 keV
for ead of the segments. The mean and RM S values of ead distribution are shown.

75



Distributions of the total sensitivity Sy, by segment, are shown in Figure 3.17.
The values of S, follow with the segment size (i.e. larger segments have greater S;)
with the exception o segment 6 which ladks one set of Z neighbors. For future
comparison to the signal decomposition results presented in Chapter 4, it isimportant to
point out the regions in the detedor with the Sy values substantial larger than the mean.
These ae regions in which it may be more difficult to acarately determine the locaion
of an interaction. Figure 3.18 shows the distribution d Sy throughout the entire detedor

having amean value of 0.134mm.

eoooﬁ Mean = 0.134 mm
ook RMS=0.104 mm
2
— 4000
> i
Li 3000

2000 -

1000 |-

= T

Figure 3.18: Total single-interadion sensitivity distribution for energy deposition of 662keV.
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Figure 3.19a and bshow cross ®adions of segments 3-6 in XY projections and 1-6
in the XZ projedion, with open baxes marking the positions that have aSy greater than
0.5mm. Inthe XY distributions, the relative size of the box indicaes the intensity in that
region. Clealy, the effect of segment size is evident. Namely, the regions with Sy
greder than 0.5mm only appear in the 4 largest segments and, ou of these, the aeas
bemme more widespread the larger the segment size. The regions of large Sy tend to be
locaed near the center of each segment volume. In these regions, the weighting
patentials are rather small for all of the neighbaing segments and thus the induced
signals are relatively small. This reduces the anourt of paosition information (i.e. puse
shape difference) which can be etraded reative to the noise level and leads to an
incressein Sy.

Thus far, the examination d position sensitivity has been caried ou using
cdculated puse shapes. In order to validate these findings, a cmmparison was made
using the experimentally measured puse shapes presented in Sedion 3.2. However, the
experimental pulse shapes contain nase that is not present in the cdculated puse shapes.
The position sensitivity was derived to examine pul se shape diff erences (in Equation 3.2
based solely on a change in interadion paition, nd including that of statisticd noise. In
order to greatly reduce the statisticd fluctuations due to ndse and alow the
experimentally measured puse shapes to be analyzed in the same fashion as thaose
cdculated, the distribution d pulse shapes recorded at each pasition (see Figure 3.7)
were averaged. By averaging the pulse shapes, a single pulse shape was obtained at eath
locaion representing the mean of each dstribution. In the process satisticd fluctuations

are reduced and a naise level approximately 50 times lower (dependent uponthe number
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of pulse shapes remrded at a given location) than the measured level of 5 keV was
achieved. The mean puse shapes were then used in Equations 3.2 and 3.3to calculate
position sensitivities between al combinations of measured pasitions. The spadng
between the centroid of adjacent positions (Arj in Eq. 3.3 varied dependent upon
diredion. Positions were separated by 4 mm in the X-diredion,and 3mm in bah the Y-
and Z-direction. For comparison, the procedure was repeated using caculated puse
shapes resulting from a single y-ray interadion o 374 keV at the centroid of ead

position. Again, anoiseleve gy, of 5keV was used.
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Figure 3.20: (a) Distribution of pasition sensitiviti es cd culated from experimentally measured pulse
shapes from single interadions with energy deposition of ~374keV. (b) Position
sengitivity distribution cdculated using modeled pulse shapes at the same positions as
those measured.
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Figure 3.20a and b show the distributions of total sensitivities cdculated from
experimentally measured and cdculated puse shapes, respectively. The mean values of
0.36 mm for the experimental pulse shapes and 0.33mm for the calculated puse shapes
are in excdlent agreement with ore ancther. The similaritiesin RMS deviations indicae
that the shapes of the distributions are in good agreement as well. This further
acentuates the aility of the model to reproduce eperimental pulse shapes.
Additionally, the dfect of the decrease in energy to 374keV, relative to the previous
examination at 662keV, is evident in the increase in mean sensitivities sown in Figures

3.20a and bas compared to Figure 3.18.

3.3.2 Multiple-Interadion Position Sensitivity

In the energy range of interest, ay ray incident on the prototype detedor will most
likely undergo multiple interactions in the detedor crystal. In such cases, the resulting
pulse shape & eadh segment eledrode will be the sum of the individual electron and hde
comporents from each of the interadions [43]. Modificaion d Equation 3.1to allow for

multi ple interadions yields:

AQ, :iﬁgEj(re)-ve)p+(Ej(rh)-vh)p%t, (3.5

where AQ; is the induced charge on eledrode j, over the time interval At, from the N
interadions and ¢, represents the darge deposited at each interadion p. The individual

eledron and hde mporents for each interaction are separated, such that Ej(ren)
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represents the weighted eledric field for segment j at the locaion o the dedrons or
holes along their drift path for interaction p. Equation 3.5clearly ill ustrates that the total

pulse shape is the superpasition d theindividual pulse shapes from each interadion.
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Figure 3.21: (a) XY cross dion of segment B4 showing paositionsi, j, and k with Ar = 2mm.
(b) Calculated pulse shapes for an interadion at i (solid trace and k (dashed trace in
segments A3-5, B3-5, and C3-5.
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In principle, the paosition sensitivity can be epanded to examine pulse shapes
from any number of interactions. Here, however, the study will be limited to two
interadions of equal charge deposition. This pasition sensitivity will provide ameasure
of the distance between two interadions needed to dstinguish their resulting pulse shape
from that of a single interaction accurring at a position helfway between the two. To
ill ustrate this, Figure 3.21a shows a adoss ®ction through the detedor and three pasitions
labeled i, j, and k ead separated by a distance Ar = 2 mm. The cdculated puse shapes
for individual interadions occurring at paositions i and k are shown in Figure 3.21b.
According to Equation 3.5,the pulse shape resulting from ay ray undergoing interadions
a positionsi and k will be the superposition d the individual pulse shapes. Figure 3.22
ill ustrates the pulse shapes of a single interadion at position j and that resulting from two
interadions, ore & i and me & k. The darge deposited in ead case is normalized to
one, such that g;= gi+qgx = 1 and g= q= 0.5¢;. In order to distinguish ore ancther, the

differencein puse shape must be greater than the noise level oy,
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Figure 3.22: Calculated pulse shapes for two interadions at positionsi and k (solid trace
and asingeinteradion at j (dashed trace for segments A3-5, B3-5, and C3-5.

As a means of quantifying this difference x? is derived as described in Section

3.3.1with the exception that the total noise level, o, must take into acourt contributions

from all three pulse shapes which add in quadrature according to ead puse shapes

relative anplitude such that:
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07 =(10) +(30,) +(0,)". @9

Again, the noise level is considered to be independent of paosition, therefore,

0i= 0= 0= 0,. Thisgivesatota noiselevel of @ o, and ()(i,-k)2 is now defined as:

[ f
. O (@@ +ar@) -ar)a g
Xik = 2.0 g 0 (3.7
.0 o g
E g

The notation d m and t are the same @ Equation 3.2. Using xjk, the sensitivity for

distinguishing the two interadions from a single interadion is defined as:

O 2
Xiik

Sik (3.9

In order to maintain a wnsistent solution between S;¢ and the total separation d i and k
(i.e. 24r) when x;jx =1 the Ar term in Equation 3.8is sjuared. As an example, assume Xk
=1 for A&r = 2 mm. Therefore, the noise leve is exadly equa to the pulse shape

differences with i and k separated by 4 mm. Thisyields a S = 2 mn? in Equation 3.8

and thus corresponds a separation between i andk given by 2 /S.Ijk =4 mm. However, if

Xiik islessthan 1, indicéaing that the difference in the pulse shapes is not above the total
84



noise level, the resulting S, will be greéer than Ar?. Just asin the single interadion case
derived in Sedion 3.3.1,the resulting Sjx can used approximated the total separation

distance required to dstinguish the pulse shape of two interadions occurring at i and k

from that of asingle interactionat j. Thisis given by 2 /S“.k which will be greater than

the 2Ar. The oppasiteis true for a xjx greder than 1 and the resulting 2 /S.Ijk will beless

than 24r. Asin the previous ction, the pasition sensitivity for two interadions can be
examined in ead coordinate direction at a given location with the total sensitivity given
by Equation 3.4.

In order to examine the two-interadion paition sensitivity in the prototype
detedor, calculated puse shapes were utili zed from locaions sparated by a Ar = 1 mm
in eat coordinate direction. The study was performed for a total energy depasition in
the two interadions of 662keV and anoise level o, of 5 keV. The pulse shape resulting
from the two interactions (one & i and ane a k) of equal energy deposition (331 keV
ead) was compared to a single interadion at j of 662 keV. The sensitivity, in eat
diredion, was caculated using Equations 3.7 and 3.8. As in the previous sdion, the
sensiti vity values were grouped according to the segment coll eding the charge. Figures
3.23 and bshow the distributions of sensitivity values in the X-, Y- and Z-directions for

eadt of the segments.
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Figure 3.23a: Distributions of the two-interadion sensitivitiesin the X-, Y-, and Z-diredions for
energy deposition of 662keV for segments 1-3. The mean and RMS values are given

for ead distribution.
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Figure 3.23kx Distributions of the two-interadion sensitivitiesin the X-, Y-, and Z-diredions for
energy deposition of 662keV for segments 4-6. The mean and RM S values are given

for ead distribution.
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In genera, the same fedures arise & previously discussed for the single-
interadion pasiti on sensitivity (seeSedion 3.3.). However, in this case the mean values
are substantially larger than before. Here, sensitivity values greaer than 1 mn? are
present in nearly every distribution for each of the segments. This means that there ae
areas in which the separation d the two interadions must be greater than 2 mm in order
to dstinguish the resulting pulse shape from the pulse shape of a single interaction
between them. Asin the single interadion study, the aeas with highest sensitivity values
occur in the regions away from segment bourdaries. The distributions of the total
sensitivity S for each segment are shown in Figure 3.24. The mean sensitivity S.
increases with increasing segment size and ranges from 0.26 mn?’ in segment 2 to 1.23
mn? in segment 5. The distribution o total sensitivity for al of the segments is

illustrated in Figure 3.25. The S; of 1.01 mn indicates that on average the two equal

energy interadions from a662keV y ray must be separated by about 2 mm in order to be
distinguished from a single interadion between them. The impact of this relative to the
ability to extrad the locaion d y-ray interadions from pulse shapes will be discussed

Chapter 4.
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3.3.3 Discussion

In the cae of a single interadion with energy deposition d 662 keV, the mean
paosition sensitivities obtained using cdculated puse shapes from each segment ranged
from 0.06 to 0.19 mm with the larger segments having the greater sensitivity values.
Additionally, it was foundthat the aeas with greaer sensitivity values lie in the central
regions of the segments, away from segmentation boundries. This indicaes that
reducing the size of the segmentation increases the change in puse shape relative to a

change in interadion locaion, thus improving the position sensitivity. Furthermore, the
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study brought out the fact that the sensitivity of the pulse shapes is dependent upon
diredion. Interadions sparated in the diredion close to that of the charge arrier drift
(i.e. the X-diredion in segments 2-6 and Z-direction in segment 1) have lower values of
pasition sensitivity and thus greater differences in puse shape. Using experimentally
measured puse shapes it was siown that very similar results are foundindicaing good
agreement with the modeling.

The results of the single-interadion paition sensitivity study at 662 keV as well
as the limited examination at 374 keV show sensitivities well below that of the desired
pasitionresolution d ~2 mm. Thisindicaes that fadors such as the range of the primary
eledron, the finite size of the dharge-carrier distribution, and eledronic characterization
of the detedor crystal discussed in Section 3.2.3may ultimately limit the aility to
locdize asingle y-ray interadion rather than the arrent segmentation size. However,
extending the examination to all ow for multi ple interadionsin asingle segment leadsto a
very different conclusion. Theinvestigation d the two-interadion pgsition sensitivity, at
an energy of 662 keV, yielded mean sensitiviti es ranging from 0.26to 1.23mn¥ for the
spedal case examined (e.g. equal energy deposition in each interaction). In the larger
segments of 4 and 5,there are regions in which the separation reeled to dstinguish two
interadions from that of a single interaction is considerably larger than 2 mm. In some
cases, the position sensitivity is in excess of 2 mn? requiring a separation d 4 mm ©
distinguish the two. Because 662keV y raysincident on adetedor of this sze will li kely
undergo multi ple interadions with a substantial portion d these interadions separated by

less than abou 3 mm, differentiating them may prove to be difficult espedally in the
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larger segments. This issue will be aldressed further in the Chapter 4 which contains a

description d the method uili zed to determine interadion locations.
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Chapter 4

IMPLEMENTATION AND ASSESSMENT OF
THE SIGNAL DECOMPOSITION ALGORITHM

The paosition sensitivity studies, presented in the previous chapter, provide the
theoreticd basis for separating interactions based on puse shapes differences. However,
the aility to determine positions and energies of one or more interactions requires the
use of algorithms designed to analyze the detedor pulse shapes. The fact that ead puse
shape can be the result of multiple interadions at various locations, ead with dfferent
energy deposition, increases the wmplexity of the problem. Therefore, the dgorithm
must separate (or “decompose”) a pulse shape resulting from one or more interadions
into the individual comporents of ead interadion in order to furnish the desired
information. Hence, the process is generaly referred to as “signal decompaosition”.
Examples of simple signa dewmmpasition are the analyticd methods, described in
reference [17, 30,and 3], implemented to extrad the drift time of the dharge carriers
from the pulse shape and deduce one-dimensional pasition information. However, these
existing analytical methods do nd provide the desired accuracy or the aility to hande
the alded complexity of pulse shape formation in a segmented detedor.

A signal decomposition algorithm developed specificdly for determining the

pasitions and energies of one or more interadions in the prototype detedor is presented
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in this chapter. The dgorithm utili zes a general least squares minimization approad,
whereby the inpu pulse shape is compared to a set of “basis’ pulse shapes representing
single interadions throughou the volume of the detedor. The basic concept of the
algorithm is described in the following sedion. Although the dgorithm takes a rather
simple gproadc, the complexity of the arrent problem led to significant difficulties in
its implementation. In Section 4.2,simulations to assess the dgorithm’s performance
using cdculated puse shapes are presented. These include the implementation d the
algorithm when only one interaction per detedor segment was allowed as well as when
two interadions per segment were permitted. The difficulties that arose and their
implicaions with resped to the position sensitivity studies discussed in Chapter 3 are
addres=d in this dion. Finaly, Section 4.3contains a discusson d the finds and the
impad relative to the tracking processnat only for the single prototype detedor but also

for GRETA.

4.1 Algorithm Description

Asisthe cae with most scientific data, it is necessary to fit a set of observations
to atheoreticd expresson a an approximate model that depend onadjustable parameters
in order to estimate the parameters of interest. Thisis true for the signal decomposition
process Here, the observed data are the digitized puse shapes resulting from energy
deposition within the detedor crystal for each of the 36 segment electrodes. In the fitting

process the theoreticdly calculated “basis’ pulse shapes are asumed and the aljustable
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parameters are the number, locaions, and energies of all i nteradions needed to reproduce
the digiti zed puse shape with reasonabl e fidelity.

There ae many mathematicd methods that have been developed for fitting data to
amode. The signa decomposition algorithm developed here utili zes one of the most
basic methods based on general linea least squares fitting. Other posgble gproaches
utili zing algorithms that are more complex will be discussed in Sedion 4.3. Here, the
fitting procedure will first be discussed in a general context and then in its gedfic
implementation for signal decompasition.

The primary approach in general least squares fitting is to design a “merit
function” that provides a measure of the agreement between the data and model given a
particular choice of parameters. As ageneric example, assume that a set of observed data
points (x;, yi) is to be fit by a model that is a linear combination d any M spedfied

functions of x. The general form of the mode isthen given as:

y(x) = kzzlak X (%), (4.9

where Xi(X),..., Xu(X) are fixed functions of x, called “basis functions’. In genera, the
basis functions can be nonlinear functions of x. The term “linear” refers to the model’s

dependenceonthe aljustable parameters a,. The merit functionis defined as:
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(4.2

Here, the merit function is Immed ower the N individual measured data points. Since
observed data ae subjed to measurement error, generally they do nd exadly fit a model
even when the model “exadly” represents the physicd problem under consideration.
This is taken into aceount by including the parameters g;, which represent the standard
deviations distribution function for the ith data points. The merit function is arranged
such that small values represent close agreement between the data and model.

The parameters of the model must be aljusted to bring abou a minimum in the
merit function. This can prove to be acomplex problem given several parameters with
large dimensions. There ae severa tedhniques available for adjusting parameters and
finding the minimum such as lution by normal equations, adaptive grid seach, singular
value decomposition (SVD), and sequential quadratic programming (SQP). They differ
by the anournt of computation each requires and accuracy to which the parameters are
returned. However, each o these processes will yield a set of so cdled “best-fit
parameters’ which provide aminimum in the merit function. It isimportant to pant out
that the parameters represent a minimum achieved in x* and may not be the overall best
solution. It is not uncommon in complex problems that x* will have more than a single
minimum. In most cases, the interest is in the asolute or global minimum rather than

locd minima that exist in the parameter space. Given a complex problem, finding the
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global minimum can prove to be difficult with any minimization process This feaure
will be discussed with resped to the signal decomposition processin Sedion 4.2.2.

The implementation d the general least-squares fitting into an agorithm for the
signal decompasitionis rather straightforward foll owing the basic description above. The
observed data (or simulated data, as will be discussed in Sedion 4.2 are each o the
segment eledrode’s digitized puse shapes for ead event (one or more y-ray
interadions). Therefore, the data can be represented by the set (t;, g)s, where g is the
charged measured oneledrode s a timet;. The pulse shapes caculated theoreticdly (see
Sedion 3.) will serve & the basis functions of the model by which the observed puses
are to be decomposed. Charaderizing the model in terms of Equation 4.1for an event

with M interadions yields:

q(t)s = & Ekxk(xk’yk’zk’t)ﬁ , 4.3

where q(t)s is the cdculated charge on segment eledrode s at time t. The superposition
property of the pulse shapes (see Sedion 3.3.2 alows the basis functions X,, which
represent the pulse shape resulting from energy depasition at a single location (X, y, 2), to
be summed ower each interadion. This results in the total pulse shape for the M
interadions. Sincethe amplitude of the basis functions in the charge-colleding electrode
are normalized to ore, Ex represents the fraction d the total energy deposited in
interadion k. The adjustable parameters to be determined are the number of interactions
M, the fraction d energy depaosited Ex and pasition (X, y, 2k of ead interadion. The

merit function for the dgorithm is defined by:
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i(ti)_iEka(Xk’yk’zk’ti)

(4.9

MOoOodd.,

The merit function is simmed ower the 36 segment electrodes s from the beginning t,
until the end d the pulse t.. a; represents the measurement error or noise (i.e. 5keV as
discussed in Sedion 3.3.). The difference between the observed charge g; and that given
by the model is evaluated at ead time sample. Therefore, the sampling frequency of the
modeling must match that at which the observed puse was recrded (i.e. for a 500 MHz
ADC the dhargeisrecorded every 2 ns).

The minimization d the merit function via the ajustment of the previously
mentioned parameters is a multi-step process At the heart of the process is a SQP
routine that is part of the NAG FORTRAN library [44]. The SQP method itself is a
rather complex iterative processand a detail ed description is provided in references 45
49. The SQP routine is designed to minimize an arbitrary function, in this case x?,
subjed to bah linea and norinear constraints on the functions parameters. Constraints

are placed onE, to conserve total energy, e.g.,

iEk =1, (4.9

and 0< Ex < 1. Both linea and noninear constraints are placed onx, y, and z to restrict
them to the physicd bourdaries of the detedor crystal. ldedly, constraints would na be
placed onthe number of interadions k since it can range from 1 to M for any particular

event. However, evaluation d the dgorithms performance will be cnducted by limiti ng
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k=1andk= 2 interadions for ead segment which measures net charge. Thisisdoreto
limit the complexity of the problem and prevent breakdown of the SQP routine, as will be
discus=ed in Sedion 4.2.2.

For simplicity in describing the steps the dgorithm takes to return the best-fit
parameters, asaume that a single interadion takes placein the detedor and the parameter
k is limited to ore in the SQP routine. In addition, assume that the acquisition system
employed to dgiti ze the pulse shape has the aility to extrad the value of total energy
deposited, Et, in the event. The system employed for the experimental measurements
presented in Chapter 5 and described therein has this ability. First, the parameters to be
determined are declared in the dgorithm. In this case, k is constrained to 1 and according
to Equation 4.5,E; = 1. Therefore, the only adjustable parameters are the x, y, and z
coordinates of the interaction. An initia guess to the solution is then made in the
algorithm. Because it is essy to determine the segment collecting charge (e.g. the
segment in which the interaction takes place) by the pulse shape, the center of this
segment serves as the initia guessfor x, y and z. Equation 4.3is evaluated given the
initial guessand the modeled basis pulse shape is returned. Next, the merit function is
cdculated via Equation 4.4. The values of the parameters as well as the merit function
are suppied to the SQP routine. The routine makes the necessary adjustments to the
parameters, Equations 4.3 and 4.4are reevaluated and the merit functionis supdied badk
to the SQP routine. This iterative process continues untii a minimum in the merit
functionisfoundandthe x, y, and z coordinates are returned.

In principle, the dgorithm can be etended to alow for any number of

interadions and its olution processwould be the same & that outlined in the previous

99



example. The following section contains results from simulations performed to access
the dgorithm’s performance dlowing both ore and two interadions in a single segment.
Simulations alowing one interadion provide comparison to the results obtained in the
single-interadion paition sensitivity studies presented in Sedion 3.3.1. The added
complexity and problems that arise when the dgorithm is extended to allow two
interadions in a single detector segment will be discussed in relation to the multiple-

interadion pasiti on sensitivity results of Sedion 3.3.2.

4.2 Simulations and Results of Signal Deaomposition

4.2.1 Single Interaction

In order to perform a first order assessnent of the dgorithm, the simplest
decomposition scenario was chosen. This entails sippying the dgorithm with a pulse
shape from a single interadion and constraining the search by the dgorithm to a single
interadion. In order to perform an extensive examination throughout the volume of the
detedor, simulated puse shapes were enployed. These @nsisted of the theoreticadly
cdculated puse shapes with the aldition d randam noise to simulate that of an actual
experimental measurement. The noise alded to the dharge & ead time sample of the
pulse had a Gausgan dstribution with a full-width at half-maximum of 5 keV. The
energy depasition was assumed to be 662keV. The simulated charge gs at time sample t

is defined by the eguation:
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0,(t) = a(t) + Sy (= 2* In(R) * cos(2m* R,)) (4.6

where ((t) is the theoretically cdculated charge & time samplet, Sk is the signal-to-noise
ratio (i.e. 5 keV/662 keV), and bdh R, and R, are randam numbers between zero and
ore.

Simulated puse shapes were input into the decomposition algorithm at locaions
separated by 2 mm in the x-, y-, and z-directions throughou the volume of the detector.
In ea case, the dgorithm decomposed the simulated puse shape using the basis
functions, thus returning the x, y, and z pasition determined to minimize the merit
function. Figure 4.1 shows an inpu simulated puse shape (solid traces) from an
interadion paition d x = 16,y = 2, and z = 11 mm and the basis pulse shape (dashed
traces) at the locdion x = 16.01,y = 2.08,and z = 11.09mm returned by the dgorithm.
The pulse shape is sown for B2 (charge-colleding electrode) as well as the aght
neighbaing eledrodes. This example ill ustrates the dgorithm’s acairacy in returning the

interadion pasition even in the presence of signal noise.
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Figure4.1: Simulated input pulse shape (solid trace from a single interadion at position
x =16,y =2,z=11mmand the basis sgnal (dashed trace at position x = 16.01,
y =2.08, z=11.09 mm return by the decompasition algorithm. Pulses are shown
in segments A1-3, B1-3, and C1-3.

In order to draw a comparison between the single-interaction pasition sensitivity
study, locations were grouped according to the segment in which the interaction accurred.
Deviations (Dx, Dy, and D7) between the inpu pulse shape position and the position
returned by the dgorithm were then cdculated in each of the wordinate diredions.
Figure 4.2a and bshow the distributions of the deviations, in each drection, for paositions
in segments 1-6. The mean and RMS deviations are indicated for ead dstribution.

Severa feaures arise in the examination d these distributions that were dso present in
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the position sensitivity study (seeFigure 3.16a and b). For the same reasons described in
Sedion 3.3.1the mean value of D, in segments 2-6 increases with segmentation size and
the small est mean value of D, is seen in segment 1. Additionally, the mean values of Dy
remain the same despite segment size, as in the cae of S,. The mean deviations of each

distribution are of the same order as thase of the positi on sensitivity.
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Figure4.2a: Distributions of the deviation between the location of the input single interadiion and
that returned by the dgorithm in the x-, y-, and z-diredions at an energy of 662keV
for segments 1-3. The mean and RM S deviations are given for ead distribution.
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Figure 4.2b: Distributions of the deviation between the locaion of the input single interacion and
that returned by the dgorithm in the x-, y-, and z-diredions at an energy of 662 keV
for segments 4-6. The mean and RM S deviations are given for ead distribution.
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Figure 4.3: Distributions of the total deviation from a single interadion with an energy of 662keV
for eadh of the segments. The mean and RM S deviations of eeach distribution are
shown.

The distributions of the total deviation Dt (i.e. Dy =+/(Dy)? +(Dy)? +(D,)?),
by segment, are shown in Figure 4.3. Again, an increase in the mean value is e with
segmentation size just as with S;. The distribution d D+ throughou the entire volume of
the detedor is $rown in Figure 4.4. The mean deviation d 0.248 mm is of the same
order as the St mean of 0.134mm, thus indicaing that the dgorithm does a goodjob of
utili zing pulse shape differences to return the position d an interadion. To draw further
comparison to the position sensitivity, Figure 4.5a and b show distributions, in the XY

and XZ projections, of pasitions with Dt greater than 0.5mm. Asin the cae of Sr (see
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Figure 3.19a and b), the regions with Dt > 0.5 mm tend to be located near the center of

the segment volume where the weighting potentials are rather small.
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Figure 4.4: Distribution of the total deviation from a single interadion with an energy of 662 keV
throughout the volume of the detedor. The mean and RM S deviations of the
distribution are shown.

In general, the dgorithm’s performancein locaing asingle 662keV interadionis
consistent with that predicted in the single-interadion pgition sensitivity study with a
mean deviation substantially lessthan 1 mm. However, two important factors must be
reiterated. First, the results were obtained by limiti ng the dgorithms search to a single
interadion. Seoondy, simulated puse shapes were used in the study not those of actual
experimental measurements. Therefore, differences between simulation and experiment

are not taken into acoourt.
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4.2.2 Two Interactions

y rays in the energy range of interest, which are incident upon the prototype
detedor, will most likely undergo multiple interadions. Therefore, it is necessary that
the dgorithm have the aility to decompase such events. This is achieved by simply
increasing the value of k in the aurrent algorithm. As an example, setting k = 2 requires
the dgorithm to seach the parameters of two interadions (i.e. Ey, X1, Y1, z1 and Ez, X, Yo,
Z). It isimportant to pant out that the dgorithm will seach for the best solution wsing
the avail able parameters regardless of the atcual number of interadions comprising the
inpu smulated or experimentally measured puse shape. This causes a problem because
the number of interadions comprising an experimentally measured event is nat known a
priori. Obvioudly, if the inpu pulse shape was the result of more than the k interadions
allowed there is noway that the dgorithm could return the correct position and energy of
al the interadions. However, if the inpu pulse shape was the result of less than k
interadions the dgorithm has the adility to return the crred solution. This would be
achieved by returning zero for the energy of unneeled interadions (i.e. for a single
interadion with k = 2 the @rred solution would have E;=0). One method to ded with
such a problem would be to set the value of k much larger than is probable for the number
of interadions. As will be discussd further at the end d this sction, the alded
complexity due to the increased number of search parameters make this approac
unfeasible and a cmpromise must be reached.

In order to access the dgorithms performance in searching multiple sets of
parameters, a simple scenario was again chosen. The same set of simulated puse shapes

as in 4.2.1resulting from single 662 keV interadions throughou the volume of the
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detedor with the added ndse were inpu to the decompaosition algorithm. However, the
number of interactions to be searched was increased to two. This allows for two passble
outcomes of the decompasition process One would be that the dgorithm’s lutionis a
single interadion. This is achieved when the fractional energy returned at that locaion
equal to ore. Conwersely, both fradional energies may be noreero, thus resulting in a
solution with two interadions. Idedly, the dgorithm shoud orly return single

interadionsin this case. However, in redity both of the outcomes occur.
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Figure 4.6: Distribution of the deviation between the input pulse shape pasition and that
return by the dgorithm for the caes in which a single interadion was returned.
The mean and RM S deviation is indicated for the distribution.



For approximately 80% of the simulated events inpu, the dgorithm returns a
single interadion. Figure 4.6 shows the distribution d the total deviation (D) between
the inpu pulse shape pasition and that return by the dgorithm for the cases in which a
single interadion was returned. The mean and RMS deviations are in fair agreament
with those obtained when the dgorithm search was limited to a single interadion (see
Figure 4.4). This indicaes that the accuracy with which the dgorithm returns the
pasition was not greatly effeded by expanding the number of search parameters. What is

effected, however, is the dgorithm’s ability to determine that a single interadion

occurred.
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Figure 4.7: Distributions, grouped by segment, of the separation between the positions
returned by the dgorithm when two interadions were found. The mean and
RMS deviations are indicated for ead distribution.
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By further examining the events in which two interactions were found, the reason
for this failure was foundto be related to the sensitivity of the pulse shapes rather than an
intrinsic fault in the dgorithm. Several factors lead to this conclusion. First, the
frequency that the dgorithm returns two interactions is related to the size of the segment.
The percentage of these events range from abou 14% in segment 2 upto abou 23% in
segment 6. Thisindicaesthat it islesslikely to misinterpret the number of interactions
in smaller segments where pulse shapes have greaer sensitivity. Sewndy, in nearly all
fail ed events, the position d the actual single interaction lies ssmewhere between the two
interadion paitions returned by the dgorithm. By examining the separation dstance of
the two returned pasitions a mmparison can be made to the two-interaction paition
sengitivity study in Sedion 3.3.2. To illustrate this, Figure 4.7 shows distributions,
grouped by segment, of the separation (A;;) between the positions returned by the
algorithm when two interactions were found. The mean separation A1, and RMS
deviations are indicated for ead distribution. As a means of comparing these results

with thase obtained in the pasition sensitivity study, Table 4.1 lists A 1, and the mean
separation required to distinguish the two interadions totaling 662 keV obtained in the
sensitivity study, 2,/S. . The values are in close agreement for ead of the segments.
This indicaes that the dgorithm’s inability to distinguish the pulse shape resulting from
two interadions with that of the single interactionis likely related to the sensitivity of the

pulse shapes themselves.
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Segment Ay (mm) 24/'S; (mm)

1 1.14 1.36
1.03 1.02
1.46 1.57
1.75 1.91
2.10 2.22
2.47 2.20

AN | B W

Table4.1: Mean separation (Elz) between interadions when two are returned by the dgorithm
and the mean separation required to distinguish the two interadions totaling 662 keV
obtained in the sensitivity study ( 2./ §r ) for ead segment.

Additional fedures of the failed events are reveded when they are examined on
an event-by-event basis. Figure 4.8shows XY projections of segments 4 and 5indicaing
four typicd failed events (two in each segment). It is important to nae that similar
events occur with separations in the z-diredion. The open sguare represents the actual
pasition d the interadion and the two fill ed squares near each event show the pasitions
returned with the @rrespondng E; and E,. These events ill ustrate two features that are
commonpacein the failed events. The first feature is that the failed events tend to be
locaed near the center of the segments in regions where the pulse shapes are less
sensitive.  This further emphasizes the failure's relation to pasition sensitivity. The
semndis that the distance of each returned pasition from the actual position tends to be
propartional to the fractional energy at that position (e.g. the pasition returned with the
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larger value of E is closer the actual position d the interadion). This will be discussed

further in the foll owing section.
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Figure 4.8: XY projedions of segments 4 and 5indicating four separate fail ed events (two in
ead segment). The open squares represent the location of the single interadion
input and the solid squares neaby are the locaionsreturned. Therelative energy
of the two interadionsisindicaed for eat event.

Although the previous smulations were performed with puse shapes from single
interadions, the same fedures in the dgorithm’s performance are present when a pulse
shape from two interadions occurring in asingle segment isinpu. In this case, however,
a failure results in the dgorithm returning a single interadion at a locaion ketween the
two adual interactions. Analysis of these simulations is much more complex. Here, the

algorithm performance depends nat only on the locaion d the two interadions but also
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their energy ratio, separation dstance and drection o separation. In general, the
performance of the dgorithm in simulation d two interadions occurring in a single
segment of the detector is consistent with the two-interaction pasition sensitivity study.
As an example, it is more likely for the dgorithm to identify the two interactions totaling
662 keV in a segment if their separation is greaer than the mean given in Table 4.1 for
that segment. On the other hand, if the separation is lessthan the mean it is likely that a

singleinteradion ketween the two will be returned.

4.3 Discusson

A signa decomposition agorithm utilizing a general linea least squares
minimization approach was developed and tested using simulated 662keV events. The
algorithm’s performance when bah ore and two interactions were dlowed in the search
was consistent with the pasiti on sensitivity studies discussed in Chapter 3. The inabili ty,
in some caes, of the dgorithm to dstinguish asingle interadion from that of two nearby
and viceversawas iown to be related to the sensitivity of the pulse shapes rather than a
fault in the dgorithm. While, on average, the single 662 keV events smulated were
locaed to better than 1 mm this droud na be taken as the pasition resolution. The
simulation dces nat take into acourt important effects auch as the range of the primary
eledron, a agreement between calculated and experimentally measured puse shapes.
As will be shown Chapter 5, dscrepancies in the results obtained from experimental

measurements and simulations are present.
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While the dgorithm itself is quite simple, the seach method is rather
computationally intensive. Thisis not of concern for the experiments performed with the
single prototype detedor presented in this dissertation, havever, it will be for the full
implementation  GRETA. Processng the large quantity of data expeded from GRETA
will require asignal decomposition algorithm with a minimal amourt of computation.
Other methods, utilizing wavelet transformations and artificial neural networks are
currently being investigated in the hopes of decreasing the cmputation required.

Severa isaues must be discussed with regard to the dgorithm’s performance and
its use in the experiments presented in the following chapter. Foremost is the number of
interadions in which the dgorithm can effedively search. For the tradking experiments
present in Chapter 5, the algorithm will be limited to the search for two interadions per
segment. This was dore because it was found that incressing the search to three
interadions greatly reduced the successrate in finding both one and two interadionsin a
single segment. In this case, single interadions could be misidentified as two o three
and two interadions as one or three. This reduces the success rate of finding two
interadions because even in cases where the two interadions were separated by distances
greder than that given in Table 4.1, they could be misidentified as three In such cases,
the dgorithm would return ore interadion locaion close to one of the input locations and
two surroundng the other interadion location. It is important to nde that these results
are for interactions occurring in the same segment. It was foundthat if the interadions
occurred in separate segments the dgorithm maintained approximately the same success

rate, as presented in Section 4.2.2 for finding each of the interadions. Thisis due to the
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faa that the pulse shapes on bdh charge-colleding electrodes contain a great ded of
pasition information.

The second issue regarding the dgorithm’s implementation in the experiments
addresses the misidentification d a single interaction with that of two. In order to
increase the successrate of identifying single interactions, two interadions foundby the
algorithm that were separated by lessthan 2 mm are taken to be one. This distance was
chosen because it is the upper limit of the desired pasition resolution for GRETA.
Addtionally, the findings of the previous sdion show that in cases where two
interadions are separated by lessthan 2 mm, the dgorithm is likely to misidentify the
event as a single interadion located between the locaion d the two. Therefore, when
two interadions are returned with a separation less than 2 mm te energy of the
interadion is taken as the sum of the two. From the findings of the previous ®dion, it
was $hown that the distance of eadch interadion from the adual locdion is approximately
propartional to their energy. Therefore, the locaion d the single interadionistaken at a
paosition between the two weighted by their relative energy. This increases the success
rate for identifying single interadions to approximately 92% at an energy deposition o
662keV. The dgorithm with these modifications will serveto decompose both measured
and simulated puse shapes from tradking experiments performed with the prototype

detedor and presented in the foll owing chapter.

11€



Chapter 5

EXPERIMENTAL MEASUREMENTSAND
MONTE CARLO SIMULATIONS OF THE
TRACKING PROCESS

The signal decomposition process described in the previous chapter, provides the
first step in the tradking of y rays. Following such a process additiona algorithms are
needed to reanstruct the path of theindividual y rays. The dgorithm utili zed for the full
GRETA array must have the aili ty to separate groups of interactions belonging to single
y rays (in most cases multiple mincident y rays will interact in the aray), distinguish
between y rays that depasit their full energy in the array and those that deposit partial
energy, and determine the sequence of interadions. Here, the full tradking process
including signal decompositionwill be cmndwcted with bah experimentally measured and
simulated data from the prototype detedor. The main dfference between the trading
process for GRETA and the one anployed here is that the arrent process lacks the
ability to separate groups of interadions belonging to dfferent y rays. This is of little
concen for a single detedor with relatively small volume because it is unlikely that
multiple y rays from the sources used (and/or environment) will i nterad in coincidence

within the detedor. Therefore, the group d interactions returned in the signa
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decomposition is asumed to belong to a single y ray. An agorithm that includes
methods for separating goups of interadions belonging to coincident y rays for
implementation with GRETA has been investigated and is described in reference 50.

The following Section provides a description d the tradking processused in the
analysis of the experimental and simulated data. The tracking processdescribed here will
only be implemented to increase the peak-to-total ratio oltained in the energy spedrum
from the prototype detector. The method by which thisis acemplished will be described
in Sedion 5.1. In Sedion 5.2,the experimenta measurements performed using three
different radioactive sources are described. In addition, the results obtained by
implementing the tracking process are presented. The simulations of radiation transport
and signa generation performed to model the experiment are presented in Sedion 5.3. In
addition, comparison is made between the simulation results and that of the experiment.

Finally, adiscusson d theresultsisincluded in Sedion 5.4.

5.1 Principle of the Tradking Process

The dominant interadion medanisms for y rays with energies up to abou 5 MeV
are Compton scatering and phdoeledric asorption. Sincethe y ray sources utilized in
the studies with the prototype detedor had energies within this range, the tradking
process employed is based solely on these two mechanisms. The process of pair
production is nat included. However, it is currently being investigated for incorporation
into the tradking process utili zed for GRETA. In either case, the heart of the tracking
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processis based onCompton scatering. In the Compton scattering process the energy of
the scattered phdonis related to the energy of the incident phaton by the scatering angle
acording to Equation 2.2. As a phaon makes siccessve Compton scatering
interadions the relation hdds true, within the limitations st by the Compton pofile,
urtil the scatering is terminated. It isthe goal of the tradking processto reconstruct the
sequence of Compton scdtering interactions to determine if the energy measured in the
detedor was the full-energy of the incident phaon. In order to demonstrate how the
processworks, each step is presented, panting out the known and unknavn information
aswell asthe asumptions made during the process

In the cae of GRETA, the y rays of interest come from the target locdion at the
center of the aray (the pasition d which will be known to an accuracy of better than 1
mm). A yray from the source incident uponthe detector may make O to N interadions,
the probabili ty of which depends onthe phaonenergy. Asan example, take the cae of a
single y ray with unknavn energy emitted from the source that undergoes N interadions
in the detedor. The first step in the tracking process is to determine the number of
interadions along with the position and energy deposited in each interaction. This
requires that the pulse shapes from the detector, following the N interadions, be digitally
recorded and input into the signal decompasition algorithm described in the Chapter 4.
This processwill return the positions and energies of M interactions that reproduce the
pulse shape observed from the detedor. Ideally M = N, however, as discussd in the
previous chapter this may not always be the cae.

Once the M interactions are returned, several assumptions neal to be made in

order to determine if they comprised the full-energy of the incident y ray. The first is to



asume that the incident y ray originated from the known source locaion. Sewndy,

asume that the M interadions comprised the full energy of they ray (E,) such that:

Ey = % Ei , (51)

i=1

where E, ..., Ey are the energies deposited in each interadion. Lastly, assume that the
M interadions where cmprised o (M-1) Compton interactions followed by one
phaoeledric interadion. With these aaumptions, the group d interadions can be
compared against the energy-angle relation d the Compton scatering formula. Up to
this paint the exad sequence of the interadions is nat known (i.e. whether any one given
interadion was the first, secnd ..., M-1 Compton interadion a the phaoelectric
interadion). Therefore, there are M! possble sequencesto be examined.

In order to compare each o the possble sequences, a figure-of-merit function
(FM) is constructed that compares the calculated scattering angles 6. (based on the
Compton scatering formula and the energies deposited at eadh interadion), to the
scatering angles measured 6, (based onthe pasitions of the interactions). For ill ustrative
purposes, suppce that M = 3 and the interadions are referred to as i, j, and k with
correspondng energy depositions of E;, E;, and E,, respedively. In this case, the number
of posshble sequences P is equal to six (i-j-k, i-k-j, j-i-k, ect.) and a figure-of-merit must
be cdculated for ead. In the first posshility, i-j-k, the incident y ray from the source

would have made its first Compton scatering at i followed by a second a j and a
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phaoeledric interadionat k. The FM can be cdculated mathematicdly for this ssquence

as foll ows.

Source
Location

Figure 5.1: Schematic of the sourcelocaion and interadionsi, j, and k. The measured and
cdculated scdtering angles at i are shown for the sequencei-j-k along with the
relevant vedors.

First, the measured scattering angle 6, at the first interaction in the sequence i, is
determined. Thisisfound wing the known source locaion and the locations of the first
and second interadions in the sequence, i and j, determined in the signal decompasition

process sich that:

0,,(i) = cos™(V, Vi), (5.2

where V,; is the vedor from the source locaion to the first interadion i and V; is the
vedor from positioni to the next interadion in the sequence j. Figure 5.1 ill ustrates the
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locaion d each interaction and the respedive vedors and scatering angles. Next, the
cdculated scatering angle 6 at position i is determined using the energy deposited E;

returned in the signal decompaosition in Compton scatering formula, whereby:

0 mc? 2
0, (1) = cos "1+ m‘é‘f LN, | (5.3

Here, mc? is the rest massof the dedron, E; is the energy deposited in interaction i and
E is the sum of the energy deposited in the interadion for which the scatering angle is
cdculated plus the remaining interactions in the sequence, E = E+ Ei+Ex. The measured
and cdculated scatering angles are determined for each of the remaining interactions in
the sequence, except for the last, in ac@rdance with Equations 5.2 and 5.3. In this case,

() is found sing vedors V; and v, , and &) is cdculated using E; and E =E+E«

The figure-of-merit for sequencei-j-k is defined as:

FM,2 =S, (6. -8,) - (5.4)

In general, the sum is performed ower the first (M-1) interadions of the sequence using
their respective 6; and 6, values.

This process s repeded to determine aFM, for eech of the six (M!) posshle
sequences (p = ikj, jik, ect.). The smallest FM,, the small est deviation between cdculated
and measured scdtering angles, is chosen to represent the FM for the group of
interadions. In a detedor with perfect position and energy resolution, ay ray from the
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source that deposits its full-energy in the M interactions will have aFM of zero for the
correctly associated sequence of interadions. In cases which the y ray does not deposit
all its energy in the detedor, the sum energy of the M interadions will be lessthan its
true energy and the Compton scatering formula will not be satisfied. In general, such
events will have anon-zero FM alowing them to be separated from the full-energy
events, thus, increasing the pe&k-to-total ratio of the detedor.

In redity, a detedor has a finite position and energy resolution. Therefore, even
the wrredly identified full-energy sequences will li kely have anonzero FM, and thus
the separation d full- and partial-energy events is subjed to some uncertainty. As an
example, Monte-Carlo simulation d the radiation transport was performed for a 662 keV
source located 12 cm from the front faceof the prototype detedor. For simplicity, the
signal generation and decomposition were not included, bu rather a 2 mm position
resolution and 0.26 energy resolution for each of the Monte-Carlo smulated interactions
occurring in the detedor was assumed. The FMs where cdculated for 10,000 events.
Figure 5.2 shows the total distribution d FMs calculated for the events and the separate
comporents of the full- and partial-energy events. As evident, the full-energy events are
narrowly distributed at low FMs while the partial-energy events are distributed ower a
broad range of FMs. Therefore, pladng a threshold onthe FM can increase the ratio of
full- to pertial-energy events. However, there will be atrade off between the peak-to-
total ratio and the fradion d full-energy events lost by placing the threshald. This
relationship will be examined for bath the experimental measurements and simulations

presented in the foll owing sections.
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Figure 5.2: Distribution of FM’s cdculated from Monte Carlo simulation of 662 keV
events with 2 mm position resolution and 0.2% energy resolution. The
total distribution is sparated into the full - and partial-energy components.

An additional point must be made in regards to the trading processutili zed in the
following sections. For events in which a single interadion is found in the signa
demmpasition (i.e. M = 1) a FM clealy can na be onstructed using this tradking
process Therefore, such events were mnsidered to be Compton interadions (partial-
energy depasition in the detector) and removed from the energy spectrum along with the
events with FMs greater than the threshold value. Obviously, some of the full -energy
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events will be lost having truly depaosited their full energy in a single interaction. The
fradion d these events depends on the y-ray energy and at energies below abou 200keV
this loss beacomes more pronourced. This will be discussed further in the following

sedions.

5.2 Experimental Measurements with the Prototype Detedor

5.2.1 Experimental Arrangement and Methods

Experimentally measured data were aquired from the prototype detector and
analyzed for three different y-ray sources (**Cs, ®Co, and ?Eu). In each case, the
arrangement used to acquire the detedor pulse shapes and the methods of analysis were
identicd. The y-ray sources were positioned 12cm from the center of the detedor’s front
facewith an accuracy of abou 1 mm. This distance was chosen because it represents the
redistic target to detedor distance for GRETA.

Severa steps are required for full implementation o the tracking process
following an event in the detector. First, the pulse shapes from each o the detedor
segments as well as the central-eledrode must be digitally recorded following an event.
To redize this, a 12 bt flash ADC system operating at 40 MHz manufadured by XIA
was employed [28]. However, the system only provided dgitization for 32 separate
inpus. This did na pose asignificant problem since five of the segments were not
functioning properly at the time of the experiment (in addition to the threementioned in

Chapter 2, the preamplifier outputs of A6 and C6 were lost). Therefore, the central
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eledrode and 29 segment eedrodes (Al-5, B1-6, C1-5, D1-5, E1-2, and F1-6) were
chaosen to be digitally recorded by omitting the norfunctioning segments as well as sosme
of their neighbas. The ADC digiti zes the voltage & ead of the inpus every 25 ns and
stores the values in amemory buffer. The system is equipped with an internal trigger and
following energy depasitionin ore or more of the inpu segments a 1.6 s portion d the
buffer, centered aroundthe trigger time, is saved to a wmputer. In addition to providing
the pulse shape itself, software included with the system allowed calibration and ouput
of the energy measured at each of the inpus following an event. The digitized puse
shapes (as well asthe energy) from each segment and central-electrode were recorded for
ead event.

Following aqquisition d the pulse shapes, the data was srted. The sorting
processwas necessary because the pulse shapes from all detector segments could na be
digitized. This could leal to inacarades in the signal decomposition in the event an
interadion takes place in a segment for which some of the neighboring segment pulse
shapes are missng. In such cases, the valuable information in the transient pulse shapes
would na be available. Therefore, only events in which the energy measured at the
central contad (i.e. the entire crystal) matched that of the total-energy in segments A1-4,
B1-5, C1-4,D1-2, E1, and F1-2 (i.e. those with neighbaing segment pulse shapes) were
taken. This, in effed, reduced the adive volume of the prototype detector by abou one
half.

After the sorting process the digitized puse shapes from the segment electrodes
were inpu into the signal decompasition algorithm. In order for the dgorithm to

acarately fit a set of modeled besis pulse shapes to thase experimentally measured, the
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two must be digned in time. To ensure the dignment between the start-time of the
experimentally measured and basis pulse shapes a constant fradion timing method was
applied. This procedure is widely used for determining a reproducible start-time of a
voltage signal and is well described in references 3 and 5154. With the start-time
determined, the experimental and basis pulse shapes could be digned within the sampling
time of 25 ns. This alignment will be discussed further in Sedion 5.4with relation to
errors arising in the signal decompasition. The experimental pulse shapes were then fit to
the basis pulse shapes to return the positions and energies of one or more interadions. As
discussed in the previous chapter, the dgorithm had the aility to determine amaximum
of two interadions for each segment in which energy was deposited. With the positions
and energies of the interadions determined for each event, the remainder of the tracking

processdescribed in Sedion 5.1was implemented to construct a FM for ead event.

5.2.2 Results with ©*'Cs Source

A Cs y-ray source was utili zed in the experimental arrangement described in
the previous ®dion. In nealy al cases, decay of the source to **'Bais foll owed by the
emisson d a 661.7 keV y ray. In addition, x-rays are emitted following internal
conversion d *'Ba with predominate energies of 32.5 and 36.5keV. These x-rays,
however, are well out of the energy range of interest for tracking and will be cnsidered
part of the backgroundradiation. The full-energy of interest for this experiment will be
only that of 661.7keV.

Foll owing the aquisition and sorting of numerous events, analysis was performed

on approximately 12,000events. As ameans of comparison, a standard energy spedrum



for the events was constructed prior to the implementation d the tradking process This
was achieved by summing the energy deposited in the segments to oltain the total-energy
deposited in ead event. Therefore, this effedively represents the spedrum that would be
produwced by a standard nan-segmented HPGe detedor of equivalent size. Figure 5.3
shows the measured total-energy spedrum for all events. A pedk at the full-energy of
661.7keV is e as well as two peaks at the x-ray energies of 32.5and 36.5keV atop
the Compton continuum of partial-energy events. With this gpedrum, the pe&-to-total

ratio (P/T) for the full-energy yray (i.e. 661.7keV) is defined as.
pIT= e 5.5
= _

where N, is the number of events in the full-energy peak and Ny represents the total
number of eventsin the spedrum. Because the detedor has afinite energy resolution, N,
is determined by integrating the number of events within a full-width at tenth-maximum
(FWTM) of the full-energy pea. ThisyieldsaP/T = 0.162* 0.005for the 661.7keV y

ray in the spedrum shown in Figure 5.3 (e.g. withou any implementation d tracking).
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Figure 5.3: Total-energy spedrum for the 12,000"*’Cs events. The two x-ray pess at 32.5
and 36.5 keV can be seen dlong with the y-ray full -energy pesk at 6617 keV.

The tradking processwas implemented to construct FMs for the measured events.
The goal, as discussed in Sedion 5.1,isto reject partial-energy events based ontheir FM
and subsequently increase the P/T ratio. The distribution d FMs for the measured events
is $own in Figure 5.4. The separate comporents for the full-energy and x-ray events

(taken within aFWTM of ead pe&) are dso shown. As expeded the full -energy events
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are oncentrated at low FMs. The x-ray events, however, give rise to an increase in the
FM distribution around FM = 55. The reason for this will be discussed later in this

sedion.
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Figure 5.4: Distribution of FMs caculated in the **'Cs experiment. The total distribution is
separated into the full-energy component as well asthat of the x-rays.

Any increase in P/T ohtained by applying a threshold in FM will come & the

expense of full-energy efficiency. In order to examine this trade-off and alow
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comparison to the simulations presented in the following sedion, the relative efficiency is

defined as:

£ =—= , (5.6)

where N, is the number of events in the full-energy peak with athreshold in FM and Np*
is the number of events in the full-energy pesk withou implementing tracing (e.g. that
shown in the spedrum of Figure 5.3). Therefore, g = 1 before tradking is performed.
Once tracking is performed, egr immediately drops because events with a single
interadion can na be tracked and are rejected.

In order to examine the P/T and & relationship at the 661.7 keV y ray energy,
various threshold levels were placed onthe FM. At eac threshold, an energy spedrum
was produced and the P/T ratio and ez were cdculated. Figure 5.5 shows the relationship
between P/T and &g. For reference, the P/T and &z withou tradking are indicaed as the
data point to the far right on the graph. Starting at the right of the aurve, the first data
point indicaes the removal of events with single interadions uponthe implementation o
tracking. As can be seen, &g drops to 0.87* 0.02signifying that abou 13% of the full -
energy events were foundto have asingle interadion. However, the P/T rises from 0.162
to 0.181% 0.004, thus indicaing that rejeding events having single interadions is
beneficial to the P/T at this y-ray energy. The data points, moving from right to left on

the airve, indicate decreasing threshads on the FM shown in Figure 5.4. The sharp
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incresse in P/T as the FM threshold is decreased signifies that partia-energy events can

be preferentially rejeded of the basis of their FM.
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Figure 5.5: Relationship between P/T and € in the **'Cs experiment as thresholds are placed
onthe FM. The data point to the far right marksthe P/T prior to tracing. Note

that the aror barsin €g are small relative to the point size

To illustrate the gain in P/T in an energy spectrum, Figure 5.6 shows the energy
spedrum for al events before tradking (same a Figure 5.3) and the energy spectrum
after tracking for a FM threshold of 25. Note that the number of eventsin the full -energy

peek for each have been namalized and the energy bins now have al0keV width. The
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increase in P/T from 0.162 withou tracking to 0.31* 0.01is clealy evident in the
reduction in the Compton continuum of partial-energy events. This comes with a change
in &z from oneto 0.62* 0.02. Additionally, it isimportant to pdnt out the large reduction
in the x-ray peaks. Thisis due to the fact that in approximately 70% of these events two
interadions with a FM > 25 are found. The number of events found taving two
interadions is well abowve the predictions of the Monte-Carlo calculations. Therefore, it
can be aumed that the majority of these events were truly single interadions that have
been misidentified as two. This occurs because the events have avery low signal-to-
noise ratio and thus greater flexibility of the fit parameters is alowed in the signa
decmpaosition process

The fact that the x-ray events are oncentrated aroundFM 155 (seeFigure 5.4) is
an artifact of the signal decomposition and tradking process In the majority of these
events, the signal decomposition processreturns an energy ratio for the two interactions
greder than that allowed in the Compton scatering formula (the maximum energy that
can be depaosited in a Compton interadion is only about 4 keV at the x-ray energies). In
such cases, the energy ratio is assumed to be the maximum when the FM is calculated in
the tradking process This fixes 6; (in Equation 5.4 to 18C. The 6, values fal around
125 because the signal decompasition algorithm returns one interadion close to the
initial seach condtions, nea the caiter of the segment, and the other close to the front
faceof the detedor where the interactionis likely to have occurred (the mean freepath of
the x-raysis lessthan 1 mm in Ge). The failure of the signal decompasition processfor
the x-ray events is nat of great importance because their energies are well outside of the

interest range for tradking. However, it brings to light issues which may effed y rays at
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the lower end of the energy range, as will be examined in the **Eu source results in

Sedion 5.2.4.
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Figure 5.6: Total-energy spedrum for the 12,000 **'Cs events experimentally measured prior to
tradking (solid line) along with the energy spedrum after tradking for aFM threshold
of 25 (dashed line). The spedra have been normali zed to the number of eventsin the
6617 keV pe&s.
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5.2.3 Results with ®Co Source

The analysis performed onthe experimenta data measured wsing the ®°Co source
was condwcted in the same manner as that presented in the previous dion. However,
deaay of the ®°Co sourceleals to the emisson two separate y rays with energies of 1.173
and 1.332MeV. The pe&ks from bath y rays will be mnsidered in the analysis, athough
due to their proximity in energy the results are very similar. Their energies vary
significantly from that of the 661.7 keV vy ray discussed in the previous ction and

subsequent differencesin the results will be pointed ou.
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Figure 5.7: Total-energy spedrum for the 19,500°%°Co events. The two y-ray pesks at 1173and
1.332 MeV can be seen.
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A spedrum, prior to the implementation o trackingis shown in Figure 5.7. The
P/T ratio was determined, in the same manner as previously discussed, for each full-
energy peak resulting in values of 0.059* 0.002and 0049 * 0.002for the 1.173 and
1.332MeV pes, respectively. Because the y rays are amitted with the same intensity,

the differencein P/T stems from the deaeasein efficiency for deteding the higher energy

yray.
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Figure 5.8: Distribution of FMs caculated in the ®°Co experiment. The total distribution is
separated into the full-energy for both y-ray peeks.
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Figure5.9: Relationship between P/T and € in the ®°Co experiment as thresholds are placed
on the FM. The data points to the far right mark the P/T ratios prior to tracing.

for both the 1.173and 1.332 MeV pe&s. Again, the aror barsin €z are small
relative to the point size

The trading processwas implemented for the 19,500measured events and Figure
5.8 showstheir distribution d FMs. Again, thresholds were set in the FM to ill ustrate the
relationship between P/T and &g. Figure 5.9 shows the trade off for ead of the y-ray
pe&ks. The two data points at g = 1.0 mark the P/T ratios prior to trackking. Upon
implementation d trading, £z drops to 0.961" 0.002and 0.965" 0.002for the 1.173and
1.332MeV pedks, respectively. The percentage of single interadions rejeded (i.e. 3.%%
and 3.%%) at ead energy is very similar, with dightly more & 1.173MeV due to its

lower energy. However, these values are much lower than in the cae of *'Cs refleding



the reduction in the phaoelectric asorption crosssection at 1.173and 1.332MeV as
compared to 661.7keV. In genera, the aurves follow the same pattern with an offset

reflecting the initial differencein P/T.
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Figure 5.10: Total-energy spedrum for the 19,500 ®°Co events prior to tradking (solid line)
aong with the energy spedrum after trading for a FM threshold of 20 (dashed
line). The eventsinthe 1.173MeV pe&k for both spedra have been normalized
to one.
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To ill ustrate the P/T improvement in the energy spectrum, Figure 5.10 shows the
energy spectrum for a FM threshold of 20 along with the total-energy spectrum prior to
tradking. The spectra have been namalized to the number of events in the 1.173MeV
pegk with energy bins 10 keV in width. A reductionin the Compton continuum is clealy
visible with a dhange in P/T ratios from 0.059and 0.04%rior to tracking to 0.107* 0.005
and 0.088" 0.004with a threshdd in FM = 20 for the 1.173and 1.332MeV Yy rays,
respedively. This comes with a dhange in &z from oneto 0.71* 0.02at 1.173MeV and

0.70" 0.02at 1.332MeV.

5.2.4 Results with ?Eu Source

Although ®°Co emits two y rays, their energies are not separated enough to see a
substantial differencein the &ility to tradk ead. Therefore, data was measured using a
52Ey source. Decay of this ourceis followed by the emisson o numerous y rays with
dominant energies ranging from 121.8 keV to 1.408 MeV. Figure 5.11 shows the
measured spectrum of total-energy deposited in the detedor for the 65,000 events
recorded. Each pe&k is marked with the emitted y-ray energy in keV. Note that the wide
range in peak heightsis dueto varying emisson probabiliti es for each y ray in addition to

their relative efficiency for detedion.
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Figure 5.11: Total-energy spedrum for the 65,000*°*Eu events plotted on alog scde. The
dominant y-ray peaks are marked with their energy in keV.

Figure 5.12shows the distribution o FMs cdculated for the eventsin the tracking
process Asin the *'Cs case, ariseis ®e at abou FM = 55. Although there are no x-

rays present in the spedrum shown in Figure 5.11, the spedrum does have alarge low-
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energy component from the 121.8 keV y ray contributing to the rise in the FM

distribution. Thisfeaurewill be discussed further in the foll owing section.
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Figure5.12: Total distribution of FMs cdculated in the *>Eu experiment. The separate
component for 121.8 keV events, giving rise to the increase in the distribution
around FM = 55, is also shown.
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Again, it isimportant to examine the relationship between P/T and g . Here, this
can be examined as afunction d y-ray energy for the same spedrum. Sincethe variousy
rays have awide range of P/T values prior to the implementation d tracking, it is useful
to plot this relationship using the gain in P/T rather the @solute P/T (as defined by

Equation 5.95. Thegainin P/Tis sSmply defined as:

(P/T)
Ger =750

(P/T)"

where (P/T)" represents the pee-to-total ratio for a given y ray prior to the
implementation d tradking. Therefore, Gpr = 1 a every y-ray energy before tracking.
Thresholds were placed in the FM to allow the Gp/r verses the &r to be plotted for several
of the y-ray energies as nown in Figure 5.13. Upon the implementation d tradking &r
drops, marked by the data point to the far right of each curve. Note that the drop in &r
depends on the y-ray energy and increases as the energy decreases. The increase in the
number of single full-energy interadions foundwith decreasing y-ray energy foll ows the
increase in the phaoeledric asorption cross-sedion. The removal of single interadions
has a varying effed on the P/T ratio. At the higher y-ray energies there is an increase in
the P/T (i.e. Gpr >1) which decreases with the y-ray energy until 244.7keV at which
point there is no substantial incresse in the P/T (i.e. Gpr 0 1). At 121.8keV the P/T is

reduced having a Gp/r < 1.
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tracking for al energies. The eror barsin €z are small relative to the point size.

As the threshdld in FM is decreased (i.e. moving right to left on the arves), the
overall behavior of the Gp/r asafunction o y-ray energy is clearly separable. The higher

the y-ray energy the larger the Gpr for any given FM threshold. There ae two major
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reasons for this behavior. First, higher energy y-rays will, on average, have larger mean
free paths for their scatered phdons. Therefore, their interadions will be separated by
larger distances and more easily distinguished from one ancther in the signa
decmpasition process Seoondy, higher energy y-rays will deposit, on average, more
energy per interaction, thus increasing the signal-to-noise ratio for these events. Again,
thisis beneficia to the acuracy of the signa decompasition process In ead case, this
improves the full-energy FMs for higher-energy y rays relative to those with lower
energies. Asisevident, thereisnot asignificant gain in P/T from tracking until the y-ray
energy of 344.3keV. At 121.8keV the P/T adualy decreases as the threshold in FM is
deaeased becaise of the two previously mentioned reasons. Due to the low signal-to-
noise ratio o the 121.8keV events, single interadions are easily mistaken for two in the
signal decompasition process Such events contribute to the rise in the FM distribution
aroundFM = 55 (see Figure 5.12) because of the same reasons discussed for x-ray events
in the cae of **'Cs. As the threshold is reduced, a large fradion d events at 121.8keV
are removed thus reducing the P/T. In addition, even correctly identified events that did
undergo two interactions will li kely have a FM that is larger than the higher y-ray

energies due to the proximity of the interactions.
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5.3 Simulation d the Tradking Experiments

As ameans of comparison with the experimental results presented in the previous
sedion, the tracking process was performed uwsing simulated puse shapes. The
smulations were performed by modeling the radiation transport and uwsing the
information to generate theoretically cdculated puse shapes. The same simulation
procedure was employed for bath the *'Cs and ®Co sources. First, the radiation
transport was modeled using Monte-Carlo cdculations performed with GEANT-3 [34]
for the given experimental arrangement described in Sedion 5.2.1. This provided
simulated interadion locaions and energies within the detector for each event. Given the
locaion and energy of eadh interadion, the detector pulse shapes were theoreticdly
cdculated for each event using the model described in Sedion 3.1 (with the sampling
frequency adjusted to 40MHZz). To simulate measured puse shapes, randam noise was
added to each modeled puse shape. Figure 5.14 shows the distribution d noise
experimentally measured on puise shape samples from the ADC acquisition system. A
Gausdan fit to the distribution yields a FWHM of 1.62 keV, and thus the same
distribution d randam noise was added to the simulated puse shapes. The dange in
noise level, as compared to the 5 keV mentioned in the previous chapters, stems from the
fad that a different aoquisition system is employed here (i.e. a 40 MHz ADC as

compared to a500MHz ADC).
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Figure5.14: Distribution of the experimentally measured noise from detedor pulse shape samples
using the ADC aqquisition system. The standard deviation, o, isindicaed for a
Gausdan fit of the distribution.

To ensure the simulations accurately represented the experimental condtions, the
events were sorted in the same manner described in Sedion 5.2.1. Therefore, only events
interading in the same functioning segments as in the experiment were excepted. These
pulse shapes were then input into the signal decompasition algorithm. The dgorithm fit
the pulse shapes to the basis functions to return the interadion pasitions and energies for

eah event. The remainder of the tradking process discused in Sedion 5.1, was
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employed to construct a FM from the positions and energies for each event. This al owed

the analysisto be aonducted in the same fashion as performed with the experimenta data.

5.3.1 Results for the Simulation of **'Cs and Comparison to Experiment

For the **'Cs surce, events were simulated from both the 661.7keV y ray emitted
by the source & well as the two daminant x-rays. The number of sorted events used in
the analysis was abou the same & the experimentally measured events (e.g. 12,0M).
The eergy spedrum, oltained by summing the energy returned in the signa
deampasition processfor each of the simulated events, is iown in Figure 5.15. For
comparison, the measured total-energy spectrum prior to tracking (previously shown in
Figure 5.3) is siown in the same figure. The overall shape of each spectrum isin good
agreament with ore another. The measured spedrum has a dightly larger Compton
continuum, beaming more pronourced at lower energies. This difference is due
primarily to inaccurades in modeling the true physical properties of the environment
around the detector (i.e. walls, floors, laboratory equipment, ect.) in the Monte-Carlo
simulations. The presence of phaons <dtering in the environment and then into the
detedor adds to the badkgroundmeasured in the experiment. Thisis reflected in aslight
difference in P/T for the simulation as compared to the experiment. A P/T = 0.2217
0.004for the simulated events is obtained prior to tradking where & the experimentally

measured P/T was 0.162* 0.005.
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The tradking process was implemented for the simulated events and the total
distribution d FMs as well as the distribution full -energy FMs are shown in Figure 5.16.
Again, the measured dstribution is shown for comparison. The distribution o full-
energy events in the simulation is narrower than that in the experiment. Several reasons
for this will be discussed in the foll owing sedion. Noticeably, the rise around FM = 55
in the total distribution d events is nat as pronourced in the simulation. The number of
x-ray events identified as having two interadions in the simulation is abou 45%, as
compared to approximately 70% in the experiment. The number of events identified as
having two interadions in the simulation is well above the ~1% predicted in the Monte-
Carlo cdculations. Again, the reason is due to the very low signal-to-noise ratio o these
pulse shapes. One possble reason for the larger misidentified fradion in the experiment
may be discrepancies between the experimentally measured and calculated puse shapes.
As mentioned previoudly, the interactions from the x-rays occur very close to the outer-
eledrode surfaces of the detedor. The dedrical charaderization d these regions can be
rather difficult (seeSection 3.2.3. Inconsistencies between the experimentally measured
and modeled basis pulse shapes in these regions may contribute to the larger number of
x-ray events being misidentified as two interactions in the experiment. This could give

rise to the diff erence in the shape of the FM distributions.
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Figure5.17: Relationship betweenthe gainin P/T and € in the **'Cs experiment and simulation
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Threshdlds were placed onthe FM to examine the behavior of the P/T ratio for
the simulated events. Because of the difference in P/T between the simulation and
experimental measurement prior to tradking, the gain in P/T (Gpy) is used rather than the
absolute value. This alows a more direct comparison d the two. Figure 5.17 shows the
Gpr as thresholds are placed on the FM for both the smulated and experimentally
measured events. As decreasing thresholds are placed onthe FM (moving right to left on
the aurves), the Gp/r for the simulation is consistently larger than that measured in the
experiment. This refleds the fad that, on average, the FMs for the full-energy eventsin

151



the smulation are small er than that in the experiment (see Figure 5.16). Several reasons

for the improved FMs in the simulation as compared to the experiment will be discussed

in Sedion 5.4.
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Figure5.18 Total-energy spedrum for the 12,000 simulated **'Cs events prior to tracking
(solid line) along with the energy spedrum after tradking for a FM threshold
of 25 (dashed line). The eventsinthe 6617 keV pe&ks have been normalized
to one.



In order to compare simulated and experimentally measured energy spedrums
obtained through the implementation o tracking, a spedrum at a FM threshald of 25 (the
same & that used to crede the experimental spedrum in Figure 5.6) was produced for the
simulationandis shown in Figure 5.18. The simulated energy spectrum prior to tracking
(normali zed to the number of events in the 661.7keV peak) is xown as reference. The
P/T increases from 0.221to 0.478* 0.011with an &g = 0.67* 0.02after the threshdld is
applied. Asameans of comparing the diange in shape of the spedrum after tradking for
both the simulation and experiment, the ratio of the number of events per energy bin
before tradking to the number of events per energy bin after tradking is srown in Figure
5.19. This ratio, below 661.7 keV, represents the factor by which the partia-energy
events are reduced. The overall shape of the smulation and experiment are in good
agreement with ore anather. Theratio of partial-energy events removed is dightly larger
for the simulation over the energy range of the spedrum. This is consistent with the
larger Gp/r for the simulation as compared to the experiment (see Figure 5.17). The
increased reduction in partial-energy events beaoming pronourced below 200 keV

reflects the increase in the number of single interactions at lower energies.
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Figure 5.19: Ratio of the number of eventsin 10 keV intervalsin the energy spedrabefore and
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5.3.2 Results for the Simulation of ®Co and Comparison to Experiment

Simulations were performed for y rays of 1.173and 1.332MeV emitted from the
source with equal intensity to oltain a total of 19,500events after the sorting process
The total-energy spedrum, prior to tracking, is s1own in Figure 5.20for the simulation as
well as that experimentally measured (shown previously in Figure 5.7). Again, the
Compton continuum of badkground events is larger in the experimentally measured
spedrum, becoming more pronourced at lower energies. The reason for this differenceis
the same & that mentioned for the **’Cs urce (e.g. the inabili ty to accurately model the
physicd environment). The difference seen here is larger than that of the **'Cs
simulation die to the higher-energy of the amitted y rays. The mean freepath of the ®°Co
phaons are longer, allowing them to interad with a larger portion d the environment,
and thus increasing their chance of scatering into the detector. This is evident in the
increased P/T ratios for the simulation o 0.090" 0.002and 0.078" 0.002as compared to
those experimentally measured of 0.059* 0.002and 0.049" 0.002for the 1.173 and

1.332MeV pe&ks, respectively.
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The distribution d FMs for the smulated events as well as that of the experiment
is hown in Figure 5.21. The separate full-energy components are dso shown. Again,
the full-energy FMs in the simulation are more narrowly distributed while the total
distributions are fairly consistent with ore ancther. As threshdds are place on the FM,

the Gp/r is used to compare the simulation with the experiment.
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Figure 5.22 shows the behavior of the Gp/r and €g for the 1.173and 1.332MeV

pe&ksin simulation and experiment. Noticealy, uponthe implementation d tracking the

dropin &g (or fraction d single interactions removed) is greder in the simulation, marked

by the far right data point of each curve. The fraction d single interadions returned in

the signa decomposition for both peaks in the experiment is abou 3% while in the

simulationit isabou 16%. The Monte Carlo transport cdculations predict the fradion to

be @ou 9%. Therefore, when measured signals are decomposed the processis prone to

misidentify single interadions as two, giving rise to the smaller percentage of single
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interadions found. The eact oppdasite is true in the simulation and more single
interadions are found. The same behavior is present in the **’Cs but to a lessr extent.
This is reinforced by the findings in the previous fdion where there was a greder
tendency for the *¥Cs x-rays to be misidentified as two interactions in the experiment.
This gaverise to the diff erencein the shape of the FM distribution as compared to that of
the simulation.

When comparing the Gp/r curves it is important to redize that the data points
moving right to left on the aurves represent the same sequence of decreasing FM
thresholds. Therefore, at any given pant, the Gpr is greaer in the simulation. This
behavior is expeded given the narrower distribution o full-energy FMs in the simulation
as compared to the experiment (seeFigure 5.21). The same feature was en in the **'Cs
data and reasons for this will be discussed in the foll owing section. In order to compare a
simulated energy spectrum obtained by applying tracking with ore eperimentaly
measured, a FM threshold of 20 was used. Figure 5.23 shows the energy spectra before
(shown previoudly in Figure 5.20 and after trading for the simulation, namali zed to the
number of events in the 1.173 MeV peak. After the threshdd is applied, the P/T
increases from 0.090to 0.178" 0.003and 0.078to 0.158" 0.003for the 1.173and 1.332
MeV pedks, respectively. This comes with a change in &; from one to 0.58* 0.03 at
1.173MeV and 0.60" 0.03at 1.332MeV. The change in shape of the energy spectrum
after tradking for the smulation and experiment can be compared in the same manner as
performed for the *’'Cs. Figure 5.24 shows the ratio of the number of events per energy
bin before and after tracking in the simulation and experiment. The ratio, owr the

majority of the spedrum, is larger in the simulation. This is consistent with the larger



Gpsr in the simulation as compared to the experiment. Again, the increase in the ratio

below abou 200 keV reflects the increase in the number of single interadions at these

energies.
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Figure5.23: Total-energy spedrum for the 19,500 simulated ®°Co events prior to tradking (solid
line) along with the energy spedrum after tradking for a FM threshold of 20 (dashed
line). The eventsinthe 1.173MeV pe&ks have been normalized to one.
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5.4 Discusson

A complete tracking processwas implemented for both experimentally measured
and smulated data. It was down that the P/T ratio could be increased, from that
obtained prior to tracking, by distinguishing full- and partial-energy events based ontheir
figure-of-merit (FM). As evident in their narrower distribution d full-energy FMs, the
gain in P/T was sgnificantly higher in bah the *'Cs and ®°Co simulations as compared
to the experiments. Several factors contribute to this diff erence.

First, the adility to align the start of a measured puse shape with the basis pulse
shapes in the signal decomposition contributes to dff erences between the experiment and
simulation. To acarately fit the shape of a measure pulse to the basis, the start of the
two puses must be digned. However, the 40 MHz ADC system employed dictates the
acaracy of this alignment. Because the measured charge is recorded at 25 ns intervals,
the start of the pulse can only be digned to the basis pulse shapes with this acairacy.
Thisis not an isdue in the simulation kecause only calculated puse shapes are used, and
thus the start of the pulse shapes that are inpu in the signal decompasition algorithm and
the basis pulse shapes are dways consistent. The misalignment of measured puse shapes
with the basis functions will contribute to inacarades in the signal decompasition
process This problem, however, can be rather easily addressed. Simply employing an
ADC system with a higher sampling frequency will | essen this problem.

The most presdng issue is the agreement between the experimentally measured
pulse shapes and thaose theoreticdly calculated to form the basis pulse shapes in the signal

decmpasition process In some caes, significant deviations between the calculated and
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experimental pulse shapes are present. As discussed in Chapter 3, these deviations are a
result of many factors such as the threedimensional spatial distribution o charge cariers,
variations in impurity concentration, and fluctuations in eedric field vaues nea
eledrode surfaces. This leads to added inaccurades in locdizing interadions during the
signal decomposition d experimentally meeasured puse shapes as compared to the
cdculated puse shapes used in the simulation. Evidence of this is reinforced by the
findings in the **'Cs experiment. In regions near the dedrode surfaces the signal
decmpasition process had a greater tendency to misidentify the x-ray events as two
interadions in the experiment as compared to simulation. In general, the same is true for
the full-energy events in bath the *’Cs and ®°Co experiments. This suggests that the
misidentificaion d single interadions as two interactions ads to compensate deviations
between the experimentally measured pu se shapes and modeled basis pulse shapes in the
signal decompasition pocess The only way to corred this is to incorporate aditional

physicd phenomenainto the model to better parameterize the pul se shapes.
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Chapter 6

CONCLUSIONS

The research presented in this dissertation hes led to a number of contributions in
the development and implementation d y-ray tradking with a segmented coaxial HPGe
detedor. For the first time, studies were performed to compare theoreticadly cdculated
pulse shapes to those measured in a prototype GRETA detector. In addition, the position
sensitivity was examined for one and two interadions occurring in a single segment
throughou the volume of the detector. Finally, a signal decomposition and trading
algorithm was implemented to oltain tradking results for both experimentally measured
and simulated data. The findings of this research are summarized here, alongwith ideas
for future research that will be beneficial to GRETA and the posshilities of other

applicaions of y-ray tracking.

6.1 Results

It was experimentally shown through the implementation d rather simple pulse
shape modeling and signa decomposition/tracing algorithms that distention between
full- and pertial-energy events measured in the prototype detedor could be made and thus
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increase the P/T ratio in the resulting energy spedrum. Just as will be performed with
GRETA, this was adhieved withou the use of shielding detectors or knowledge of the
emitted y-ray energy. However, when compared to the results of the simulation the gain
in PIT was sgnificantly lessin the experimentally measured data. The reasons for these
differences are reinforced by the findings in the comparison between experimentally
measured and cd culated puse shapes and the position sensitivity studies.

When interadions were locdized within a small volume of the detector, the
general fedures of the experimental pulse shapes were reproduced by those calculated
using the model. However, significant deviations between the two were observed in
some caes. These deviations contribute to the differences between the results obtained
with the experimentally measured and simulated data in the implementation d tracking.
In order to improve their agreament additional physical phenomena must be included in
the modeling of the signal generation processes, along with more accurate dedronic
characterization d the detedor crystal. Thisis crucia in ogtimizing the performance of
GRETA.

In addition, the findings of the position sensitivity studies iowed that the
separation required to dstinguish two interadions from that of a single interadion
between them was, onaverage, considerably larger than the desired pasition resolution o
2 mm in the larger detector segments. These findings are @nsistent with those obtained
in the analysis of the signal decomposition algorithm and tracking experiments where a
tendency to misidentify two interadions as one and visa versa was present. In order to
reduce this effect and improve the performance of GRETA detedors, the segmentation

scheme of future detedors must be dhanged. The larger detector segments (i.e. 4 and 5)
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must be reduced in size to that comparable of segments 1-3 and thus increase their

sensitivity.

6.2 Future Work

As with al research, rew questions arise and motivate the need for further
inquries. It is evident from the findings of this research that the parameterization and
modeling of pulse shapesis one areathat requires further investigation. In particular, the
effect that the range of the primary electron, three-dimensional spatial distributions and
drift properties of charge carriers, and eledronic charaderization d the detedor crystal
have on the aility of the model to accurately represent experimentally measured puse
shapes foud be investigated. This requires that pulse shapes from single interadions be
recorded over a broader range of the detector volume to ensure that the parameterization
is consistent throughou the aystal.

In addition, the multi ple-interadion paition sensitivity shoud be investigated as
it relates to changes in the segmentation scheme of the detedors. Such changes are
necessary to increase the likelihood d properly distinguishing events with ore or two
interadions occurring in a single detector segment. Ultimately, simulations of the
tradking process can be performed to determine the potential gain changes in the
segmentation have onthe P/T andrelative efficiency.

Whil e the performance of the signal decompasition algorithm was consistent with
the findings of the position sensitivity studies, there are aeas that shoud be investigated

to determineif potential improvements could be made. One method maybe to include the
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physicd phenomena invalved in the interadion d radiation with matter to increase the
success of properly identifying interadions. As a simple example, ore can pdentialy
use the energy deposition in the segment to aid in predicting the number of interactions
that took dace Inthe arrent agorithm, asthe anount of energy depaosited in a segment
goes down (decreasing the signal-to-noise ratio) the likelihoodthat a single interactionis
misidentified as two goes up. In redity, however, the probability that two interactions
occur decreases due to an increase in the phaoeedric asorption crosssection. Such
physicd phenomena ae not currently considered in the decompasition processand thus
their inclusion could grealy increase the performance of the tradking process
Furthermore, the dgorithm is rather computation intensive and would prove to be very
time cnsuming when uilized with the high data rates expeded in GRETA. Other
decompasition methods based onwavelet transformations and artificial neural networks

shoud be investigated as a means of reducing computation time.

6.3 Other Applicaions

While the focus of this dissertation was on y-ray tracking of radiation emitted
from a known source locaion, the same basic principles can potentially be gplied to
locdize and charaderize unknown y-ray sources. A system similar to GRETA could be
used to define the incident angle of deteded radiation wsing the Compton scatering
formula rather than determining if the event comprised the full-energy of the y ray. In
effect, this would image the source of radiation. This could have gplicdionsin awide

range of fields from astrophysics to nuclea medicine.
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Currently, in the field of astrophysics Compton camera systems are used to define
the incident diredion d radiation. However, these systems require the use of two
detedors eparate by alarge distance. This arrangement restricts the solid angle cverage
and gedly reduces the dficiency of the system. Segmented HPGe detedors could
patentially eliminate the need for separate detedors and thus increase the dficiency of
the system.

Additionally, applicaions can be envisioned in the field of medical imaging. For
example, in nwlea medicine y-ray detedors are used to image the distribution d
radioadive tracers administered to find physiologicd abnormaliti es in the human bady.
Current techniques uch as sngle phaon emisson computed tomography (SFECT) and
pasition emisgon tomography (PET) generally use detedors that are ollimated to define
the diredion d the incident phaons. Trading could pdentially be used to define the
incident diredion d the phaon withou the need for collimation. This would gedly
increase the dficiency of the system and result in deaeased measuring time and/or
reduced adivity received by the patient. Ead of these fadors would be beneficia in the

treament process
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