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Abstract

AGATA is the European project for a 47 gamma-ray tracking array of Ge detector s
and is expected to have a detection sensitivity three orders of magnitude larger than th e
presently in use galllina spectrometers . Tracking systems are working in position sensitive
anode and the obtaining of a position resolution of a few millimeters through Pulse Shap e
Analysis (PSA) is essential . The aim of this Thesis is to develop and test a PSA metho d
for AGATA. The gamma interactions in the Ge crystals are localized by decomposing th e
detector signal in a basis of reference signals, characterizing the crystal . The problem i s
reduced to a large system of linear equations, which is solved in the least-squares sense
using mainly matrix inversion . We have tested out method using both simulated an d
experimental signals measured with a prototype AGATA capsule . We have obtained
average positional errors of 1 - 2 mm with simulated single interactions, 3 - 5 mm wit h
simulated double interactions and 3 - 5 nun with experimental single interactions, whic h
shows that our method is well suited for its purpose .
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Introduction

The structure of the nuclei is revealed by the gamma-rays emitted by nuclei when stresse d
to extreme conditions, such as high temperature, high angular momentum, large defor-
mation or Isosp111 values .

Excited nuclei are created in nuclear reactions produced for example when all energeti c
beam of nuclei collides with a target . A projectile and a target nucleus may fuse an d
produce a compound nucleus, which decays by emitting a few nucleons and a set of gamma -
rays, which characterize that nucleus . By measuring the properties of these transitions ,
such as their energy, time sequence, linear polarization, angular distribution, one obtain s
information about how the nuclear structure evolves when the nucleus decays from th e
excited states to the ground state .

Arrays of Ge detectors are an important tool for the study of the nuclear structure .
EUR,OBALL and GAMMASPHERE are the most powerful 'y-arrays of the present gen-
eration, being composed of about one hundred Ge detectors with anti-Compton shields .
On the other hand their performance is close to the limit attainable with the Compton-
suppression technique .

AGATA and GR,ETA are the new-generation of 47r arrays of Ge detectors . These
detectors are expected to have, for certain experiments, a sensitivity (see 2 .5 .2) by a
factor 1000 larger with respect to the present generation of arrays . This is made possible
by the use of a new detection principle, the gamma-ray tracking . In a gamma-ray trackin g
system, the energies of the incident pilotons are measured by reconstructing the paths o f
the photons inside the detectors . For that . it is necessary to determine the position and the
energy of each interaction made by the photons in the detectors . This information can h e
extracted by analyzing the shape of the detector signals, which is sensitive to the positio n
of interaction . The localization of the gamma interactions is the most challenging par t
of a ganuna-ray tracking system, the corresponding technique belly; called Pulse Shap e
Analysis (PSA) .

The milli of t his Thesis is to develop and test a possible Pulse Shape Analysis metho d
for AGATA .

In Chapter 1 . we discuss a couple of interesting physics issues that call be addressed
with large array of G(' detectors .

In Chapter ?, we review the iliain types of interaction of the radiation with platter

which are illlportailt for the detection of the galulila-rays . We introduce large arrays of G e

(detectors as a powerful tool for tlie gamma -ray spectroscopy and we make a comparison

1
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between two principles of detection : the Compton-suppression, which is currently in use ,
and the gaiiuna-ray tracking, employed by AGATA .

Ill Chapter 3, we make a description of the AGATA project and of the AGATA Demon-
strator (sub-array which has the aim to verify the feasibility of the newly developed tech-
nics) .

In Chapter 4, we define the task of the Pulse Shape Analysis . We present the tools that
allowed 11s to test our PSA method : scanning systems for the characterization of AGAT A
detectors and programs t0 simulate the response of segmented gern1aI1iuu detectors . We
define regular and optimized reference bases of signals for the PSA. We describe the K6ln
experiment with the AGATA triple-cluster and we give a short description of the existin g
PSA methods for AGATA .

In Chapter 5, we introduce the Matrix 1'Iethod as a possible PSA method for AGATA .
The detector signal is decomposed by our method into a basis of reference signals char-
acterizing the detector . The problem is reduced to a large system of linear equati0n s
which is solved in the least-squares sense by minimizing a multidimensional function . We
describe three minimizing algorithms that we have tested . We also study the possibility
to use the Singular Value Decomposition for reducing the size of the reference basis .

In Chapter 6, we present the results obtained with the Matrix Method using simulate d
signals . The algorithm is evaluated in the following way : we simulate the charge signals
produced by the interaction of incident gamma-rays in the Ge crystal, the pOsiti0n of each
interaction point is determined using our algorithm, and the positional error is evaluated .

In the last Chapter, the results of the tests of the Matrix Method using experimenta l
signals are presented . We have used two sets of experimental data : signals measured with
3D pOsitiOn information with a prototype AGATA detector and the signals from the Kôl n
test-experiment with the AGATA prototype triple-cluster .



Chapter 1

Physics motivations

In this Chapter, we discuss two physics issues that can be addressed with powerful arrays
of Ge detectors such as EUROBALL [Siin97] and GAMMASPEHERE [Lee90], built ou t
several years ago, but still state of the art . This should illustrate where currently the
liiiiits of existing experiments are, and how those limits could be extended by a futur e
Ge-detector array like AGATA [Baz04] .

1 .1 Nuclei at very elongated shape s
One of the main topics of interest in the last two decades was the study of the superdefor -
'nation of the nuclei . Superdeforined nuclei with an axis ratio of 1 .5 to 2 correspond to a
second minimum of the nuclear potential energy (see Fig . 1 .1) . Tiley are experimentally
produced in fusion evaporation reactions only at high spin and with very small cross -
sections, therefore large detection efficiency and resolving power are needed . However, i n
order to determine the excitation energy, spin and parity of the superdeforllled states, th e
links between the superdefornied (SD) and the normal-deformed (ND) bands have also t o
be measured . These gamma transitions are very weak, of the order of 1% of the intensit y
of the superdeforllled band and 10 -1 of the reaction channel . For example, the linkin g
transitions between the yrast superdefornied band and the normal-deformed band in th e

nucleus 19 i P 1 ) have been pleasured in an experiment with EUROGAII [Lop96, EUR90] .
The obtained galllllla spectrum and the corresponding decay scheme is shown in Fig . 1 . 2
where one can notice the very weak intensity of the linking transitions .

The regions of the Nuclear Chart where sllper(lefol'llled states have been found ar e

represented in Fig . 1,3 . Nuclear states with axis ratio of 2 have been identified in the

region arollll(l A = 150 and A = 240 . In the A

	

190 region the axis ratio is smaller ,
r~

of 1 .7 . In the lighter mass regions around A = 130 . A _ 80 and A = 60 super(Ieforllled

states have also be('11 found, but generally they have the axis ratio of 1 .5, the differenc e

111 the (lefol'111at1011 between these states and the 1101'lllaldefol'llle(l states 1)eillg therefor( '

smaller .
The tlleor`' predicts the existence in certain nuclei of a third II 1111111111111 of the nuclear

potential energy. The ('ol'respoil(llilg states are called llyperdeforllle(l (HD) (axis rati o

the ratio of the long ellipse s('II111Xe to the short sellllaxe

3
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CHAPTER 1 . PHYSICS MOTIVATIONS

H D

deformatio n

Figure 1 .1 : Schematic illustration of the variation of the nuclear potential erie7gy as a
function of the deformation .

from 2 to 3) and occur at high spin (80 1k), at the limit of nuclear fission . The proba-
bility to populate them is extremely low, several orders of magnitude lower than that o f
populating SD states. HD states have been searched using EUROBALL and GAMMA -
SPHERE in 126Ba [NyaO5], 117 CTCl, ' 52 Dy and other nuclei but these experiments did no t
have conclusive results due to the weak signal of the HD states . A new generation of
gamma spectrometers, with large efficiency and sensitivity is crucial for the spectroscopi c
study of the hyperdeformation .

1 .2 Nuclear structure studies of super-heavy nucle i
The super-heavy ions are situated in the extreme upper part of the nuclear chart . The
study of the extremes has always been important in the Nuclear Structure. One of the
goals in the study of super-heavy ions is to reach the predicted 'Island of stability' situated
at the next proton and neutron shell closure above 8202'Pb. Different theoretical model s
[predict the position of the next neutron shell closure at i T = 184, but diverge o n
the position of the next proton shell closure, giving Z = 120, Z = 126 or Z = 114 .

The production cross-sections of the very heavy elements are very low and spectro-
scopic studies of these nuclei are difficult to perforin with existing spectrometers . However ,
elements in the region of Z = 11)() and N = 152 ( 252 Fin) , which are populated with a large r
cross-section, have 1)eell analyzed . For example, excited states of the nucleus nNo have
been studied at, .JYFL in .1yvaskyla, Finland . and identified up to spill 16, in the reaction
2~)nPb(1t~C , 211)23 1 'o; the prompt gamma rays were (letected with a Ge array of four
(lover detectors [1 i99 ]

A comparison between the performance of GA1yI IASPHERE and AGATA for th e
study of the super-heavy elelilents was d011e lIl [Kioi02] . Table 1 .1 shows the nuiiiber o f
counts in the gamma peaks of iiltel'est for the two selected reactions . One can notice that
a factor 100 in the ll11111ber of counts could be gained with AGATA .



1 .2. NUCLEAR, STRUCTURE STUDIES OF SUPER-HEAVY NUCLEI

Figure 1 .2: a) Gamma spectrum showing the high energy linking transitions between th e
yrast superdeformed band and the normaldeformed band in '"Pb . b) partial decay schem e
of the yrast band in the same nucleus . The intensities of the linking transitions are
indicated in brackets, in % of the SD band intensity [Lop96J .

Reaction Cross-section GAMMASPHERE AGATA

208Pb('8Ca, 2n) 234No Z = 102 3 p,b 25 1000
"P1 ( 50 Ti, 2n) 256Rf z = 104 10 iib 0.2 10

Table .1 .1 : Comparison between GA .MMASPIIERE and AGATA in terres of expected
counts in a 200 keV line, for two reactions populating the indicated nuclei /Kor02/ .
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CHAPTER 1 . PHYSICS MOTIVATIONS

Figure 1 .3: Regions of the Nuclear Chart where supenieformed bands have been found .
The color code is : red for large deformation (axis ratio 2), green for axis ratio 1 .7 an d

blue for axis ratio L5 /Sin0` J .
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Chapter 2

Detection of gamma-rays and
multidetectors

In this Chapter, we review the maul types of interaction of the radiation with matte r

which are important for the detection of gannna-rays :

- the interaction of photons : the photoelectric effect, the Compton scattering, th e
Rayleigh scattering and the pair production effec t

- the interaction of electrons (since gamma-rays are detected by means of the electric
charge they create) .

We explain the interest of Ge detectors for the galllnla-ray spectroscopy and we define th e
plain parameters that characterize thein: energy resolution, photopeak efficiency, peak-
to-total ratio, resolving power and sensitivity . We present the principle of the Compton -
suppression which is currently employed by large arrays of Ge detectors . We finish by
introducing a new principle of detection, that of t y le gamma-ray tracking .

2 .1 Interaction of photons

In the following we give a short description of the iiiain kinds of interaction of the photon s
with matter .

Photoelectric effect

In the photoelectric effect, the photon is absorbed by an atom and a bo1.111(1 electron from
one of t y le hiller atomic shells is ejected . The interaction involves all atom and does no t
occur on free electrons (see Fig . 2 .la) .

If Iiv is the energy of the l)llotoll and Eb is t he binding energy of the electron, the

electron is ejected with an energy :

, =hi)–Le) .

	

(2 .1 )

The photoelectric effect is the p)r('(1011linallt type of interaction at low energies (lip to 150

around keV in germanium) . The probability of interaction increases with the atomic illllll -

7
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CHAPTER 2 . DETECTION OF GA1MIA-RAYS AND MULTIDETECTOR S

Y
~ ~i .\

\.,, J

Y

a) b) c)

Y

e +
(-3. 511 Ke V

511KeV

Figure 2.1 : The main types of interaction of photons .
(z) Photoelectric effect : the incident photon interacts with an atom by transferring all it s
energy to one of the electrons, 'which is then ejected flora the atom, .
b) Compton scattering : an 'incident photon is scattered by a free electron and transfer s
part of its energy to the electron .
c) Pair production: the incident photon produces an electron and a positron, that los e
energy by ionizing the atoms of the material . The positron finally annihilates with an
electron and produces two annihilation photons .

ber of the material, and decreases with the energy of the photon . A rough approximation
for the probability of interaction is :

Zn
const

E3 .5 '
(2.2)

where n is between 4 and 4 .6 when the gamma energy varies from 0 .1 MeV to 3 MeV
[Eva55] .

Compton scattering

The Compton scattering takes place between a photon and a quasi free electron from th e
absorbing material . The incoming photon is deflected and transfers part of its energy t o
the recoil electron (see Fig . 2 . lb) .

The energy of the scattered photon, E', can be easily obtained by writing the conser-
vation of energy and momentum, and supposing the electron at rest . If E is the initia l
energy of the photon and H the scattering angle, then the following forniula holds :

E

1 + E/n1,, ) c 2 (1 — cos H )

where moc 2 = 511 keV is the rest-mass of the electronl .
The differential cross-section of the scattered ganinia ray is predicted by the hlein-

Nislliiia formula [I'inoOO] :

(lu

	

, 	 1	
) 2 ( 1	 cos H

	

+	
0,2 (1 — cos o) 2

	

ro

	

l .	 	 (2 .4 )7(ISS

	

1 +
(t,

(1 -- cos 8 )

	

2

	

(1 + cos'' H) [1 + a (1 — cos H) ]

E '



2.1 . INTERACTION OF PHOTONS

	

9

3e - 9 0

180

27 0

Fiq'uir 2.2: Polar plot of the Compton differential cross-section (barns) as a function o f
the scattering angle, for three Tiffevent energies of the incident photon .

where lY = hv/rn 0c 2 and r() is the classic electron radius . Fig. 2.2 shows a plot of th e
Compton differential cross-section as a function of the scattering angle, for three differen t
energies of the incident photon : 100 keV, 500 keV and 2 MeV . The distributions show th e
tendency of forward scattering of ganuna rays, specially at high energies (> 500 keV) .

In reality the electron is îlot at rest blit has a non-negligible intrinsic momentum . Due
to this fact the energy of photons scattered with the angle O will he in general differen t
from that obtained from Eq . (2.3) . The scattering energies will be distributed around th e
ineail value given by the saille equation [SchO 1 ] .

The Compton effect is sensitive to the polarization of the incident light . Thins the
polarization of the incident light can be deduced from the angular distribution of th e
scattered gamma rays [Fag59, Jo119 5] .

Rayleigh scattering

The Rayleigh scattering is the elastic scattering of j)hotolls on atoms . The direction of
the galllilla-rely being ('hanged without, energy loss, this can iiiake in principle difficultie s
to the tracking llgorit llnl . Fortunately . the Rayleigh scattering is only significant at lo w
energies . Thus, at energies of 100 keV, 1 WV ?incl 10 \leV the Rayleigh cross-sectio n
is respectively 9 ' , 1 (4 and 0 .02,4 of the total (Toss-section . However, this effect is lio n
negligible for 111(1(lent photons of all energies towards the end of their tracks (17V of 1 .332
MeV events undergo Rayleigh scattering) [LopO4] .
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CHAPTER 2 . DETECTION OF GAMMA-RAYS AND AIULTIDETECTOR S

Pair production

Iii the pair production effect, the photon disappears and produces all electron-positro n
pair. The interaction takes place ln the Coulomb field of the nucleus . This effect is
possible at energies of the incident photon larger than twice the rest-mass of the electron ,
i .e . 1022 keV . The remaining energy of the photon is converted into kinetic energies of
the electron and positron. The produced electron and positron lose their energies b y
successive interactions with matter . The positron finally annihilates by producing two
511 keV pilotons (see Fig. 2 .1e) .

The cross-section per atom of the pair production effect increases roughly with th e
square of the atomic number of the absorber nucleus :

IIo

	

2(7 =

	

Z .
137

Discussion : the relative dependence of each of these types of interaction strongly de -
pends on the energy. As can be seen in Fig . 2 .3 the photoelectric effect is predominant
at energies lip to 150 keV, Compton scattering is the dominant process between 150 keV
and 8 MeV ; the pair production becomes important for energies above a few MeV and
overcomes the Compton scattering at N 8 MeV .

Ill each of the processes described above, an electron (called fast electron) is produce d
by the interacting photon. This electron creates a cloud of charge by ionizing the atom s
of the material, the number of charges being proportional to the energy lost in the inter-
action . In a gaiiuna detector, the energy is (deduced by measuring the amount of charge
created by the fast electrons . For this reason, it is important to understand the interactio n
of electrons with matter .

2 .2 Interaction of electron s

Gannna-rays interact, by transferring their energy to fast electrons that lose their energ y
by ionization and excitation of the material atoms (collisional losses), or by emittin g
bremsstrahlung radiation .

Fig. 2.4 shows the dependence of the stopping power, defined as the energy loss pe r
lllllt: of path length of electrons in Ge, as a function of the energy . The radiative and
the c(nisi(nal contributions are also plotted . We see that, for the energies of interes t
for ganllna spectroscopy (10 keV - 10 MeV) the energy is mainly lost by collisions . We
also see that, for example, the stoppling power of 1 ileV electrons is approximately 1
McV . ciu 2/g, i .e . 5 MeV/cin (p(, ( , = 5 .32 g/('ni ) ; this means that their average path i n
Ge i5 short, of abolit 2 nun .

We have seen how pllotolls interact with matter . In the next section we show how Ge
semiconductor crystals are llse(1 as )'-detectors .



2.2. INTERACTION OF ELECTRONS

Energy (MeV )

Figure 2.3: The interaction cross-section of photons in Ge„ for the most important types
of interaction, as a function of the enemy [Berl' .
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Figure 2.4 : Radiative, collisional and total stopping power of electrons in Ge /Ber2] .
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CHAPTER 2 . DETECTION OF GAMMA-RAYS AND MULTIDETECTOR S

2 .3 The principle of Ge detectors

Germanium semiconductor detectors are the natural choice in gamma-ray spectroscopy
for their good combination of energy resolution and efficiency . They have a good energy
resolution due to the small energy gap of Ge and a high efficiency due to its large atomic
number (Z = 32) . Compared with scintillator detectors, like Nal or BGO, they are les s
efficient, but have a much better energy resolution . Silicon detectors have a comparabl e
resolution but smaller efficiency due to the small atomic number of Si (Z

	

14) .

2 .3.1

	

and structure, charge carriers in semiconductor s

In crystalline materials, the electron energy is confined in bands separated by gaps . Semi-
conductors are crystalline materials with a small energy gap, of the order of eV (insu-
lators have a gap larger than 5 eV) . In a semiconductor there are two types of charg e
carriers: electrons in the conduction band and holes in the valence band .

The size of the energy gap influences the resolution of the detector : a small gap implies
a large number of charge carriers lifted to the conduction band and hence small statistica l
relative fluctuations on this number and good energy resolution .

2 .3.2 Transport of charge carriers in semiconductor s

When an electric field is applied in the crystal, the charge carriers created by the radiatio n
will be collected at the electrodes of the crystal . The mean velocity of the carriers (drift
velocity) depends on :

- the magnitude of the applied electric field ;

- the direction of the electric field with respect to the crystallographic axes of the
crystal (Ge has a face centered cubic structure) ;

- the temperature of the crystal .

At medium electric fields (100 V/cm in Ge), the drift velocity depends linearly on
the electric field (see Fig . 2.5) . The mobilities of the holes and electrons, ph and . [L, are
defined by :

vh fthe (2,6)

v e Pee, (2 .7)

where E is the electric field, and 0, and vf. are the corresponding drift velocities . At
higher electric field, the drift velocities increase more slowly with . the field. At even highe r
electric field (104 V/cm) they reach a saturation velocity. Ge detectors are fimctioning a t
1 .0`i Vicm, close to the saturation reghne .

2 .3 .3 Semiconductors as radiation detectors

Semiconductor detectors are working as pn-junctions reversed biased . The pu-Junctions
are build for example by the diffusion of p-type impurities into a 'ri-type material, unti l
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Figure 2.5: Drift velocities .measured in Ge, for

	

temperatures, as a function of

the electric field applied parallel to the <111> axis of the crystal /Ott75J .
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a thin layer usually ar0ulld the core contact is p-type . At the interface between the two
zones, (lue to the diffusion of the charge carriers around the jilllcti0n, a depleted zone i s
formed [Kilo00] . The charge carriers produced in an interaction of the radiation in the
depleted zone are separated by the internal field and drift to the electrodes of the detector ;
it is this motion of the charge carriers which induces an electric signal on the electrode s
of the detector, and which is used to deduce the energy. In order to increase the volum e
of the depleted zone, the junction is reverse biased : a positive potential is applied to th e
1n side .

At room temperature, electron-hole pairs can be generated thermally . In order to
reduce this effect, the crystal is cooled to liquid nitrogen temperature (77 K) . The prob-
ability per unit time that an electron-hole pair is generated thermally depends on the
energy gap and on the temperature :

p(T) - T3/2 exp(— 2kT) .

	

(2 .8 )

This formula show that, for a given energy gap, p increases strongly with the temperature .
For example, for Eq = 1 eV, the number of pairs generated per second at 77 K is 10 times
smaller than at 300 K .

The smaller the concentration of impurities, the larger the depletion zone . High Purity
Ge (HPGe) detectors are made with a donor concentration as low as 10 10 atoms/cni 3 , i .e .
one impurity atom for 10 12 Ge atoms . Such Ge crystals are among the most pure material s
that exist . For example, for an applied potential V = 5000 V, with N D = 1010cm 3 and
E = 16 . 8 .8 . 10 -12F/Il1, the depletion length is of about 3 cm .

Fig. 2 .6 shows the configuration of a n-type HPGe detector . The electrodes of th e
detector are made by highly doping the sides of the n-type crystal . The outer contact

is obtained by implanting accelerated Boron atoms, and thus it becomes a highly eloped

p electrode, with an impurity concentration of N ,.1 = 10 18 cell 3 . Its width is very thi n
so that the low energy gamma rays (5 - 10 keV) are not absorbed in the electrode . The
inner contact is obtained by the diffusion of Lithium atoms (a donor) . Thus it is a highly
doped n material, with ND = 10 18 cm-3 .

2 .4 Properties of Ge detectors

The plain characteristics of gamma-detectors are : energy resolution, efficiency and peak-
to-total ratio . In the following we shall define and discuss these quantities .

2 .4 .1 Energy resolution and the Fano factor

A. illonoenergetic bea1I1 of pilotons produces (detector signals with slightly (liffereIlt ampli -
tudes. This is due to statistical variations in the number of ionizations, and also to variou s
sources of noise . Hence, the energy peak will be a . Gaussian instead of a 6-function . The
resolution of the detector is defined as the full width of the peak. LE, at half Illaxiniuii i
of its amplitude . The relative resolution at the energy E is defined as :

R = AE/ E.

	

(2 .J)
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Figure 2.6: Schematic representation of a n-type closed-end coaxial HPCe detecto r
[KnoOO].

The contribution to the resolution that comes from the nature of the material is calle d
intrinsic resolution .

The Fano factor

The resolution can be calculated making the hypothesis that the number of charge carrier s
produced by the radiation obeys a Poisson statistics . The mean ionization energy for Ge

is 2 .96 eV at 90 K (the band gap is 0 .7 eV) . The mean number of ionizations created
by a photon of energy E electron-volts is N = E/2.96; the variance of the number of
ionizations assuming a Poisson statistics is o- 2N = E/2 .96 . The FWHM of the energy peak
is :

AE = 2.35A/2.96EeV. (2.10 )

In reality AE is smaller than the value predicted by the Poisson distribution . The Fano

factor is introduced as the ratio between the observed variance of the number of ionization s
and the predicted one :

	

observed statistical variance of N

	

AEob s
F =	 	 (2 .11 )

E/2.96

	

AEpred

For germanium F is approximately 0,129 at 77 K [Bi167] .
Numerical application taking into account the Fano factor : at 1 .33 MeV, we obtain

from Eq. (2.10) E pr,,d = 4.7 keV . If we multiply by F, we obtain AE0b = 1 .6 keV ,
which is the typical resolution of Ge at this energy .

The resolution is affected also by the Doppler effect that appears when 'y-rays ar e
emitted by nuclei in motion . In the following we discuss this fact .
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The Doppler effect

When photons are emitted by nuclei in motion, the energy 'seen' by the detector is differen t
from the 'true' energy, E 0 . This is called the Doppler effect . The detected energy, ,Ey ,
depends on the angle between the direction of the photon and of the recoiling nucleus ,
as well as on the recoil velocity of the nucleus, VR (see Fig. 2.7) :

	

o	 020,5 1= Eg o E7

	

(1 + /3 cos 0) .

	

(2 .12 )

	

7

	

1 — /3 cos 9

where /3 vR/c. The above formula shows that the true energy can be deduced if E, ),, V R

and 0 are known . This process is called the Doppler correction . The quality of the Doppler
correction depends on the uncertainties on the direction of the emitted photon, as well a s
on the velocity and direction of the recoiling nucleus . However, the most important factor
is the uncertainty on the direction of the emitted photon, which is currently approximate d
with the center of the detector .

Bea m

Figure 2.7: Illustration of the beam, target and detector for the Doppler effect /Lop96J .

The contribution to the resolution coming from the opening half angle of the detector ,
AO, is :

V R
AE= 2 E — sin AO .Doppler

	

e

2 .4 .2 The total energy resolutio n

The total resolution is given by :

ZE2 AE.
intrinsic + Eli 0ppler ) + C AE' 2Doppler)

	

(A E'' 0 R )2

	

1
Doppler)

	

oise

	

'r2ecomb (2 . 14 )

where AEintrinsi , is the intrinsic resolution, A EDtpRpler results from the error on the velocity
of the recoils, A..Et '' 0"

	

from the error on the scattering angle of the recoils, AEnoiseDoppler
includes electronic noises ; the last term is due to the recombination of charge carriers ; the
importance of this effect increases with the size of the crystal .

For example, at E = 1 .3 MeV and velocity of the recoiling nuclei v/c = 2.5%, with
the detector placed at 90° and AO/2 5°, AEtt,0poer 5 .8 keV, while Eintrinsi, = 2 keV .

(2.13)
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We notice that the main contribution to the resolution comes from the opening angle o f
the detector . Table 2.1 lists the value of the opening half angle of detectors in variou s
gamma-arrays .

detector length
(mm)

diameter
(mm)

distance target
to Ge (mm)

half angle
(deg)

EUROGAM

	

[EUR9O] 70 75 205 7 . 0
EUROGAM II clover

	

[Duc99] 50 70 230 4 . 7
EUROBALL clover

	

[Sirn97] 50 70 265 4 . 3
GAMMASPHERE

	

[Lee9O] 71 80 255 3 . 4
EXOGAM segmented clover

	

[Aza99] 90 114 4 .2

Table 2 .1 : Opening half angles of Ge crystals mounted in various detector arrays .

2 .4 .3 Efficiency

The efficiency is defined as the number of detected photons divided by the number o f
photons emitted by the source . Usually we are interested in the efficiency of measuring
the full-energy (photo-peak) events. The absolute photo-peak efficiency of a detector i s

defined as :

a
€ph number of photons emitted by the source at the energy of the photo-peak

(2 .15 )
This definition depends on the distance between the source and the detector, and therefore
is not intrinsic to the detector . The intrinsic photo-peak efficiency is defined as :

intrinsic

	

number of photons in . the photo-peak
Eph number of photons entering the detector at the energy of the photo-peak

(2 .16)

If the detector subtends a solid angle S2 then :

1 7

number of photons in the photo-pea k

intrinsic

	

a 47

Eph

	

-ph

	

Ç-2 (2 .17)

In order to maximize the photo-peak efficiency, large Ge crystals are made, of 8 c m

diameter and 9 cm long . In such a large crystal, incident photons of 1 MeV interact

90% of the cases. Still, only in 20% of the cases the photon is detected as a photo-peak

event (6 tn7nsie = 0 .2) . This is due to the fact that the photon may be Compton scattere d
several times inside the crystal and finally it may escape from the detector . In this case, the
crystal will see a 'false' energy, smaller from the 'true' energy of the photon . Another case
in which the detector can record a 'false' energy is when one of the annihilation photons
produced in the pair production effect escapes the detector without interaction . All these
events contribute to the noise or background of the energy spectrum. The quantity that

measures the signal-to-noise ratio of the energy spectrum, i .e. the number of events in

the photo-peak divided by the number of. detected events, is called the peak-to-total ratio

and is introduced in the following .
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2 .4 .4 Peak-to-total ratio

The peak-to-total ratio (r) is defined as the ratio between the number of counts in th e
photo-peak and the total number of counts in the energy spectrum . Large Ge detectors
have typically r = 0.2 to 0.3. In order to increase this value, the Ge crystal can b e
surrounded by high efficiency scintillator detectors like BGO or Nal . The photons scattere d
outside the Ge are detected by the scintillators and rejected (in anti-coincidence - see Fig .
2.8) . The peak-to-total ratio of a typical anti-Compton detector may reach 0 .6 at 1 . 3
MeV .

Figure 2.8 Principle of detectors with anti-Compton shields . The photons scattered out-
side the Ge crystal (yellow) are detected by the scintillator shield (grey) and rejected .

Fig. 2 .9 shows two energy spectra obtained with an EUROGAM II clover detecto r
(4 Ge crystals mounted in the same cryostat), with and without anti-Compton shields .
The spectra have been measured with a 6°Co gamma source, placed at 230 mm from the
Ge crystal. We remark the improvement in the quality of the spectrum, the value of th e
peak-to-total ratio increasing from 0 .3 to 0 .57 with anti-Compton shields. Thus a factor
of 2 in peak-to-total ratio has been gained .

The photo-peak efficiency as a function of the peak-to-total ratio is :

Eph

	

r,

	

(2 .18 )

where e is the detection efficiency and r is the peak-to-total ratio .
A large peak-to-total ratio is essential when recording coincidences between photo-peak

events with a 'y-detector array. This is the case in high-spin physics, where the typical
events are cascades of gamma-rays with about 30 photons emitted simultaneously in al l
directions . In order to record such events, an array of detectors is closely placed . around
the target . The probability to detect a cascade of F gamma-rays with F detectors i n
coincidence is :

E F = (r ° E ) .

	

(2 .19)

From this formula we see that an increase in the peak-to-total ratio is crucial for hig h
fold (F) spectroscopy. For example, if the peak-to-total ratio increases from 0 .25 to 0 .65
(a factor 2.66), then €p- ;, increases by :

- a factor of 7, for F 2 (double coincidences) ;

- a factor of 19, for F = 3 (triple coincidences) ;
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Figure 2.9: Unsuppressed (a) and suppressed (b) spectr'uTnz of "Co obtained with the
EUROGAM fI clover detector . The peak-to-total ratio of the unsuppressed clover is 0 .3 ,
'whereas of the suppressed clover is 0 .57 /D'ac99J .

- a factor of 50, for F = 4 (quadruple coincidences) .

2.5 Arrays of Ge detectors

2 .5 .1 Granularity

In order to minimize the Doppler broadening of the peaks one needs detectors with smal l
opening angle . However to maintain a high efficiency, iiiany Ge crystals have to be place d
around the target . The granularity of an array is defined as IVclet/d icovered, where Nd ,,, i s
the number of detector elements and dS1coverecl is the total solid angle covered .

2 .5 .2 Resolving power and sensitivit y

The detection sensitivity is a iiie isilre of the ability of a detector array to isolate a sequenc e
of ' -rays frons a complex spectrllnll . A precis(' formulation of the sensitivity can be found
in [1)e199] . It is defined fora sequence of equally spaced -Ï-transitions as :

where

	

R -0.rO

	

I .

	

(2 .21 )

is called resolving power : T(} is the total number of events in the experiment, N is th e
number of full-energy events in a given peak, at the optiilnun fold . e is the photopeak

`00 400
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ln(No/.fir )
f' = exp

	

(2 .20)
- 1nF/ln1

ELI'
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efficiency, E,sl , is the average separation energy between Sl .lccesive ^f-rays, LE is the F\VH\ I
of the peak and r is the peak-to-total ratio .

2 .5 .3 Composite detector s

The efficienc y of a single Ge detector is limited by the size of the crystal . There are two
kinds of composite detectors currently in use: with 4 Ge crystals (Clovers) and with 7 Ge

crystals (Clusters), ln a common cryostat .

2 .5 .4 EUROBALL

EUR,OBALL has been the main facility for the gamma-ray spectroscopy in Europe [Siin97] .
The 47r detector array was built out of 239 large Ge crystals arranged in the following
configuration :

- 30 single detectors at forward scattering angles ;

- 26 Clover detectors at angles around 90 0 ;

- 15 Cluster detectors at backward angles .

All Ge detectors are surrounded by anti-Compton shields (BGO) (Fig . 2.10a) . The
performances are indicated in Table 2 .2 . At small gamma multiplicity, the efficiency is
10% and the peak-to-total ratio 55% . At large multiplicity, the efficiency decreases to 7 %
and the peak-to-total to 48% .

2 .5 .5 Gamma-ray tracking in a Ge shel l

The efficiency of the 47r anti-Compton arrays is limited by the fact that the scintillators
occupy a large solid angle (about 50% of the total solid angle in the case of EUROBALL) .
To overcome this limitation, a new detection technique has been developed recently : that
of the gannna-ray tracking [De199, TRA01] . In a tracking detector the trajectories of th e
photons inside the Ge crystals are reconstituted . This allows the determination of the
initial energy of the incident photons as the total energy deposited along the track . The
se(plen(i ...e of a 2-ray scattering process is too fast compared with the time resolution of
the detector (-'-'5 11s) to be measured electronically. Therefore tracking algorithms ar e
necessary . They are lased on the physical processes described in Sections 2 .1 and 2.2 .
In order to track the gamina rays, one needs to know, with a precision of a few line, th e
position and the energy of each gamma interaction .

'Trackilig systems have the following advantages over anti-Compton ones :

- the fact that the whole solid angle can be used for gauiiiia detection results in a
large efficiency .,

- the ('vents scattered between adjacent crystals are recovered instead of rejected;

- the position of the first interaction of the incident photon is known with goo d
precision, therefore the Doppler correction of the energy spectra can be done more
precisely ali(~1 all improved energy resolution can be achieved ;
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gamma tracking allows the measurement of the linear polarization of the gamma
rays [Joii95] ;

- the geometry of the array is smaller and simpler without anti-Compton shields .

Fig . 2 .10 shows a comparison between the geometries of EUROBALL and that of
an ideal Ge gamma tracking shell with radius 15 cm, equivalent to an array of 120 Ge
detectors, called the standard shell . The advantage of the geometry of the tracking shel l
is evident, The corresponding performances are listed in Table 2 .2. At low gamma mul-
tiplicity, the efficiency of the tracking shell is more than 6 times larger than that o f
EUROBALL, while the peak-to-total ratio is 85% . At high multiplicity, the efficiency is
5 times larger and the peak-to-total ratio is 60% .

a) 11AIROBALt ,

N=239

b) Ge SHEL L

N 12 0

Figure 2 .10: a) Geometry of EUROBALL with 239 Ge crystals (yellow) surrounded b y
anti-Compton shields (blue) . b) Geometry of the standard tracking shell, equivalent to a n
array of 10 detectors [A GAOl] .

An-ay n° of crystals weight Eph[P/T]

	

~''~ .ph [P/T] (% )

of Ge (kg) M -y 1\4,, = 3 0
EUROBALL 239 210 10[55] 7[48 ]
T.-tracking shell _ 233 65[85] 36[60]

Table 2.2: The pe7fortnances of EUROBALL and of an ideal 7-tracking shell, at gamm a
,y 1 and 30. The peak-to-total ratio is given between, parentheses .

Fig . 2 .11 shows the efficiency of one of the tracking algorithms for the 'standard' Ge
shell as a function of the position resolution . One can see that a position resolution o f
5 mm is needed (Interactions produced by cascades of 1 . .33 IMV transitions of different
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multiplicities have been simulated. The PSA has been simulated by smearing the posi-
tions of interaction using a Gaussian distribution, and packing the interaction points o n
a 5 mm basis [AGAO1]) .

>'t
60

gaa. a

0 5

	

—
at$Za.

0 .1

	

Do

Position resolution (mm )

Figure 2.11 : Tracking e ciency as a function of the position resolution for 7-cascades of
different multiplicities /ACAOI J .

In conclusion, the best performance is obtained nowadays with large arrays of Ge
detectors with anti-Compton shields . To improve further the performances, gamma-ray
tracking arrays are currently being developed . In the next Chapter we introduce AGATA ,
the European. project for an advanced gamma-ray tracking array .



Chapter 3

AGATA

AGATA (Advanced GAmma Tracking Array) is a 47 gamma-ray tracking array built ou t
of 180 HPGe detectors for the gamma-ray specroscopy [Baz04] . The gamma spectrometer
is expected to have for certain experiments a detection sensitivity (see Section 2 .5.2) by up
to three orders of magnitude larger than that of the present generation of large detector
arrays .

The principle of the gamma-ray tracking has been presented in Section 2 .5 .5 . The
ingredients for the construction of a gamma-ray tracking array are : high fold segmented
detectors, digital electronics, Pulse Shape Analysis algorithms and tracking algorithms .

3,1 Descriptio n
3 .1 .1 Segmented crystals

AGATA uses n-type closed-ended large HPGe crystals, 8 cm diameter and 9 cm long . The
crystals have a hexagonal shape at the front end, circular at the back and are tapere d
at their front in order to provide a compact packing . The outer contact (the cathode) i s
divided electrically into 6 rings and each ring is divided into 6 sectors, which gives a tota l
of 36 detection units, or segments . The inner contact (the anode) is not segmented . The
geometrical segmentation of the crystal is sketched in Fig . 3 .1a) and b) .

The size of the segment is comparable to the mean free path of the photons in Ge, at
1 MeV (see Table 3 .1) . We can see that the mean free path is small at low energies ( 3
111111 at 100 keV), and increases with the energy (3 .3 cm at 1 MeV) . The segmentation i s
optimized to take into account the fact that the probability of interaction is larger at the
front of the crystal than at its back . Thus the total crystal length of 90 mm is divide d
into segments of lengths : 8, 13, 15, 18, 18 and 18 mm . In order to preserve the propertie s
of the detector in thne, the crystal is encapsulated under vacuum in a thin aluminiu m
can [Ebe96] (Fig. 3.1c) .

3 .1 .2 Geometry of the array

In order to define the geometry of a. 4"r detector array, one has to tile the surface of th e
sphere with a niunber of polygons, which. determine the shape of the crystals at their

23
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Figure 3,1 a) Segmentation of the AGATA crystal into 6 slices<

	

slices (.1 to 6) and six sectors
(A to F), b) Schematic of the crystal and its capsule . c Picture~

	

~

	

of the A GA TA capsule .
d) Triple cluster composed by three capsules in a common cryostat. The different colorssymbolize the three asymmetric crystal shapes /EheO7, Sirn00 .
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Energy
(keV)

Mean free path
(cm)

100 0 . 3
200 1 . 1
500 2 . 3

1000 3 . 3
5000 5.9

Table 3.1 : Values of the mean free path of photons in Ge, for various energies .

Figure 3.2: The geometry of AGATA, with 180 Ge crystals and 12 pentagons . The colors
symbolize the three slightly different crystal shapes /BazO4J .

front . One of the aims is to have the highest degree of symmetry as possible . Several
possible solutions have been. analyzed in terms of performance and cost [AGA01] ; the
selected geometry has 180 hexagons (Ge crystals), and 12 pentagons, which are left free ,
and of which two provide space for the beam tube (Fig . 3 .2) . The hexagons are irregular
and they have three slightly different shapes, symbolized in the figure with the colors . A
triple-cluster is formed by assembling together a 'red', a 'blue' and a 'green' capsule in a
cornmon cryostat (Fig . 3 .1 d) .

Other studied configurations are with 60, 1 .20 and. 240 crystals. The size of the crystal
being fixed, their number determines the inner radius of the array and the amount of Ge
needed . For example, the inner radii of the configurations with 120 and 180 crystals ar e
15 and 23.5 cm, while the corresponding masses of Ge are 220 and 362 kg, respectivel y
(see Table 3 .2) . Compared to the configuration with 120 crystals, AGATA lias a better
performance due to the larger distance target-to-Ge and granularity . On the other hand ,
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Number of
crystals

Number of
crystal shapes

Inner radius
(cm)

Covered solid
angle (%)

Mass of Ge
(kg)

180 AGATA
120

3
2 _

23 . 5
15

82
80

36 2
220

Table 3.2: Comparison between two of the studied configurations studied for AGATA, wit h
1,20 and 180 Ge crystals .

it has 3 crystal shapes instead of 2, and needs a factor 1 .5 more Ge.

3.1 .3 Electronics

The signals from the segments are sent to fast preamplifiers (rising-time 14 ns at 0 pF ,
decay-time 50 [ts and gain 200 mV/MeV) . The preamplifiers have two stages: a cold
stage, mounted in the cryostat, in order to minimize the noise, and a warm stage. The
preamplified signals are digitalized at 100 MHz and 14 bits dynamic range by digitizer
cards (44 input channels, 38 output optical lines at 2 GBit/s) . The data stream is reduce d
by about a factor of 100 by the pre-processing module, which extracts the relevant infor-
mation from the data flux by triggering on the anode signal . The total energy deposed
in each segment is obtained, the data is time-stamped, and the first 60 samples of th e
signals (600 ns) are sent in real time to the Pulse Shape Analysis .

3 .1 .4 Pulse Shape Analysis and Gamma-ray Trackin g

PSA is the basis ingredient to allow for the concept of the fly-ray tracking . The goal of th e
PSA is to determine, on a crystal basis, the number of interactions and the correspondin g
energies and positions, even if there is more than one interaction per segment . This is
done by analyzing the shape of the detector signals, which depends on these parameter s
and is described in Chapter 4 in detail .

The information delivered by the PSA is used by the gamma-ray tracking module ,
that reconstitutes the trajectories of the incident photons and obtains their energies an d
directions (as seen in 2 .5.5) . So far the following algorithms have been studied : back
tracking, forward tracking [Lop04] and fuzzy logic [Su105] .

3 .2 The AGATA Demonstrator

The AGATA Demonstrator is 10% of the full array, with 6 asymmetric triple-clusters (1 8
crystals), which is expected to become operational at the end of 2008 (see Fig . 3 .3) . The
aim is to check the newly developed techniques . Its efficiency has been simulated to b e
3% at gamma-multiplicity 1, and 2% at multiplicity 30, for a target to Ge distance equa l
to the nominal radius of AGATA, 23 .5 cm [RobO7] . The array can be moved closer to th e
target, in order to increase the efficiency, which is, in this case, 8% at multiplicity 1 an d
4% at multiplicity 30 (see Table 3 .3) . The event rate will be 10 kHz, with respect to 5 0
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Figure 3.3: Schematic view of the AGATA Demonstrator with 15 detectors (5 triple clus-
ters) that will be operated in 2008 in Legnaro National Laboratory . The Dewar vessels are
represented in green, and the mechanical sustaining structure in brown /EbeO7J .

kHz for the full array, The factor of 5 is expected to be gained in processing power unti l
the full array is completed (Moore's law: the computing power doubles every 18 months) .

3.3 Performance
The expected performances of AGATA in terms of photopeak efficiency and peak-to-tota l
ratio are summarized in Table 3 .3 . At low gamma multiplicity, the efficiency of AGAT A
is 43%, about 4 times larger than that of EUROBALL, while the peak-to-total ratio i s
comparable (58%) . At high gamma multiplicity, the efficiency decreases to 28%, but stil l

Array ,( AL, = 30
AGATA 43[58] 28[49 ]
AGATA Demonstrator at 23 .5 cm 3[541 2[52 1
AGATA Demonstrator at 14 cm 4
EUROBALL 10[55i 7[48]

Table 3.3: Efficiency and peak-to-total ratio (in brackets) of the AGATA Demonstrator
[RohO7/ and of the fall array /AGAO1, Far0.4j, for gaTnma-multiplicity J and 30. For
comparison, the values for EUROBALL are also given .
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Figure 3.4 : Evolution of the sensitivity defined in Eq . (2.20) of various detection system s
over the years [Mac98].

is 4 times larger . The maximum event rate in AGATA will be 50 kHz, with respect to 10
kHz in EUROBA.LL (this is made possible mainly by the digital electronics) .

Fig. 3 .4 shows the evolution of the different generations of detectors and detecto r
arrays in terms of sensitivity. One can notice the increase of about three orders of mag-
nitude that is expected to be gained with AGATA with respect to the present generation
of large detector arrays with anti-Compton shields .

In this Chapter, we have introduced the AGATA project for a gamma-ray trackin g
array. The most challenging problem of a tracking system being to achieve a high position
resolution through Pulse Shape Analysis, the next Chapters are dedicated to this issue .

Compton-Suppresse d
Array s

Io n



Chapter 4

Pulse Shape Analysis

4.1 Introduction

Gamma-ray tracking detectors are functioning ill position sensitive mode. In order to
facilitate the localization of the gamma interactions, the Ge crystals are segmented . The
segmentation helps making a rough localization of the interactions ; the smaller the seg-
ment, the better the localization .

Coaxial Ge detectors, which are most commonly used in gamma-ray spectroscopy fo r
their large volume, can be segmented in a Inaxiiniun of 20 to 40 segments . A crystal o f
about 400 cm 3 (8 cel diameter, 9 cm long, tapered) has the volume of the segment of th e
order of 10 (In " , which implies a position resolution of 2 cm, which is not sufficient for
an efficient tracking . Indeed, the tracking efficiency depends on the position resolutio n
and has acceptable values for resolutions smaller than J mm (see Fig . 2.11) . On the
other hand, a resolution of 5 Ilan would mean a granularity of 2000 segments per crystal ,
winch is impossible to achieve with nowadays teclmology .

It is possible to improve elle position resolution given by the crystal segmentation i f
one uses the information provided by the shape of the detector signal . In Ge detectors
the shape of the signal depends on the position of interaction ; thus, one can use (differen t
parameters of the pulse snap(' . such as its rise-tulle or the position and thea amplitude o f
its niaxin111I11, to extract the position of interaction. The algoritlnns developed for thi s
purpose a.t'e caned Pulse Shape Analysis (PSA) algorithms .

Ill this Chapter . we define the task of the PSA . Since the performance of all`' PS A

algorithm depends on the IllllllbeI' of interactions per segment . we determine the munber

of interactions from a simulation of a typical case for high spill galiinia spectroscopy :

cascades of galllllla-rays with large multiplicity. \\ re introduce our working tools : scan-
ning svstellls for the characterization of AC AZA detectors and slnllllatioil codes for the

response of segmented gerlllalliiilll detectors. We construct regular and optimized silllll-

lated buses of signals that \vlll he used to test our PSA method . NV(' finish by making a
brief description of the existing PSA algorltllills for AGATA .
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4.2 A simple example of PSA

Segmented detectors generate two kinds of signals :

- net ch(lTge signals in the segments which contain -y-interactions . Their amplitude i s
different frons zero, indicating a charge collection .

-
transient signals in all the other segments . These signals are non-zero only (luring
the charge collection, after which they return to zero ; their amplitude is significant
only in the segments that are near a hit segment, and is typically one order o f
magnitude smaller than that of t y le net charge signals .

The transient signals have different polarities as the interaction takes place hear th e
cathode or the anode : they are positive when the interaction point is close to the anode ,
negative when is close to the cathode, and oscillate around zero when i t is in between (Fig .
4 .1) . Also, their amplitude is larger in the segment to which the interaction is closer .

Fig. 4.1 shows an example of position determination with the AGATA crystal . The
signals produced by a single interaction in the crystal are represented in panels b) . The
interaction lias been simulated in segment El, at the position indicated in panel a) ; only
the net charge in El and the transient signals in DI and Fl are represented . The transien t
signal being negative, the interaction has to he closer to the cathode than to the anode .
The amplitude of the transient signal in F1 is larger than in DI, therefore the interactio n
is closer to Fl than to El .
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-0 .05
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Figure 4 .1 : Example of ISA 'with the AGATA crystal .

a) top view of the crystal; inteinetio nn of 1 Me V ,Om'alated in segment El .
b) net charge signal.' in segments El ; transient signals in D1 and F1 .

4.3 Definition of the PSA

The only information frons the detector consists in its signals . The task of the PSA is to
analyze these signals and extract the number of interactions, the position and the energ y
of each interaction .

Assuming only one interaction, its position can be found by comparing the (lete('to r
signal with a basis of reference signals, that give the response of the detector to singl e
interactions as a fllilction of the position of interaction .
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In the case of multiple interactions, the signals sum up: the signal produced in a
segment is the sum of the signals that would be produced by each individual interaction .
This property is known as the additivity of the signals. In this case, the PSA has t o
decompose the detector signal into a sum of individual signals corresponding to singl e
interactions . The following cases are possible :

- a net charge signal can be the sum of several net charge signals .

- a net charge signal can be the sum of a net and a transient signal .

- a transient signal can be the sum of several transient signals .

The task of the PSA is made more challenging by the fact that there is no a priori
information on the number of interactions .

4 .3 .1 The number of interactions to disentangle

The performance of any PSA algorithm depends on the number of interactions that hav e
to be disentangled per crystal and per segment . The number of interactions depend s
on the energy of the incident gamma-ray and on the gamma multiplicity (number o f
simultaneous photons) . The AGATA simulation code [Far04] was used to simulate typica l
events produced in the de-excitation of high spin nuclear states : cascades of 30 gamma -
rays from 80 keV to 2690 keV with a separation energy of 90 keV . This data was provided
by Araceli Lopez-Martens . The input of the code is the energy of the gamma rays in the
cascade, while the output is the position and the energy of each interaction point in th e
Ge detectors .

A characteristic of the detector is that the detector signal produced by a multipl e
interaction whose interaction points are situated close in space (5 nnm) can not be distin-
guished from the signal generated by a single interaction at the barycenter of the multipl e
interaction, and with energy equal to the total energy of the multiple interaction . Thus,
the number of interactions to disentangle by the PSA is smaller than the real number
of interactions. In order to evaluate it, the interaction points are usually packed on a 5
mini basis: if two interaction points are situated at a distance closer than 5 mm, they ar e
packed together into single interaction at an energy weighted average position .

We have calculated the number of interactions in two cases : with the original point s
issued from the AGATA simulation and with the points packed on a 5 ruin basis . Fig .
4 .2 shows the results . Although there are in average 3 .8 interactions per segment, after
packing the number of interactions is 1 .2. Also, when packing is considered, there are 2 . 1
interactions per crystal ; in average there are 1 .7 segments/crystal that contain gamm a
interactions .

An additional constraint is that the analysis has to be done in real-ting e . The specifica-
tions for AGATA are the following: the maxinnml computing time is 1 ms/event/cpu/crysta l
(10 uns for the AGATA Demonstrator) ; the position resolution lias to be lower than 5 mm .
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Figure 4 .2 : Distributions of the number of interactions produced by cascades of 30 gamma -
rays, in two cases : 'with the original interaction points and with the points packed on a 5
mm distance .
a) Number of interactions per segment .
b) Number of hit segments .
c) Number of interactions per crystal .
d) Number of hit crystals .

4 .3.2 Why on-line analysis ?

The data flow from the full array is too large to be stored for off-line analysis . In order
to reduce it, the PSA has to be run in real-time (which also facilitates the on-line mon-
itoring of the experiments) . Indeed, the sampling rate of the ADCs is 100 Msamples/s ,
the resulting data flow for a single crystal is of the order of a few Gbytes/s . Even if only
the first 50 samples of the signals were stored off-line (the charge collection time is less
than 500 ns), at an event rate of 50 kHz, this results in 180 Mbytes/s/crystal . This flow
is reduced by a factor of 60 by the PSA .

Another challenge for the PSA is the fact that the signal decomposition is not unique .
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4.3 .3 The decomposition of the signals is not uniqu e

This means that the same detector signals can pe produced by a single interaction, or by
a multiple interaction (of same total energy) .

V\7e illustrate this fact on an example. Fig. 4.3a) shows in two dimensions a sketch o f
a segment of the crystal . The detector (meta)signal produced by a single interaction at
the position indicated with the red disk is plotted in panel b) . The multiple interactio n
with the same total energy (represented in black) results in an almost identical signal .

As will be seen later, the fact that the solution is not unique creates a difficulty fo r
the determination of the number of hits .
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Figure 4 .3: Illustration to the fact the same detector signal can be produced by a singl e
interaction or by a multiple interaction, of same total energy .
a) sketch of a segment of the crystal ; single interaction (red) ; multiple interaction (black) .
The total energy is the same .
b) corresponding detector signals .

4.3 .4 PSA scheme

A scheme of the PSA is shown in Fig . 4 .4. The signals from the Ge crystal are digitalized ,
pre-processed, and sent to a main program, called dispatcher. This is a simple and fas t
program that has the task to determine the number of interactions, and possibly othe r
parameters such a the radial coordinate of the interaction point . This information is the n
sent to the most suitable PSA algorithm, which decomposes the signals using a basis o f

simulated signals .

We have seen that it is possible to do a rough localization by analyzing the polarit y

and amplitude of the transient, signals . In order to do a precise PSA, one has to know the

40
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response of the detector (its signals) to single interactions at any point in the Ge crystal .

Pulse Shape Analysis

Pre-processin gDigital Aquisition

Main
Progra m

(Dispatcher)

(x, y, z, E, t )

Simulate d
basis of signal s

Figure 4 .4 : Scheme of the PSA . The digitalized and preprocessed detector signals are sen t
to a main program (dispatcher) . The latter performs a simple analysis and sends th e
signals to the most appropriate PSA algorithm.

4 .4 The response of the detector

In order to decompose the signals, the PSA needs to know the response of the detector t o
single interactions . The response of the detector maps each point from the crystal volum e
to the corresponding detector signals, assuming a single interaction of given energy at
that point . Usually the response is obtained at the points of a grid that covers the volum e
of the crystal . The operation by which the response is obtained is called characterization
of the detector . The response is usually stored as a, basis of signals .

AGATA detectors are currently being characterized experimentally using scanning

systems based on the Compton scattering technique . Scanning systems exist at CSNS M
Orsay [Hauo4], at the University of Liverpool [DesO2} and GSI ITasOT] • The experimental
characterization is a slow process : several months are necessary for the scan of a sin-
gle crystal, and all crystals of the array have to be scanned. This is due to differences
in the manufacturing process (crystal shape and impurity concentration) . For this rea-
son, computer codes able to simulate the response of segmented Ge detectors are essential .

In the following, we describe the Orsay and the Liverpool scanning systems, and MGS,
which is one of the existing simulation codes, developed at Strasbourg (MGS) .
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.41 The experimental response of the detector

The principle of a scanning system

The principle of a scanning system based on the Compton scattering technique is th e
following. A strong collimated gamma source is placed in front of the Ge crystal (Fig .
4.5) . Photons of a few hundred keV interact usually several times with the crystal . In
order to select the single interaction events, the Ge detector is surrounded by collimated
scintillators (Nal or BGO) . The photons that undergo a single interaction in the Ge and
are Compton-scattered at 90° outside the crystal are selected by demanding coincidence s
Ge-scintillator, and by setting gates on the energies of the two detectors, whose vale s
are obtained from the Compton formula (Eq . 2 .3) . For example, the gates for 662 ke V
incident photons scattered at 90° are 374 keV for the Ge detector and 288 keV for the Nal .
The two-dhnensional position of the interaction is given by the position of the collimator s
of the gamma-ray source, while the longitudinal coordinate is obtained from the position
of the scintillator collimator . Thus charge signals corresponding to single interactions ar e
obtained with three-dimensional position information . A scanning table controllable by
software can move the gamma-ray source across the front face of the crystal, while th e
Ge detector can be moved along the beam axis, so that the entire volume can be scanned .
The 3D interaction points are called scanning points .

Ge

Figure 4 .5: Scheme of a scanning system based on the Compton-scattering .

The Liverpool scanning system

In order to be time-efficient, the set-up has six collimating depths, one in front of eac h
ring of the Ge detector, as shown in Fig . 4,6 . The Nal collimators are 1 .5 millimeter s
wide, except at the back of the detector where 3 millimeter collimators are used in orde r
to increase the coincidence probability . The gamma-ray source is a 920 MBq 'Cs (662
keV) . From the Compton formula, one obtains the energy of the scattered photon to b e
288 keV (gate on the Nal energy), and the energy of the interaction 374 keV (gate on th e
Ge energy) . The data acquisition system uses 10 GRT4 digital signal processing cards ( 4
channels, 14 bit, 80 MHz Flash ADC, dynamic range ±1V) [DesO2, Ne107J .
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1 mm Collimato r

920 M Bq Cs-137

Figure 4.6: Scheme of the Liverpool scanning system, with six collimating depths . Ge
detector (yellow), Pb collimators (grey) and scintillators (blue) /DimO6J .

The Orsay scanning system

An experimental device for the characterization of AGATA detectors has also been set-u p
at CSNSM Orsay (Fig. 4 .7) . The single interaction events are detected in coincidenc e
between the Ge detector and one of the 6 TOHR ' modules [Hau04] .

A TOHR module contains a Nal detector with an enhanced collimator . This one is
composed of a system of tungsten plates pierced by 200 ,um holes having a common foca l
point and which act like a many-slit (1600) collimator . The modules are positioned in a
compact semicircle around the Ge detector and are set to 'look' at the same focal point i n
the Ge detector. Thus, only incident photons scattered at the focal point can be detected
by the TOHR modules . This system has two advantages . The precise collimation allows
a good definition of the interaction point . On the other hand, it has been shown that i t
is time-efficient [Hau04] : the coincidence rate was simulated to be –, 400/hour near th e
front face of the detector and 10/hour at the back . The acquisition system uses 1 0
TNT2 cards with 4 channels. The TNT2 cards and the scanning table are controlled b y
a Narval software [GraO5] .

4 .4.2 Program to calculate signals produced by segmented Ge
detectors (MGS )

In this Thesis we have used the Multi-Geometry Simulation [MedO4] code developed at
IPHC, Strasbourg . In the following, we describe its principle . The response of the detecto r
depends on the motion of the charge carriers generated by the radiation inside the Ge
crystal, in the presence of a strong electric field and at low temperature (80 K) . The

lFrench acronym for High Resolution Tomograph
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Figure 4 .7: a) Schematic drawing of the scanning set-up for the characterization o f
A GATA detectors at CSNSM, Orsay: collimated beam of photons, Ge detector and 6
TOHR modules b) Scheme of the TOHR collimator, composed of a series of W plate s
which act like a "many slit collimator .

motion of the charge carriers can be deduced using techniques of Solid State Physics .

The potential and the electric fiel d

The first step is to calculate the electrostatic potential (x, y, z) inside the crystal fro m
the solution of the Poisson's equation :

v'2,cD = —_

p/e,

	

(4 .1 )

where p is the intrinsic space charge density ; e = er eo, with = 16 the relative electri c
permittivity of Ge and co = 8 .854 . 10- 12 F/m. Usually, the detector is fully depleted ,
so that there are no free charge carriers and the only spatial charge is created by th e
impurity ions. In this case, p is given at any point in the crystal by the density of th e
donor impurities, p = e ND (e is the electron charge) . 'The boundary conditions of th e
differential equation are that scl) has to be zero at the cathode and has to be equal to th e
depleting voltage at the anode .

The impurity concentration is known at only two points, at the center of the front fac e
and at the center of the back-end of the crystal . For the calculations, it is usually assume d
that ND is constant in a transversal plane and varies linearly along the longitudinal axis
of the crystal . Fig. 4 .8 shows an MGS plot of the impurity concentration . Here, the
values for the second symmetric AGATA detector have been used : ND = 0.51 x 10 10cm'
at the front-end, and ND = 1 .80 x 010cm-3 at the back-end.

Since an analytical solution of Eq. (4.1 ) exists only for the -true coaxial geometry, th e
equation. has to be solved ntnerically, Two algorithms are implemented : the Relaxation
[which lias a slow convergence rate but good . results, and SOR [Med04], which .
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Density of Impurities (x 10 1 °cm-3 )

x

Figure 4 .8: The density of impurities in the Ge crystal; ND is supposed to be constant i n
a transversal plane and to vary linearly in between the two ends .

has a fast convergence rate but tends to be stationary after a number of loops . MGS uses
SOR, then it switches automatically to Relaxation . The result of the calculation is shown
in Fig. 4,9 .

The electric field is calculated from the potential :

E = —V(D .

	

(4 .2 )

The drift velocity of the charge carriers

The drift velocities of the charge carriers depend on the magnitude of the electric fiel d
and on the temperature (see Section 2 .3 .2) . In germanium, at high electric field and low
temperature, the electric conductivity is anisotropic ; therefore the drift velocities depend
also on the direction of the electric field with respect to the crystal lattice ,

The drift velocities have been measured experimentally, for various temperatures an d
for electric fields applied parallel to the axes of the crystals . These measurements can b e
fitted to obtain the values along the crystal axes at any temperature and field. In order
to obtain the drift velocities for any orientation of the field, theoretical models for bot h
electrons and holes are necessary. MGS uses the model for the electrons developed by
Lucian Mihailescu [I'vlihOOl, MihOO2] and the model for the holes proposed recently b y
Bart Bruynel [BruO6] .

N

1 . 5

0 .5
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Figure 4 .9: MG'S plot of the electrostatic potential in the AGATA crystal, for a depleting
voltage of 5000 V.

Signal generation

The induced signals are deduced using the Ramo 's theorem (1939), which states that th e
charge Q and the current i induced on an electrode of a segmented detector by a movin g
charge q are given by :

Q = —q (Do(x)
(4.3 )i = qv Eo(x)

where x and y are the instantaneous position and velocity of the moving charge . The
quantities (Do and E 0 are called the weighting potential and the weighting field, respec-
tively. They are the electric potential and field that would exist at rd 's instantaneou s
position if the selected electrode is at unit potential, all other electrodes at the ground ,
and all charges removed [Meal] .

Hence, the trajectories of the moving charges are determined by the actual electri c
field, while the induced charge Q is determined by the weighting potentials . Fig 4 .1 0
shows a plot of the weighting potential of the segment A5 . The weighting potential i s
large in the selected segment, but also has a significative amplitude in the neighboring
segments in the rings above and beneath, which explains the existence of transient signal s

in these segments .
A. limitation of GS comes from the fact that the charge produced by the radiation i s

considered point-like, while in reality it has the shape of a cloud with a diameter of 1-2 mm .

We have shown how the response of the detector can be computed numerically. 'NIG S

allowed us to build a basis of reference signals .
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Figure 4 .10: Weighting potential, (Do (Volts), of a segment in the ring 5 of the crystal .

4.4 .3 Simulated basis of signal s

We have generated, using MGS, a basis of signals for the symmetric AGATA crystal, on
a one-millimeter grid (325 331 scanning points) . The signals are sampled at 1 ns . We
work with signals of 600 ns, which is sufficient to ensure that all the signals have reache d
their maximum amplitude .

The angle of anisotropy has been set to 40 0 with respect to the axis passing between
the segments E and D, to match the measured value for this capsule (see Fig . 4.11) .
The same figure shows a plot of the rise-time TNN of the core signal (time in nanosecond s
in which the signal rises from 10% to 90% of its maximum amplitude), in a transversa l
cross-section of the crystal, at z mm from the front-end . One can notice the effect o f
the anisotropy of the crystal on the rise-time ; the fast axis ilOOL is also represented .

We have constructed also sub-grids of 2, 3, 4, 5 and 6 nun, in order to test our PS A
algorithm with different grid sizes. Table 4 .1 shows their corresponding dimensions .

step
(rnrii)

n° of
points

32533 1
41090
12105

532 4
2589
1486

Table 4 .1 : Dimension of the regular bases of signals with steps of to 0 mm .
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Figure 4 .11 : Two-dimensional map of the rise-time T90 of the core signal, in nanoseconds .
One can notice the effect of the anisotropy of the crystal . The fast axis < 100 > is als o
shown .

4 .4A Interpolation of the detector response

For the validation of the different PSA algorithms, one needs to simulate tens of thousan d
of events, which is time consuming and results in large amounts of data . An alternative
solution is to interpolate the response of the detector using the one-millimeter referenc e
basis, which is fine enough for a precise result .

The charge signal S (Volts as a function of time) produced by an interaction is inter-
polated with basis signals Si at the closest points in the grid (usually 8) :

i a, i S i
S =

	

	 	 (4 .4 )
(i

The, coefficients (A i have been chosen to depend . inverse-proportionally to the distanc e
between the interaction position and the grid point : ai

	

1/d i .

4.4 .5 Simulation of the preamplifier respons e

To make the simulation of the detector signals more realistic, the effect of the charg e
preamplifier has to be considered . We have used the model of the preamplifier developed
by Michael Schlarb [SchO5] . The response function is fitted with :

85 i	
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+ (1 c)/c e- ) e- t / td
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where g is a gain factor, controls the rise-time of the response function, td the decay
time and c is a constant . The values fitted for AGATA preamplifiers are : b = 0.1675
(rise-time 18 .59 ns), td = 50 /Is, g

	

2000, c = 0.3021 .
The preamplified charge signal is obtained as a convolution of the current signal a t

the input of the preamplifier with the response function :

V(t)

	

J t -- t')R(t')dt' .

	

(4 .6)

4.4 .6 Effective segmentation of the crysta l

The segmentation of the cathode into 36 contacts creates in the crystal 36 active volume s
or effective segments . An effective segment is defined as the volume of the crystal whic h
is 'seen' by the saine cathode . Interactions inside an effective segment are always seen b y
the same cathode . The effective segments are different from the geometrical segments ,
defined by planes of equal z-value . As it will be seen later, the knowledge of the effective
segmentation is important for the PSA . Thus, we have deduced it using the MGS basi s
of signals (see Fig. 4.12) . We remark that the effective segmentation is different fro m
the geometrical one (see Section 3 .1 .1). For each interaction point in the basis, the hi t
segment was obtained as the one which has collected most of the charge — interactions
occurring in between the effective segments may share their energy .
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Figure 4 .12: Effective segmentation of the AGAT4 crystal as obtained with the

	

basis
of signals . The dotted lines represent the geometrical segmentation .
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4.5 Optimized bases of signals defined on irregular
grids

The perforlllance of any PSA algorithm depends 011 the basis of reference signals : the
number of scanning points determines the computing thele . while their distribution, th e
precision. The simplest choice are cubic grids, with steps between 1 and a few nnn . 011e

way to improve the performance is to optimize the distribution of the scanning points .
The aim is a better localization with the same dimension of the basis : or, equivalently, t o
have the Sallee precision with a smaller basis .

For that one can use the fact that, in the crystal, there are regions of low and hig h
position sensitivity . This quantity measures the variation of the shape of the signal wit h
respect to a small change of the position of interaction .

From the point of view of the PSA, the density of scanning points should be small
where the signals do not vary much with the position (and the sensitivity is low) ; the
contrary is true for the regions of high sensitivity.

In the following, we define the sensitivity and we visualize it as two-dimensional maps .
Filially, we present three different ideas to construct irregular grids .

4 .5 .1 The position sensitivity

The variation of the pulse shapes with respect to the position of interaction is anisotropic .
For this reason the sensitivity is defined as a vector: S = (Si., Sy, S,), where, for example ,
Sx measures the variation of the signal with respect to a small change along x of the
position of the interaction . As measure of the sensitivity, one can use the x 2 -difference
between pulses at the two positions, i .e. the sum of the squares of the differences a t
each sample normalized with a noise factor . Let qt,i (x, y, z) be the pulse shape induced in
segment i by all interaction at (x, y, z) ; we define vx as the quadratic difference of th e
pulses at (J . , y, z) and (x + &r, y . z), weighted by a factor a [G~eO3] :

(qt, (i, y, z) - gt,i(x + (5x,

	

z )) 2

t

	

2 a 2

The first sidle is performed along all the segments, while the second one is along the time
samples . Inside the crystal, S, . is defined as :

6:2;
S,r

u

while at the surface we d0 not, consider the average . The total sensitivity is :

S=

	

+Sy+(4.9 )

We have used Si = 1. Milli and u = 1% of the total charge (noise of standard deviatio n
5 keV for a flet charge of 500 keV) .
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Examples of pulse shapes

In the following, we give three examples of events in order to help understand the sen-
sitivity maps presented afterwards . Fig. 4.13 shows the signals produced by 1 v'Ie V
interactions at two positions : (60, 50, 5) mm and (60, 51, 5) mm, and which define th e
sensitivity along y at (60, 50, 5) . The right panel shows a top view of the crystal and th e
two interaction points in the segment A 1 . The signals induced in the hit segment and
its neighbors are shown: the first row of plots shows the signals in Al, B1 and F1 in the
first ring, while the second row shows the signals in A2, B2 and F2, in the second ring .
Since the net charges (in Al) and the transient signals have small differences, it follows
that Sy is small at this point (Sy = 3 .7) . Therefore, we expect the PSA to identify the y
coordinate of the interaction with relatively large error .

B1

	

Al

	

F1
detector geometr y

50 .5

	

10 0

0

a)
0)

r
o

-0 05

50 .5
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F2

	

X

0.0050 .005

o
50

	

10 0

Figure 4 .13: Charge signals produced by an interaction at (60, 50, 5), with continuou s
line, and (60, 51, 5), with. dashed line, used to calculate Sy . Only y the net chat 9e in A l
and the transient signals in the neighboring segments are shown, but the sensitivity wa s
calculated with all segments .

The second example shows pulse shapes produced at (60, 50, 5) and (61, 50, 5 )
defining the sensitivity along x at the sanie point as before (Fig . 4.14) . We can see
that the difference between the two sets of signals collies mainly from the net charge .
In this crise S, r = 9.3, which is 2.5 dines larger than S, (this means we expect a better,~
deterllliilation of the .i:-coordinate of the interaction point than of the y coordinate) . This
can 1.)e explained by the fact that, at, this point, l is equivalent to the radius (distanc e
to the center of the anode) and y to the azimuthal angle : .r -LE r, y = H. Thus, Sr . i s
mainly determined by the net charge, while S by the transient signals which are smal l
with respect to the net charge .
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Figure 4 .14 : Charge signals at (60, 50, 5) and (61, 50, 5) used to calculate ,5j, at th e

same point as before (please note the di erent scales) .
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Figure 4 .15: Chu--rye signals at (50, 70, 5) and (51, 70, 5) .

The last example is with two interac ions separated by one millimeter and situated ill
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different segments, at (50, 70, )) and (51, 70, 5), in El and F1 respectively (Fig . 4 .15) .
The net charge is in El for the first interaction, and in F1 for the second . In this case Sr
is very good (Sr 660), due to the segmentation .

Sensitivity maps

'We have calculated the sensitivity on a one-millimeter grid using the FIGS basis of signal s
and the Eqs . (4 .7-4 .9) . Fig . 4 .16 shows sensitivity slaps of Sr, Sy, Sti and S, in a
longitudinal secti0n of the crystal, through the center of the front face, at constant y . We
can see that, in general, the sensitivity is higher close to the segment border and lower a t
the center and outer part of the segments . At the segment border it is about two order s
of magnitude higher than at the interior . The color scale here covers only the range o f
the sensitivity at the interior of the segment .

The effective segmentation can be recognized as the 5 lines of very high sensitivity ;
the line at the back-end of the crystal is due to the shape of the electric field which cre-
ates a volume where the holes drift towards the passivated area and are îlot collected .
For this reason, a discontinuity in the variation of the net charge appears between th e
regions where the holes are collected or not, and is visualized as the line of high sensitivity.

In the following we present three algorithms for the definition of irregular grids .

4.5 .2 Irregular grid using zones of high and low sensitivit y

A simple idea is to divide the volume of the crystal into regions of high or low sensitivity.
Then we construct a cubic grid with a large step in the low sensitivity regions, and smal l
step for the high sensitivity.

Fig. 4 .17 shows an example : the steps are 2 mm (black) and 4 mm (blue) . One can
see that the density of points is in accordance with the sensitivity (Fig . 4 .16d) .

4.5 .3 Irregular grid using probabilitie s

A second idea is to start with the one-millimeter grid and define a probability to selec t
a point into the optimized basis proportional to the sensitivity. Using this definition, we
have found that the points are distributed too much towards the border of the segment s
and almost not at all in the center . This is due to the fact that the sensitivity at th e
ulterior of the segment is two orders of magnitude smaller than at segment border and i t
appears almost constant . This fact can be seen in Fig . 4.1 9, where the solid line is the
sensitivity norIilalized to one as a function of r .

For this reason we have defined a new sensitivity variable, S ' using the logarithm of
S . In order to have S' positive we take :

Y ,

	

log S'
S =	 — 1 ,

(log S )rni,r

where the factor (log S)1111rr is the iiiiiiiniuiii value of log S . In the saltie figure we have
plotted with dotted line S' for the sable line as before . We can see that S' shows iliore
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Figure 4 .17: Example of irregular grid with steps 2 mm (black) and 4 mm (blue) . Left :
transversal cross-section. Right: longitudinal cross-section .

variation at the interior of the segments . The optimized grids defined using S ' are called
in the following logarithmic probabilistic grids . An example is shown in Fig . 4.18 .

4®5®4 Irregular grid using x 2-rejection

The third idea is to eliminate from the regular basis the signals that are too much alike ,
i .e . their x2-difference is small . The algorithm consists in the following steps .

1. select a random point from the regular basis, move it into the optimized basis .

2. for all signals in the basis, compute the x 2-difference with the signal at the selecte d
point .

3. identify the corresponding scanning points which have the x2 smaller than a thresh -
old value (xD . This defines a volume called a bubble .

4. delete from the regular basis the points in the bubble .

5. repeat from the beginning until the regular basis is empty.

~. repeat from the beginning and chose the solution of minimum dimension .

A maximum radius of the bubble (d) can be imposed . Large values of d (1 cm) and
'ô imply a small number of points in the grid. An optimized basis defined in this way

has the following characteristics :

- the 2 between any two signals is larger than ~ .
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Figure 4 .20: Example of irregular grid using k2 -rejection .

- the \2 between the actual hit location and the most similar grid signal is lower than
2

- the dimension of the optimized basis is minimized .

Fig . 4 .20 shows an example . The average step is 3 mm (xô = 5 . 10-7 and d = 5 innl) .

Using these three ideas, we have defined the optimized bases (the parameters are liste d
ill Table 4.2) .

- one using zones of high and low sensitivity, The steps are 2 1x1111 and 4 mm.

- 6 probabilistic grids . Three of them use the sensitivity S and have average steps o f
2 nun, 3 1111x1 and 4 xain . Other three use S' .

- 2 grids using 2-rejection .

The average step) determines the ll.11lllber of points, which influences the speed of th e
PSA . For example, the basis with an average step of 2 111111 has as many points as the cubi c
2 nun basis, so that they have the saltie performance in terms of speed . The optimized
grils defined in this Section are tested ill Section 6 .1 .2 .

We have described how the basis of reference signals is optimized for the PSA . In
Order to test the various PSA algorithms, all experiment with the AC ATA prototype
tTiple-cluster ‘vas performed .
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Irregular grid Parameters Values of th e
parameters

Average ste p
(n1î11 )

irregular 2i11î11/4lllnl steps 2 nun / 4 mm 2. 5
prob. linear 2 illm threshold 2
prob. log 2 îl111 2
prol). linear 3 mill 0.3283 3
prob. log 3 Illin 0.0158 3
prob. linear 4 Illlll 0.1399 4
prob. log 4 111111 0.0068 4
N.2-rejection 2 nim \' / d 10-7 / 5 mm 2
'2-refection 3 mm 5 • 10-7/5 Illlll 3

Table 4 .2: Parameters of the various optimized grids .

4 .6 In-beam test of the AGATA prototype triple clus -
ter

An experiment with the AGATA prototype triple cluster was performed in August -
September 2005 at IKP K0111 [Rec07] . The reaction was 48Ti(d, p) 49Ti at 100 MeV beam
energy. The recoil velocity of the 49Tî ions was ii/c = 0 .06 - 0 .07 . The charged particles
were detected using a d0uble-sided silicon strip segmented detector . One of the goals of
the experiment was t0 compare the performances of the various PSA algorithms applie d
to the Doppler correction of the 1382 keV transition in 19Tî .

The AGATA detector was placed as close as possible to the target (10 cm), at 90°
with respect to the beam axis, in order to maximize the Doppler shift and to emphasize
the improvement in energy resolution obtained through PSA .

The various PSA algorithms currently being developed for AGATA are described i n
the next Section .

4.7 Existing PSA algorithms for AGATA
There are two types of PSA algorithms .

Analytical algorithms, find the solution by using characteristics of the signal, suc h
as the rise-tulle, or the asylllinetry between the transient . signals . Examples a :re
1\IINIBALL PSA [Ebe01] or Recursive Subtraction .

Optimization algorithms aie comparing the detector signal with a basis of refer-
ence signals . The detector signal is fitted using the basis of calculated signals .
The i)robl(111 is reduced to the minimization of a 111ultidimensi0nal function (figur e
of merit) . The following algorithms are using different optimization (minimiza-
tion) techniques : Adaptive Grid Search, Particle Swarm Optimization,. Genetic Al-
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goritllril, Matrix Method using `on-Negative Least-Squares, Sequential Quadrati c
Programming [Kuh02] .

The Wavelet Transform provides another representation of the signal, which can be use d
bV the different optimization algorithms .

Fig . 4.21 shows a scheme of the PSA with the various algorithms .

1 coup / cristal

Recherché sur Grille / Padou e

Réseaux des Neurones / Orsa y

Transformée en Odelettes I Orsay

1 coup / segment

Soustraction Récursive / Milan

	

Recherche sur Grille I Padoue

Optimisation par essaim de particules / Munich
Recherche Extensive sur Grille I Munich

Plusieurs coups / segmen t

Algorithme Génétique I Padoue, Legnano
Méthode Matricielle I Orsay

Figure 4 .21 : Existing PSA algorithms for A GATA .

Recursive Subtraction (RS )

Recursive Subtraction is an analytical algorithm for the determination of the number o f
interaction points in a segment and their radial coordinates, being designed as a preproces s
(dispatcher) for a more sophisticated PSA algorithm [CreO7J . It is based on the comparison
of the current signal from the segments containing a net, charge with the signals from a
calculated basis . The algorithm uses the fact that the detector signal is a sum of two
contributions: from the movement of the drifting holes and from the movement of the
drifting electrons . When the movement of either electrons or holes stops, a peak appeal' s
in the current signal . Thus the number of interactions is proporti0llal to the Humber of
peaks in the signal, while the position of the peaks gives the radial position of interaction .
Ille algorithm first identifies the temporal position of the peak in the measured signal ;
a coIllparison is (folle in a time interval around the center of the 1)(Ik with the basis of
calculated signals and the signal of the basis that fits the most is subtracted from the
measured signals . This process continues iuitil the energy 'eight i s

Conclusions and I)eitOrrrra'nce . RS is a fast a.lgoritlil11 for the determination of th e
radial coordinate and number of lilts . It is able to decompose any ininlber of interactions .

Aiguilleur
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The efficiency for the correct determination of the radial coordinate and of the number o f
hits ranges 72%-93% as a function of the complexity of the event . The computing time i s
proportional with the number of interaction searched . The algoritlln was applied to th e
decolilpOsition of the signals from the Koln experiiilent and the decomposition time pe r
event was measured to be 0 .1 to 0 .4 Ills, for events with two and three interactions pe r
segment, respectively [Cre07] .

Adaptive Grid Search (AGS )

Adaptive Grid Search is an optimization algorithm [VenUS] . The basic idea is to start by
making a systeiilatic comparison (full-grid search) of the detector signal with the basi s
signals, i .e. two search for the best signal in the basis that minimizes the x 2-difference .
When two interactions per segment are searched, the best linear combination of two basi s
signals is searched . In order to make the algorithm efficient, two ideas are implemented : a
first search is done on a rough (large-step) grid and the voxel containing an energy deposi t
is identified . Then a search on a fine grid is done only in this voxel (adaptive grid search) .
The second idea is valid only in the case of segment multiplicity one : a feature parameter
is assigned to the signals of the detector (net charge and induced signals) as a functio n
of the asymmetry of the induced signals . The calculated basis of signals is sorted as a
function of the feature . The feature of the measured event is calculated and the search i n
the basis is performed only on an interval around the feature (feature search - FS) . Also
a fast binary search algorithm (BS) is implemented for the case of segment multiplicit y
one

Conclusions and performance . The algorithm may search one or two interaction point s
per segment . The algorithm was applied to the decomposition of the signals from the K61 n
experiment with the triple-cluster, and the position resolution was obtained to be less tha n
S rum . The decomposition tirile per event is 0.17 ils, in the case of the events with singl e
interactions per crystal (AGS - BS algorithm) and 0 .5 ms in the case of the analysis o f
all the events (AGS - FS) [VeïiOS] .

Genetic Algorithm (GA )

The Genetic Algorithm is another optimization method and is inspired by evolutionar y
biology. The algorithm is exploring the evolution of a population over litany generations .
The potential solutions are coded into all initial population . each member of the popula-
tion (chromosome) being coded as a, string of bits . Then a fit'nes value is associated to

each member of the population, as a function of how good that solution is . A ,Selection i s
applied to the initial population as a function of the fitness : each member is copied or not
into the next population with a probability proportional to its fitness . The chroinosolile s
with a high fitness value are copied several times iii order to conserve the dimension of th e

population . The resulting population is then recombined: random pairs of chromosome s
exchange their bits - for example the pair of chromosomes (1111 and 0000) may become

(1 -100 and 0011) ; and mutated: with a low probability, (ile of the 1)its of a chromosome s

can be changed . This process is repeated iteratively .
In our case, a chromosome is

	

possible event in the detector, i .e . one or several
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interactions, each defined in terms of position and energy deposit [KroO6] . A fitness value
is associated to each solution as a function of h0w good it reproduces the pleasured signa l
and the population is selected, recombined and mutated . In the algorithm no assumption
is clone on the number of interactions, so that it call find also the number of interactions .

Conclusions and performance . The algorithm can deal with any type of event . It may
determine the interaction points as well as the number of interactions . The performance s
obtained with simulated test signals are the following : the ninllber of interactions i s
identified correctly with an efficiency of 83% and the positional error is 2 .5 to 5 .4 mm
[Kr60G] . The decomposition time per event is of the order of 1 s .

Particle Swarm Optimization (PSO )

The idea of this optimization algorithm is relatively new (1995) and is taken from the way
flocks of birds are searching for food [Ken0l] . Each bird is itself looking for food inde-
pendently, but, in the same time, it looks at its neighbors if they have found something ;
there is no leader of the flock . In the algorithm [Sch05], the birds are abstract particles ,
that are characterized by a position X t = (x, y, z, E)t in the search space which is given
by the position of interaction and the corresponding energy . A particle can move through
the search space with a velocity v. , which is updated at each iteration, the aim being t o
find the global minimum of the function to minimize . Each particle remembers its best
position P from the past, i .e. that with the minimum x2 ; at each iteration it asks their
neighbors for their best position Pn . The equations of movement are :

Vt+1 = x

	

Vt + ci . r i ( P — Xt )
+ C 2 .r2 . (Pn —Xt ) }

X t+1 = X t +V t+1 . Ot

where ci, C2 are constants that control the movement of the particles, 'r'i, r2 are two
random numbers from (0, 1) and x reduces the velocities of the particles with increasin g
number of iterations, in order to allow a finer and finer search .

Conclusions and performance . The algorithm was tested with simulated single inter -
actions / crystal and with single interactions / segment . The algorithm is very fast for
the analysis of the single interactions / segment (0 .2 Ins), case in which the mean posi-
tional error is 1 .7 - 3 .5 mill ; in the case of the double-interaction events (1 interaction
segment), the computing time is 2 ills and the Ineail positional error is 2 .2 - 4 Ills [

Wavelet Transform (WLT )

The Wavelet Transform is a generalization of the Fourier Transform, that provides a
tulle-frequency representation of the signal . The advantage of the wavelet representation
is that it provides information not only on the frequency of the signal, but also on th e
tulle; this fact can be used for example to detect discontinuities in temporal signals . The
wavelet coefficients are obtained simply by a convolution of the detector signal with a
filter, which implies fast computing tintes .

A study of the use of the Wavelet Decomposition for the localization of single inter-
actions was (lone 111 [AGA06] . The basis of calculated signals and the detector signals
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is trailsf()1'liled and the localization if done by computing the 111ininniii1 :2 between the
detector signal and each signal in the basis . An optimization has been (î011e using differen t
wavelet functions .

Another idea for snaking the algorithm (full grid-search) efficient is to perforin a binary-
search [BecO7] . The signals are transformed into a series of bits : the positive coefficient s
are set to 1 and the negative coefficients to O . The search is done using the Hamming
distance, which gives the number of bits that are (liferent . The signals in the basis wit h
Illinillluill Hamming distance define a cloud of points, its gravity center giving the positio n
of interaction .

Conclusions (1,71,(1 performance . Both algorithms are adapted for the case of singl e
interactions / crystal . The decomposition time per event for the second algorithm wa s
measured to be 0 .1 ins, with simulated events . The accuracies on the determination o f
the coordinates of the interaction points are : x ± 0.6 mill, y + 1 mill, z ti + O . ( mm
[BecO7] .

Artificial Neural Networks (ANN )

Artificial Neuronal Networks are programs that imitate the structure of the nervous sys-
tem . A Neural Network is composed of a collection of nodes or neurones (cells of th e
nervous system) which are interconnected by hiles or synapses . A parameter is associated
to each line, describing the strength of the coinfection . The nodes are organized in layers ,
there is an input layer, intermediate layers, and an output layers. The input (lata is in-
troduced at the input layer, the data is processed from one layer to the next as a functio n
of the parameters, instil the output layer . A neural network is firstly trained with known
input and output data, i .e . the values of the variables are fitted so that certain input dat a
produces the desired output .

Conclusions and pe7'f o'r'mance . Neural Networks have been found adapted for the
(leterhi1ilatiUn of the iiuniber of interactions, and for the localization of the single inter-
actions/crystal [DiaOS] .

Matrix Method (MM )

The detector signal is decomposed into a basis of calculated signals .Tlle problem is reduced
to a large system of linear equations, which is solved in the least-squares sense . We have
tested several minimization techniques, thll'C'e of vliich are (les('i'lbed in this Thesis : Non
Negative Least-Squares ( . NLS) [La\v95] .Elimination (developed by ourselves) . which are
based mainly on matrix iilversioll, and Backtraculg [Dés96] . which is ail iterative 111('th0(1 .

Conclusions and pe,joi nnan,ce . This method is able to analyze any type of event . The
computing time pet' decomposition is 5 ills for single interactions per crystal . using the

5 111111 grid : the mean positional error ill this ('ase is 2 .7 iiiiii ; using the 2 mm grid the
positional error is 2 .1 While the ('Onlpliting time is 2-10) ills . In the case of the doubl e
interactions in two neighboring segments . the computing t1111e is less than 1 s, and th e
positional error is 4-5 nun .
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4.8 Conclusions
In this Chapter, we have introduced the concept of the Pulse Shape Analysis . We have
shown how the response of the detector is obtained, experimentally and by simulation .
The response of the detector is used to calculate the position sensitivity of the crystal ,
which allowed us to define optimized bases of signals for the PSA . The performances
obtained with the regular and optimized bases of signals will be presented in Section
6 .1 .2 . Finally, we have given a short description of the various PSA algorithm bein g
developed for AGATA, and of t y le experiment with the AGATA prototype triple-cluster ,
before introducing the Matrix NIethod, in the following Chapter .



Chapter 5

The Matrix Method

5 .1 Introduction

The Matrix Method is a Pulse Shape Analysis method for segmented Ge detectors. The
method consists in fitting linearly the detector signal with a set of calculated signals
(basis functions) . In other words, a linear combination of the basis functions is searched
that approximates best the detector signal . This can be done since the detector signal s
are additive: the signal generated in a segment by a multiple interaction is the suai of
the signals that would be produced by each of the individual interactions . The number
of fit parameters is thus equal to the number of basis functions, and is of the order
of a few hundreds . The problem is reduced to the minimization with constraints of
a Illultidinlensional function that expresses the quality of the fit [01a04, O1a05, DésO5 ,
Ola06] .

An event in the Ge detector results in 36 + - 1 charge signals, the useful informatio n
being contained only by the net charges and their neighbors . We store all this informatio n
in the form of a single vector or discrete function called rn-etaszg'nal, which contains the
discrete samples of the net charge signals followed by the samples of the first transient
signal, the second, and so ont . In the first two Sections examples of such metasignals ar e
S11OWI1 . We define next the linear system of equations resulting by the developing of th e
detector inetaslgnal in the basis of reference metasignals . Since this linear system has
generally no exact solution, a solution in the least . squares sense in searched. From this
solution the interaction points and energies can be extracted .

These ideas are used by all the optimization algorithms (see Section 4 .Î) . The origina l
paI't; of the :Matrix Method is int the optimization algorithms . We have tested three mini-
mization algorithms : Noll ;Negative Least-Squares [Law95], Elimination and Backtracin g
[Dés9G] .

Filially we have studied the possibility to reduce the size of the reference matrice s
using the Singular Value Decomposition . This is a theorem from Linear Algebra havin g
Illally applications, one of them being to l'edll('e the size of two-dimensional matrices ,
while preserving the 'important' information .
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5 .2 The basis signals

we have described in Section 4 .4 .3 how the basis of siniulated signals is constructed . This
global basis is processed in the following way. The charge signals are downsampled to 1 0
Ils in order to match the sampling rate of the ADCs. They are normalized to 1 (the energy
is normalized to 1) . The basis of reference functions contains the 37 signals for each scan
point . From these signals, Only the net charge and a few transient signals contain usefu l
information . With these signals we form a single discrete function, that contains th e
samples of the net charge signal, followed by the samples of the first transient signal, o f
the second, and so on . We call this kind of function a metasignal (see Fig. 5.1) .

In the following two examples of basis metasignals are given .

El

b) o

Al

	

F1

0

	

60 0

	

60 0
time (10 ns)

-0 .5

60

60

F2

0
C)

	

Metasignal

120

	

180

	

240

time (10 ns )

Figure 5.1 : Example of basis n ietasignal with only the closest 'neighbors . Single interac-
tion .
a.) geometry of the crystal, grid points in F1 and a selected grid point .
b) charge signals produced by an interaction, at the selected grid point irz F1 .
c) resulting rnetasigna,l.

o 60
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Example of basis metasignal for the analysis of an event wit h
segment multiplicity one

If the segment multiplicity is one (one hit segment/crystal), the metasignals are con-
structed using the net charge signal and its neighbors . Fig. 5 .1 shows a first example . If
the hit segment is FI, then the grid points have to cover the volume of this segment (pane l
a) . The basis signals corresponding to the selected grid point are plotted. in panel b) (only
the hit segment and its closest neighbors) ; the resulting metasignal is shown in panel c) .
The dimension of the metasignal is 240 (60 samples/signal x 4 segments) . In the figur e
only the closest neighboring segments have been considered, but more neighbors can b e
used . It is important to order the segments always in the same way, in order to be abl e
to evaluate differences in the shape of the signals .

Example of basis metasignal for the analysis of an event wit h
segment multiplicity two

If two segments are hit simultaneously, the grid on which the basis is constructed has t o
cover the volume of the two hit segments ; the basis metasignals have to be constructe d
using the two net charges and the two sets of neighbors . Fig. 5 .2 shows an example . The
grid points in the two hit segments El and Fl are represented in panel a) . The panels b )

b) basis metasignal from F 1
o

	

Al

	

Fl

	

El

	

D1

	

E2

	

F 2

-1

c) basis metasignal from E l

	 ,

	

— ,
(I) `measured' metasigna l

C)
-0

120

	

180

	

240

	

300

	

36 0

time (10 ns)

Figure

	

Example of metasignals 'involved in the anal'ysis of a double interaction .

a) geometry of the crystal, grid points in the two hit segments (El and Fl) .
b) basis Tnetasignal corresponding to the selected grid point in Fl .
c) basis metasignal corresponding to the selected grid point in El .
d) detector metasignal produced by a double interaction, I MeV in El and t Me V in Fl ,
at the same selected points .

o

	

60

....... .........
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and c) show respectively a basis metasignal from segment El and Fl, at the selected gri d
points .

5 .3 The detector signals

The detector signals have to be processed in the same way as the basis signals . Therefore
they have to be constructed with the same segment signals and in the same order as th e
basis functions . Fig. 5.2d) shows an example. The event, is a double interaction : one
interaction of MeV in El and one interaction of 1 MeV in Fl, at the selected positions .
The order of the segments is the same as used for the construction of the basis metasignals .
We can see that the detector metasignal can be decomposed as the sum of the two basi s
metasignals .

5 .4 Linear system of equation s

We denote by S the detector metasignal and by M1, M2, Mn the basis metasignals ,
corresponding to the grid points i = 1, 2, . . . , n . The variables S and Mi are vectors o f
dimension equal to the number of samples of the metasignal : Mi (Mli , M2i, ` , Mmi )
and S = (S i , S2 , . . . , Sin ) ; thus, Mji is the jui sample of the basis metasignal at the gri d
point i . The fact that S is fitted linearly with the functions Mi is written as:

S = X1

	

+ X2 M2 + + Xn Mn .

	

(5 .1 )

The scalars Xi are unknowns and they represent our fit parameters ; Xi expresses th e
contribution of the basis function Mi to the fit of S . If S and Mi are normalized to one ,
then Xi represents the fraction of the total energy that is deposited at the grid point i .
Since the scalars Xi have significance of energy, we are interested in a positive solution .
Eq. (5 .1) is a linear system with m equations and n unknowns that can be written iii a
developed manner :

MllX l + -H 1 .2X2

	

° + M1i-An
M2 1 X 1 + M2 2 -X-2

	

+ m2nx,,

MmlXj + it/im2X2 + " + AlrnnXn = Sm .

If we define the vector X = (X i , X2, ° Xn) and the matrix M( , nx o so that the column
i of M is the vector Mi , then the system can be written in a. matrix form as :

MX S,

	

(5.3)

The size of the system of equations depends on the number of basis functions, n ,
(number of unknowns) and on the number of samples of the metasignal, 'rn (number of
equations) . In order to have an idea of the size of the system of equations, we give it i n
Table 5 .1 for grid steps of 2 up to 6 mai . This example is only for the analysis of event s
with segment multiplicity one . The basis metasignal of a segment in the first ring of th e
detector has 360 samples, with respect to 540 for the segment in the 5 ' ring), since a

=
= S2
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6 1

grid step (inni) Samples x grid point s
1 s1

	

l'lllg 5th ring
6 240 (360) x 25 300 (540)x 4 9
J 240 (360) x 45 300 (540)x 7 6
4 240 (360) x 78 300 (540)x 176
3 240 (360) x 188 300 (540)x 45 1
2 240 (360) x 602 300 (540)x 1436

Table 5 .1 : Dimension of the system of equations ('number of equations x number of un-
knowns) as a function of the grid size and for two differen t erent segments, one in the first rin g
of the detector, and one in the 5c11 ring. These values are only for the analysis of event s
with segment multiplicity one . The number of samples is given in two cases: 'when only th e
closest neighbors are considered and when all neighbors are considered (in parentheses) .

segment in the first ring has only 5 direct neighbors . Also the number of unknowns i s
larger for the segment in the 5 th ring since the volume of the segment is larger .

5 .5 Least-squares minimization with constraint s

In general, the system (5 .2) does not have an exact solution. This is due to various
noises and to the fact that the simulated signals do not reproduce exactly the detecto r
signals . Thus a solution in the least-squares sense has to be searched, i .e . a solution which
minimizes the difference between the detector signal and its fit :

, X2, . . .X11,) _ (Xi M i +X2 M2+ . . . +Xn Mn ) 1 2 =11 S — M X

The problem is reduced to the minimization of a multidimensional function, called Resid-
ual function, with the constraint of a positive solution . The vector X. that minimizes R
will be called solution of the least-squares problem . If X is a solution, then M X is the
fit of S .

The (detector signal S is affected by errors such as electronic noise and tulle - ,Jitter . The
noise from the tmie-,Jitter is not the smile for all the time-Samples and this fact can b e
taken into account defining a new residual function R ' that weighs the tulle-samples o f
the detector signal as a function of the uncertainty Oil each channel . If we denote by O j
tile uncertainty on the 1(h sample of S one can minimize [AGA06] :

R' (X1, -V2 . . . .
r n

~rl

2

	

(5 .5 )



62

	

CHAPTER 5 . THE MATRIX METHO D

5 .6 How to obtain the position of the interaction ?
We assume that the Residual function R has been minimized and a solution X has bee n
obtained . Irl the following we explain how to calculate the position of interaction from
the solution .

5 .6 .1 Single interactions

The components Xi of the solution vector have significance of energy deposited at th e
corresponding grid points . Usually an interaction will result lis a cloud of energy deposit s
X i spread around the interaction point . If we assume a single interaction, the bary'center
of the energy deposits gives its position :

E .(X l r) Xr
G=	 _

Ei Xi

	

E

where ri is the position of the grid point i, and E = 1 is the normalized energy of th e
interaction .

Example of localization in two dimensions

This example is in two dimensions, i .e . the interaction and the grid points are all in the
same plane of the crystal . It is only meant to illustrate how the method works, the result s
obtained here in terms of positional error having no relevance . The detector nletasignal S
(Fig. 5.3a) corresponds to a single interaction in segment F1 (unit energy), at the position
indicated 111 the saine figure. The solution vector X has been found using the 4 min basi s
of calculated signals and a minimization algorithm that will be explained further (NLS) .
The fit signal, M X, is also represented in panel a) . We can see that it reproduces very
well the detector signal S . In panel b) the solution vector is represented, the value of th e
component Xi as a function of the index i of the grid point . In this case the grid has 2 4
points. hence X has the sanie nlunber of components . we can notice that the majorit y
of them are zero and S is fitted with mainly 2 basis functions . In order to visualize the
solution, ln panel c) the saule solution is represented but superimposed on the grid : at the
grid point i the value of Xi is represented by a disk of aria proportional to the coefficient, .
The position of interaction (seduced from Eq. (5.6) is also represented . In this case, th e
positional error is less than 1 n1I11 . We observe that the positional error is smaller tha n
the grid step, which is specific to the Matrix Method and is male possible by the fac t
that we are interpolating between grid points .

5 .6 .2 Double interaction in neighboring segment s

\\e suppose w (zeal with a double interaction 111 two neighboring segments, of energie s
El and E Then the solution vector contains 2 parts :

X l
X=

X2
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where the vector Xl corresponds to the first segment and has as many components a s
grid points in this segment ; the vector X2 corresponds to the second segment . Then, for
each set of components, the position of interaction is calculated in the same way as in Eq .

(5.6) :
r i 2 r 2

1 =

	

andG2
El

	

E2

Fig. 5.4 shows an example of position determination with a double interaction in El an d
Fl, of the same energy. The detector signal S is plotted in red in panel a) . The grid
points in the two segments and the position of each interaction are shown in panel e) .
The signals corresponding to the single interactions are also plotted in panels b) and c) ,
in order to illustrate the property of additivity of the signals . The resulting solution X

is represented in panel d) . The first part of X corresponds to El, the second to Fl . The
positions of interaction found from Eq. (5 .8) are also plotted on panel e) . In this case ,

the positional errors are 4 .1 mm for the interaction in F1 and 2 .0 mm for the interactio n

(5 .8 )

,	 " ' .

,. ..
detector signa l

--a= fi t

Figure 5,3 Example of position determination with, a single interaction in the Ce crystal .

a) detector metasignal S and its fit M X .

b) solution X .
c) solution IrpTrSented on the grid points (the surfaces of the disks are proportional t o

the Xi) .

120
time (10 ns)

180

true position

found position

component of X

240
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in El .

5 .6 .3 Multiple interactions in a segment

In general, there might be several interactions in a segment . When minimizing the Resid-
ual function (5 .4), a distribution (cloud) of energy deposits Xi is obtained, which should
be clusterized around the interaction points. If we suppose the energy deposits cluster-
ized, then the number of interactions in the segment is equal to the number of clusters ;
the position of each interaction is the barycenter of the corresponding cluster ; the energy
of interaction is the total energy of the cluster .

We have used the K-means algorithm [Har75], which is a method to clusterize group s
of points to which a weight is assigned (mass) . The aim is to minimize the moment of
inertia of each cluster (the sum of the squares of the distances between the center of th e
cluster and each point in the cluster, weighted with the mass) . In our case the points t o
clusterize are the grid points, and the weights are the energy deposits This metho d
needs as input the number of clusters, which means that the number of interactions is no t
deduced by the algorithm and has to be known a priori. The algorithm is the following :

1. to each cluster is assigned a variable 'center of the cluster' (the center of the cluster
is the position of the interaction) . The centers are initialized with random positions ;

2. clusters are defined in the following way: for each point, the distance to the centers
is evaluated ; the clusters are the sets of points with minimum distance to one center .

3. the barycenter of each cluster is computed, the variable 'center of the cluster' is se t
to this new value ;

4. if the clusters have been modified at the step 3, then repeat from step 2 .

Fig. 5.5 shows an illustration of the algorithm, in two dimensions . We suppose we dea l
with a double interaction in one segment, and the minimization of the Residual functio n
resulted in the distribution of energy deposits shown in panel a) . The aim is two search
two clusters . The centers of the clusters (represented with +) are initialized with random
positions (panel a) . The points are separated into two clusters (red and blue) as a functio n
of their distance to the two centers of the cluster (panel b) . The centers are recalculated
and their positions are updated (panel c) . This process is repeated a second time (pane l
c) . The configuration d) is stationary .

5 .7 Minimizing algorithms
In the following, we present three minimizing algorithms that we have tested . The aim
is to find a positive solution in the least square sense X (X i , X2 , . X,i ) of the linear
system (5.2) . Or equivalently, to minimize the Residual function (5.4) .
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Figure 5 .4 Example in two dimensions of position determination 'with (Ï do'uble interac-
tion : one interaction in El and one in Ri, of the same energy .
a) detector signal (red) and its it (black) .
b) detector signal corresponding to the single interaction in .Fl .

c) detector signal corresponding to the single interaction in El .
d) resulting solution.
e) geometry of the detector grid points in
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Mÿ:

c.) d)

Figure 5.5: Illustration of the K-means algorithm. Evolution of the clusters .
a) initial configuration (uriclusterized) and initial positions of the centers (+) .
b) first iteration: two clusters are formed.
c) first iteration : the center of each cluster is updated .
d) second and final configuration (stable) .

5 .7.1. Non-Negative Least-Squares (NNLS )

Non-Negative Least-Squares was introduced by Charles Lawson and Richard Hanson i n
1974. This algorithm has two advantages . It is fast and the solution has the minimu m
number of non-zero components . This means the detector signal is fitted with a minimu m
number of basis functions .

Before describing the algorithm [Law95], we need the following :

1. Definition : R(X) = ~~ MX — S 12. The algorithm needs to evaluate the gradient
vector of R at a point Xo . It can be shown easily [Law95] that the gradient can be
written as :

w Mt (M X0 — S),

	

(5 .9)

where Mt is the transpose of M and w is the gradient vector .

2. Theorem that establishes whether a vector Xo is a solution . Let X0 be a vector
with positive or zero components . Let P be the set of indices corresponding t o
non-negative components of Xo and Z the set of indices corresponding to zer o
components. Then the following theorem holds :

X0 is a solution i
w i = 0 for i E P
wi > 0 for i E Z (5 .10)
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3 . Dei'rl'Ztiori : if P is a subset of the set of the indices 1,2 . . . rr then we (eNote Mp

tile matrix ru x n defined by .

coltuiiu i of M if i P
Mn

	

Oifi,E Z

Preliminary description of NNL S

The positive solution of the least-squares problem is searched iteratively . At each iteration
an unconstrained least-squares problem is solved. The idea is to construct a subse t
of the indices 1, 2, . . . n in such a way that when solving without constraints the least -
squares subproblem M-pX Tp = S, a positive solution is obtained . Solving this subproblem
determines only the components of X indexed in 'P; the other components are set to zero .
The algorithm starts with an empty set P . At each iteration it enlarges 'P by adding a
new index to the existing set of indices, which corresponds to the niaxilnllm gradient o f
the Residual function (niost negative component of the gradient vector w) . This is done
until the solution of the subproblem is a solution of the global problem .

Detailed description of NNL S

We are given initially a in. x n matrix M and the rn—vector S . The n-vector w is the
gradient vector. The sets P and 2 are index sets and are modified during the algorithm .
The variables l , i indexed in 2 are hold at the value zero . Variables indexed in the se t
are free to take valises different from zero . The algorithm consists in the following steps :

1. initialization: set X = (0, O . . . .0),'P = the empty set, 2 = 1, 2, . . . r7 .

2. compute the gradient vector at X, using Eq . (5 .9) .

3. test if X is a. solution of the constrained problem, using the theorem stated previ-
ously : if all the components of the gradient vector w indexed in 3 are positive, o r
if the set Z is empty then go to step 7

4. add another index to the the set P, taking into account the gradient vector : flied
the index t E 2 such that the gradient vector -w t is maximum .

5. move the index t frons set 2 to set P .

6. ('olllpllte the solution X of tale least-squares problem without constraints MpX = S ,
where M-p was defined in Eq. (5.11) . Only the ('olllpollellts Ni.that are indexed in
'P are determined by this problem . Set .l~ = o for 1 E 2 . Repeat from step 2 .

7. end of the algorithm .

Ill the following . We (1escril)(' other tested minimization method .

(5 .11)
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5 .7 .2 Backtracing

Backtracing is an iterative method first implemented by Pierre Désesquelles [Dés96] . The
algorithm starts with a trial solution X° and uses the iterative relation :

i S~

p l i 1 ~'I~i -
(5.12)

ni

where Xk is the solution at the iteration k .
Fig . 5 .6 shows an example of convergence of the backtracing procedure . The detector

signal corresponds to a single interaction . In this case about 2000 iterations are neces-
sary for both the residual (panel a) and the positional error (panel b) to reach a stead y
minimum . The positional error is in this case 1 .5 mm; using NNLS it is 1 .2 mm .

This method has two disadvantages . The rate of convergence is slow, which implies a
large computing time .

0 . 6

g 0 . 4

0.2

10 310 2

4 r __

E
E
— 31-

10 102

	

103
iteration number

41 0

Figure 5.6: Convergence of the Rackt'racing procedure .
a) plot of the residual defined in Eq . (5.4) as a function of the iteration number.
b) plot of the positional error ; the dotted line represents the result obtained 'using NNLS.
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5 .7.3 Elimination

The aim is to obtain a positive solution of the linear system of equations (5 .2) . The idea
of the algorithm is the following : the system is solved without constraints, the component
of the solution with the largest negative amplitude is identified and removed from th e
system of equation . This process is repeated until a positive solution is obtained . Thus ,
at the first, iteration the size of the system is (w., 11), at the second ( m, n-1), at the third
(r1), rl-2) and so on. Since the size of the initial matrix is large, this algorithm tends t o
1)e tulle-consuming .

5 .8 Implementation and optimizatio n
we have implemented the Matrix Method in both C++ and Matlab. Since the develop-
ment of the code is faster in Matlab, we have chosen this environment for the validation
of our PSA method . In Matlab the low level functions are optimized, so that this envi-
ronment is also time efficient .

5 .8 .1 Optimization of NNL S

We have optimized the Nlatlab implementation of NNLS it in the following way :

- the unconstrained least-squares problem at step 6 of the algorithm (Section 5.7 .1 )
is solved by the Matlab implementation using SVD [MAT02, R ECO2] . We have
replaced it by a QR decomposition [RECO2], which is faster ;

- the matrix M7 defined in Eq. (5 .11) has many columns that contain only zeros an d
which do not contribute to the solution . We work instead with a reduced matri x
containing only the non-zero columns . This reduced matrix determines only elle
components of X indexed in P, i .e . Xp . The other components are set to zero .

In this way we have gained more tliail a factor 100 in computing time .

5 .8 .2 Adaptive Grid

In or(ler to optimize the computing time. an adaptive grid was implemented for the C+ +
version of the Matrix Method by Joa L ,luligvall . The idea is to snake a first minimizatio n
using a large grid (5 nim) . This is followed by a second minimization on a fine grid (2 Midi )

only on talle ' regions of interest
,
. 'These regions of interest are obtained in the followin g

way: t lie cloud of energy deposits found in the first minimization defines a principa l
axis of inertia . Vils axis defines a cylinder, whose radius is chosen so that the secon d
minimization is done on about one third of the volume . We have tested this adaptive gri d
\vitll simulated single interactions and the results are presented in Section 6 .1 .4 .
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5 .9 Singular Value Decomposition for reducing th e
matrix size

This matrix M containing the reference data may contain redundant data . Silice the
computing time per decomposition increases (quickly with the size of the matrix, it i s
important to reduce the size of the matrices as much as possible . One way to reduc e
the size of a matrix, lnininlizing the loss of information, is to use the Singular Valu e
Decomposition (SVD) [RECO2} .

SVD is a method to decompose any matrix into a product of three matrices wit h
the property that the first and the last one are unitary, and the matrix in the middle i s
diagonal :

M = UWVt , (5.13)

where M is ru x n, U is rn x n , V is n, x ri . V t is the transposed matrix of V an d
/ '1L' 1

	

0

'W2

. The diagonal elements of W are called singular values .

O

	

'u' J
The singular value decomposition is unique up to the sable permutations of the columns
of U, singular values of w1 and columns of V . Due to this property, the singular value s
are usually ordered decreasingly (see Fig . 5 .7) . The figure shows the singular values of a
matrix containing the reference signals, for two grid steps .

5 .9 .1 How to reduce the size of the system of equation s

Using SVD, an approximated matrix M(,) of M can be calculated, by setting to zero the
smallest singular values [RECO2] :

w

M (k) = U V t

	

(5 .14 )
wk

0

0

If the linear system (5 .2) is solved with the approximated matrix instead of the origina l
one, then we have to solve :

0

	

V tX = U t S,

	

(5 .15)
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Figure 5.7: Example of singular values .
a) Singular values w i of a matrix containing the reference signals, for grid steps of 2 m m
and 5 mm. The singular values are ordered decreasingly .
b) One segment of the crystal in two dimensions ; 2 mm and 5 mm grids .

Where k singular values are used in the approxiIiiation (5 .14) . Only the first k equation s
of the system (5 .15) contain useful information, the other contain only zeros . Thus the
size of the system of equations is reduced from (ru x n) to (k x 'n) . The reduced system
Is :

M' X = S' , (5 .16 )

Where M4. ,o contains the first k lines of the coefficient matrix of the system (5 .15) and
the vector Sk i contains only the first k components of the right hand of the same system .
The value of k is chosen as a compromise between computing time of the PSA routin e
using the reduced matrix and precision on the localization : the computing time decreases
with decreasing k, at the expense of precision on the localization .

Why the small singular values can be neglecte d

The least-squares solution of the linear system of equations (5 .2) can. be obtained directly
by SVD . However, this solution is not positive, and (:foes îlot have physical significance .
It can he shown [R ECO2] that the solution can be written 1111(:fer the form :

Ut S
X =

	

Xi , ~vhereX i =	 Vi ,
1L i

W11('re

	

is the column r of U. U, S is the scalar product between U-, and S . This

equation says that M X I . M X i + M X2 , M X i + M X2 + M X3, . . . are better and

(5 .17)
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better approximations of S. The terms M X ; corresponding to small singular values are
small and do not contribute lllllcll to the fit of S so that they can be neglected .
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Figure 5.8: Illustration to the fact that the small singular values can be 'neglected 'without
losing information . The total fit of the detector signal, M X, is decomposed by Eq . 65 .17)
into cl sum of terms MXi . The left plots show the total fit signal (top row) crin the
terres M X i, for i=1, 2, 20, 50 (note the different scales). The right panels show the
co77espon- d-i -n-t1 Xi . The terms MXi corresponding to large i (and small, singular values )
have a small amplitude and carr be neglected .
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We illustrate that one all example (Fig . 5 .8) . We have taken M (2 .10x97) to contain the
reference signals in a single segment and S the detector signal corresponding to a single
interaction . In this case Eq . (5 .1() gives the solution X as a shell of 97 terms Xi . In the
left part of the figure, we have plotted the fit signal, M X (top row), and the terms M X i

for i. = 1, 3, 20 and 50 . \` re can see that the amplitude of the ternis M Xi is smaller and
smaller as i increases. Thus, they can be Ieglected starting with a certain iI1dex without
losing ou the precision of the fit . In the right panels, the corresponding values of X i are
plotted . We relllark that the tern's X i have lion negligible amplitudes, even for large i .

The addition of these tern's to the solution X does not bring any meaningful informatio n
and they can be neglected [RECO2] .

5 .9 .2 Matrix Method using the reduced matrix

In this Section, we show the results of a test of the Matrix Method using reduced matrices .
The test is ( .1011e with a single interaction . The size of the matrix M containing the basi s
signals on a 2-nim grid is reduced gradually as described in the previous Section . In
the saine time we calculate the positional error obtained with the reduced matrix . The
aim is to study how much the matrix can be reduced without losing in precision on the
localization . The test is done with one interaction in the segment Al, at (58 .5, 51 .5, 11 )
hein . We have added noise on the simulated signals of a = 1% of the total charge . Using
the original matrix the interaction is found at (58 .2, 51 .2, 10.7) mm, so that the positiona l
error is 0.5 nun. Fig. 5 .9a) shows the positional error obtained using reduced matrices ,
as a function of the size of the reduced matrix (number of lines, k) .
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When the original matrix is used (k = 240) the positional error is 0 .5 111111 . The
positional error remains practically constant until k = 20, when the positional error i s
0 .8 mm. This shows that only liniiecessary information is eliminated from the data. The
computing time (paIlel. I)) decreases frons 1.3 Ins with the original matrix to 5 .2 ills with
the reduced matrix with k = 20 lines . The conlputillg mise is the computing time of the
NNLS routine and does not include the singular value decomposition, which can be don e
off-line .

The large peaks in the shape of the computing time . at channels k 30, 90, are due
to the inner loop of the NNLS algorithm, that normally is not executed, but wliell i t
(foes, the computing time increases . The ' peaks' iii the shape of the positional error ar e
noise, but, however, they appear only at small values of h' (k < 40), i .e . at large values of
compression of the reference matrix M .

5 .9 .3 The condition number of the least-squares proble m

In numerical analysis, it may happen that small variations on the values of the coefficient s
defining the problem produce large variations on the solution . The condition number i s
a quantity that measures the difficulty to solve a problem numerically. In our case, the
condition number expresses how much small perturbations on the detector signal (nois e
or time fitter) can change the found location of the hit .

If all small perturbations on the right hand lead to small changes of the solutio n
then the problem is said to be well-conditioned. If there are shall perturbations of the
right hand that lead to large changes of the solution then the problem is said to be
ill-conditioned

If SS is a small perturbation on the detector signal S, and 6X is the corresponding
change in the solution ., then the condition number is defined as [Tre07, Hail98] :

cond(M) = max
.ix

where 1 1 denotes the Ilorm of the vector . The condition lllllllber indicates ho-w muc h
confidence we can have in the solution . The solution of a problem with a large conditio n
number can not be trusted .

SVD obtains directly the condition number of the linear system of equations (5 .2) as
the ratio between the largest to the smallest non-zero singular value of M [R,E'02] :

S

SS
àX
X

wmu xcowl (1VI) =
W (►(i,nn

(5 .19 )

Table 5 .2 lists the condition llulllbers of the reference matrix as a function of the ste p
of the grid. The condition numbers of the original matrix and of the reduced matrix usin g
Dilly 30`'/c of the singular values are listed . We observe that the condition numbers ar e
large a11(.l t hat, the latter are smaller . Tails, when working with the reduced matrix, the
probleIli is better conditioned .

SVD gives the condition number of the least-squares problem without constraints .
Silice we solve a problem with constraints the condition number of our problem is smaller ,
but callllot be calculated in this way .
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Condition number
grid step (Iillii) original matrix reduced matrix

6 ruin 1500 36
5 iïini 6200 120
4Iun 13500 470
3 mm 10 1 ' 2200
2 nun too large to be computed 3100

Table 5.2: Condition numbers of matrices containing the basis signals in one segment fo r
various grid sizes . The condition number of the original matrix and of the matrix reduced
to SO% are listed .

5.10 Conclusions
We have chosen NNL S NLS as minimizati0n algorithm for the Matrix Method, spice it i s
the fastest . This algorithm has also the advantage to find a solution with a minimu m
number of basis functions . Another advantage is that at each iteration it inverts only
relatively small matrices . Thus, at the iteration ï a sub-matrix i x n is inverted, and th e
algorithm ends after a small number of iterations . The original Matlab NNLS functio n
has been optimized so that a factor 100 has been gained . The other two algorithms tested ,
Elimination aIld Backtracing, are slower than NNLS . We have also studied the possibilit y
to reduce the size of the reference matrices using SVD . On an example we have shown tha t
the size of the matrix can be reduced to 1C) without losing in localization precision .
This method to reducing the size of the matrix can be used in on-Mlle PSA only for th e
decomposition of events with segment multiplicity one, case in which SVD of the referenc e
matrix can be calculated once for each segment, off-line . Another advantage to work with
reduced matrices is that the least-squares problem is better conditioned, which mean s
that the errors on the solution due to the numerical algorithm are smaller .





Chapter 6

Test of the Matrix Method wit h
simulated signals

In this Chapter, we present the results obtained with the Matrix Iethod and simulate d
signals . Thus, both the basis and the test signals are simulated using vIGS . To make th e
simulation more realistic, noise has been added on the test signals . These tests are done
using the ! Iatlab implementation of the 1Iatrix Method .

We have analyzed two types of events. 'Artificial' events are interactions at rando m
positions but with constrained energy, such as double interactions in the crystal, of equal
energy. 'Physical' interactions are interactions obtained through a simulation of the tra-
jectory of the photons in the Ge crystal . Our simulated events are produced by a source
of 600 keV photons placed at 20 cm from the front face of the AGATA crystal . This
data (i .e . energy and position of each ganllna interaction produced by 100 000 inciden t
photons in the AGATA crystal) Iras been obtained in a GEANT [GEA] simulation by
Karl Hatischild . From this set, we may select only the events of interest, such as doubl e
interactions in any two neighboring segments or in the same segment . Thus, our test
events are the following :

1. single interactions in the crystal ;

2. 'artificial' double interactions in two neighboring segments, of equal energy;

:3 . ~)llysical ' double interactions in two neighboring segments ;

~ . physical' double interactions in the saltie segment .

In order to evaluate the perforlllance of til(' algoritlllll, we calculate the positional error .
i .e . t lie distance between the true posit ion of interaction and the one found by the PSA .
We present the results obtained using the various regular and optimized grids define d
111 Section -1 .5. We also study the possibility t,o determine the Illullber of interaction s
using the llatrix Method . Finally, we show that the computing time of the NILS routin e
(lep)ell(ls on the number of hit segments as NV' j
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TEST WITH SIMULATED SIGNAL S

6 .1 Single interaction s
6 .1 .1 Single interactions in one column of the crystal

The simplest case of PSA is that, of single interactions per crystal . We have simulated
single interactions of 1 1IeV at random positions in coliliiiil A of the detector (38000 event s
in segments A1-A6) . We added noise to the siiiinlated signals (Q = 1 keV) . The n IGS
basis was a two-millimeter cubic grid . For each event, we have measured the positiona l
error. Fig. 6.1 a), b), c) and d) shows respectively the obtained distributions of positiona l
error on the x, /j and z directions and the total error .
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Figure 6.1 : Results ',p ith simulated single interactions; distributions 4. positional error.
(1) error oil x .
b) error on y .
e) (707' On Z .

(J) total (7'1Or and it with- a 1- 2 e -T.2 /(2 ( ) .

The results are suiillllarized in Table 6.1 . The mean total error is 1 .3 mm. In order t o
obtain the position resolution, we have supposed that the distributions of the positiona l
errors on x, y and are Gaussialls with the saille standard deviation, a . In this case the
distribution of the total error has the form (L r2 c-r2 (2rr'), where a is a constant . The fi t
of the distribution of the total error with this expression gives a = 0 .6 mm, so that the
position resolution is obtained to be F\VH\ ..I = 2 .35 a = 1 .4 Thill . This result is positive,
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variable a (iinn) pl

	

(Willi )

xsIM — . rFSA 0.88 -0.08

YsIM — ?II'SA 1 .55 -0.23

C SINI — TSA 0.84 0.03

rsl\I – rPS A 1 .48 1 .33

Table 6.1 : Results obtained with single interactions . The standard deviation and the mea n

value of the positional e'rïo7's on .r, y,

	

and of the total error.

being within the specifications of AGATA (reo1utioïi smaller than 5 mm) .
The fact that the localization is better in x than in y (a, < a) is Cole to the fac t

that the interactions are in coluinn A. As we have shown in Section 4 .5 .1, the position

sensitivity is better in x than in y for this segment, mice x is similar to the radius of

interaction, while y is siniilar to the azimuthal angle .

6 .1 .2 Test of the different regular and irregular grid s

The performance of any PSA algorithm depends on the grid used to construct the basi s

of signals. In this Section, we present the results obtained with the various regular (Table

4.1) and irregular grids (Table 4 .2) . The test events are single interactions at random

positions . The simulated test signals have been interpolated using using Eq . ('1 .4) and

the 1-mm NIGS basis . The performance of each of the grids is obtained for three levels o f

noise :

- without noise - Table 6 .2 .

- with small noise : a = 2(X of the total charge (Table 6 .3) .

- with large noise : a = 10% of the total charge (Table 6 .4) .

Noise levels of u = 2(X, and 10% of the total charge correspond to a noise of 5 keV for a

energy deposits of 250 keV and 50 keV, respectively .
The tables show average values f'or :

- the ineail positional error .

- the computing time of the minimization algoi'lthiil (NNLS) .

- the mean iiuiill)er of iterations inside t lie NNLS routine and the n'eau number of

i )a.sis f Tinct ions .

The last ('011111111 is shown for two reasons : it (Ietel'1nllles the computing time a11(1 t li e

Ilinnher of iterations 15 roughly the effect ive number of basis functions used in the fit . For

eXalil)l(' . one can see that in the case of the 6 nihil grid. t lie fit is (1o11e with 2) (/, of t li e

basis functions, while in the case of t lie 2 111111 grid . Ille fit is done with only 3 (X of t li e

functions .
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grid total error time of NNLS iterations/
(nun) (lis) 11° of basis function s

cubic 6 mill 3 .1 3 11/43
Cubic 5 mm 2.4 5 14/75
Cubic 4 min 1 .7 11 19/150
cubic 3 min 1 .3 32 25/35 1
cubic 2 nun 1 .0 245 35/1185
prob . 2 mm linear 1 .1 244 40/123 9
prob . 2 min log 0.9 247 39/1244
prob . 3 mm linear 1 .7 35 33/353
prob . 3 Hill' log 1 .3 33 30/35 3
prob. 4 min linear 2.3 13 24/15 2
prob. 4 nun log 2.0 13 23/153
irregular 2n11n/4 mill 1 .2 100 33/591
x 2-rejection 10 mm 1 .9 22 26/265
x,2-refection 5 mm 1 .5 32 31/343

Table 6.2: Performances obtained using various grids and no noise on the test signals .

The mean positional error obtained using the 2 mm grid is 1 .0 mm in the absence o f
noise ; 2 .1 mm with small noise and 4 .5 mm with large noise . The decomposition time i s
245 ms/event . The 3 nun cubic grid has a slightly less good performance, 1 .3 mm, in the
ideal case without noise . With noise the localization is as good as with the 2 min grid ,
while the computing time is 32 ins, a factor 8 smaller . The 4 rnm cubic grid gives 2 . 4
mm for small noise and about, the same localization as the 2 min grid at large noise . The
computing time is in this case 10 ins . The 5 mm grid gives 2 .7 mm for small noise, arl d
the same localization as the 2 min grid at large noise, for a computing time of 4-5 ills . All
irregular grids have performances slightly less good than the corresponding regular grids .
For example, the positional error obtained with the probabilistic 2 mill linear grid is 2 . 3
111x11 at small noise, while the 2 111111 cubic grid gives 2 .1 11111, for the same decomposition
time (244 nls/event .
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grid total error time of NNLS NNLS : iterations /
(iinn) (ns) 11° of basis function s

cubic 6 mm 3 .4 3 11/46
cubic 5 mm 2.7 13/79
cubic 4 111111 2 .4 9 16/159
cubic 3 111111 2 .1 29 21/369
cubic 2 Him 2.1 240 27/1248
prob. 2 m111 linear 2.3 235 31/1239
prob. 2 mm log 2 .2 239 30/1244
prob. 3 mm linear 2 .5 29 26/353
prob. 3 mm log 2 .2 29 24/353
prob. 4 111111 linear 2 .8 11 21/152
prob. 4 111111 log 2 .6 10 19/153
irregular 2111n1/4 nun 2 .2 61 26/59 1
x 2-rejection 10 mill 2 .5 19 22/265
N 2-rejection 5 mm 2 .3 27 24/243

Table 6.3: Performances obtained 'using the various grids and small noise on the tes t
signals (a = 2% of the total change) .

grid total error, time of NNLS NNLS :iterations/
(nun) (ins) n° of basis functions

cubic 6 nim 5 .2 2 9/45
cubic 5 iii" 4 .6 4 11/76
cubic 4 mill 4 .2 8 13/ 156
cubic 3 hill 4.1 26 15/363
cubic 2 111m4.5 225 17/ 1220
prob. 21111 linear 4 .7 218 220/1220
prob. 2 mm log 4 .5 225 19/ 1226
prob. 3 nun linear 4 .5 24 17/34 7
prob .

	

3 111111 log 4 .4 25 15/349
prob. 4 111n linear 4 .4 8 15/ 150
prob. 4 nil" log -1 .6 7 14/ 149
irregular 2/4 1.5 54 17/584

x 2-rejection 10 111111 4 .6 15 16/26 1

\ 2-rejection 5 mm 4.5 17 2 2/338

Table 6.4 : Performances obtained using the 1'(iIlo'll,s grids and large noise on the tes
signals (a = 10% of the total change) .
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Fig . 6 .2 shows a summary of the results . The mean positional error obtained wit h
the vari0us grids IS represented as a fuiic'tion of the grid step . In the case of the irregula r
grids, the average step is considered. One can see that the regular grids allow a bette r
localization than the irregular ones, for the sanie grid step. These regular and irregular
bases have also been tested using the Grid Search algorithm, on the signals from th e
Kt ln experience with the AGATA triple-cluster, and the saine conclusion has been drawn
[Vent 07] .

The fact that the optimized bases do not allow a letter localization for the same
titui1ber of points may be (11.1e to the way the optimized bases are constructed, as a
function of the position sensitivity, which was calculated giving equal weights to th e
flet charge and transient signals . The transient signals being small with respect to th e
net charges (at least one order of magnitude smaller), the sensitivity is dominated by th e
contribution frons the net charge signals . One could try not to use the net charge signal s
when computing the sensitivity or to give a larger weight to the transient signals . Another
reson might be the following one . The simulated signal s
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n 6m m
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n 4mm
n 3mm
n 2mm
* chi-square rej . 3 mm
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• prob . log . 2m m
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► prog . log . 3m m
1 prob. linear 4mm
* prob . log . 4mm

irregular 2mm/4m m

single interactions

Figure 6.2: Positional error obtained iinth, the various regular (black squares) and irregular
(p 113 (colored sijmbols), as a Jiirictiori of the grid step. In, the case of the irre alar grids ,
the rnean grid step is considered .

6 .1 .3 Positional error as a function of the energy of interactio n

The precision 011 the position (leterininati0n depends on the aillplitll( .le of the noise oi l
the signals . Mere we consider only the electronic noise, with an amplitude of a = ) keV .
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Figure 6.3: Positional error as a function. of the energy of the single interaction . The
noise level is fixed (a = 5 keV) . The continuous line corresponds to a single interactio n
at (42, 32, ,`30) rnm, while the discrete points are average values .

Interactions with small energy will have a large relative noise and thus the positional erro r
will be larger also. We have calculated the positional error as a function of the relativ e
noise in two cases : with a particular single interaction, and with single interactions a t
random positions in one column of the detector (the results from Tables 6 .2-6.4) . Fig. 6 . 3
shows the results . The full line corresponds to a particular single interaction at (42, 32 ,
30) hili . The positional error is 1 .7 mm for energy deposits larger than 500 keV, 2 min
for 250 keV, mm for 50 keV and is more than 9 mm when the net charge signal has th e
saille amplitude as the noise . The discrete points correspond to average values obtaine d
with the 2 Ilnn grid . The average errors are (Alite similar as in the previ0lls case .

6 .1 .4 Test of the Adaptive Grid

In t his Section we present. the results obtained with the Adaptive Grid (implemented i n
C++, see Section 5 .8.2) . The test is (Tolle with single interactions at random positions
(100() events) ; noise was added on the charge signal of relative standard deviation a =1 %
of the total charge (this corresponds to noise of standard deviation 5 keV on 500 ke V
interactions) . The performances are compared with those obtained with the regular 2
and 5 111111 grids (see Table 6.1 .4) . 011e can see that the positi0nal error obtained wit h
the adaptive grid is as go0(1 as that obtained with the 2 mm grid, while the ('()imputin g
time is comparable Witll that obtained using the 5 nim grid ; tipis ive conclude that the
performance of the Matrix Method may be i111prOved using an Adaptive Grid .
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grid positional error time/ciecomp .
(T11111) (ins)

5 nun 3 .1 24
2 mm 1 .5 183
Adaptive 5 mill 2nlill 1 .6 36

Table 6.5: Performances of the C++ implementation of the Matrix Method obtained with
the Adaptive Grid, and with the regular 2 and 5 mm grids .

If the positional errors from the above table are compared with the results frons th e
previous Section one can notice a slight discrepancy (positional error 3 .1 mm at a = 1%
with respect to 2 .4 mm at o- = 2% obtained previously) . The results obtained in this
section its terms of position resolution being obtained on a small set of test signals (100 0
with respect to 38000 previously), they are used only to test the performances of the
adaptive grid and should not be compared with the resolutions obtained before on th e
large set of test signals .

6 .2 Double interactions

If two interactions occur simultaneously in the crystal, but in segments far from eac h
other, then the event can be treated as two independent single interactions, since th e
signals do not sum up . When two interactions occur in neighboring segments, the signals
surir up) and the event has to be treated as a double interaction (see Section 5 .6 .2) .

We have analyzed two types of double interactions : artificial double interactions (same
energy) at random positions in two neighboring segments ; and double interactions ob-
tained from the GEANT simulation .

6 .2 .1 Artificial double interactions in two neighboring segment s

The test events are double interactions of equal energy at random positions in segIYlent s
Al and A2 . The number of interactions to search is supposed to be known a priori ; thus
we have searched one interaction per segment .

The distribution of positional error for the interactions in A 1 is shown in Fig. 6.4 .
The average positional error is 3.6 mill . These positional errors are larger than wit h
single interactions (1 .3 111TH) for two reas()Ils. Tile detector charge (illeta)signal now i s
decomposed into the shin of two signals, corresponding to each of the single interactions :
for the single interactions no decomposition is heeded . Also the iasis of reference function s
now- is twice as large, so that the number of fit parameters is doubled .

6 .2 .2 Physical double interactions in two neighboring segment s

W consider the dise of physical double interactions in two neighboring segments . Thus ,
only the events containing two interactions in any two neighboring segments of aile crystal
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Figure 6.4 . Artif cial double interactions in .segments Al and A2 . Distribution of the
positional error for the interactions in Al .

have been selected from the GEANT simulation .
The resulting distribution of positional error is shown in Fig . 6 .5 . In this case th e

average total error is 4 .8 inni . We observe that this result is larger than 3 .6 mm obtained
with artificial interactions . This is due to the fact that the positional error increases as
the energy decreases .

Double interactions (GEANT )

in 2 neighbouring segments

mean : 4 .8 m m

5

	

10

	

15

	

20

	

25

	

30

	

35

	

40

total error (mm )
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6 .2 .3 Physical double interactions in one segment

'We consider the case of physical double interactions in one segment . From the G EA NT
simulation, we have selected the events containing two interactions in a segment or tw o
interactions in any pair of neighboring segments .

Fig. 6.6 shows the results . The average error is 6.3 mill . If only the events with
relatively large energy are selected (small energy difference) (energy of each interactio n
larger than 20 c î of the total energy), the error decreases to 4 .2 111111 . The mean relative
error on the energy, defined as the absolute value of (EpsA -- EsIA1VEs111, is 118'(, wit h
all events and 27% with the selected events . The mean relative error on the energy i s
large due to the fact that the small energy deposits may be attributed several times thei r
real values. This shows the difficulty to analyst multiple interactions in a segment .

double interactions - in one segment, nothing in the res t
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Fiqure 6.6: Double interactions 'in one segrrnent, mixed with double interactions in any
t -ir ► o neighboring segments .
a) Positional er'r'or .
h) Relative error on, the energy .
The talo distributions air made in two cases : .with all events and removing the i'rrteraction, s
of low energy deposit .
e) Relative error ore the energy as a function of the simulated energy .
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6.3 Computing time as a function of the number o f
firing segment s

Z lie computing thele of the NNLS routine depends on til(' size of the matrix (mnnber of
rows rrr and number of collllllilS rt) and oil the number of iterations roi inside the routine
(see Section 5 .7.1) . In our case, rn is the number of samples of the metasignal and n is the
llllllll)er of reference functions . t\'e have measured the minimization time in the case of a
single interaction . In Fig . 6 .7 we observe that the computing thele depends, with a goo d
approxhnlatiolh, linearly with rr7, n and n i . Using this fact we can deduce the dependence
of the computing time on the iniillher N of hit segiiients . If we consider that rib, 'rt and ni

are proportional to N, then we obtain :

t (dN .

	

(6 .1 )

This relation checks for N = 1, 2 : the time to solve two interactions in two neighboring
segments is approximately 10 times larger than the time to solve a single interaction . The
peaks appearing in the figures a) and b) are due to the inner loop of the NNLS algorithm ,
which normally is not executed, but when it does (usually once or twice), the computin g
time is increased .
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6 .4 Determination of the number of interaction s
We have studied the possibility to determine a posteriori the number of interactions usin g
the Matrix Method. This means we do not make any assumption on the number o f
interactions before the minimizing algorithm . Instead, we attempt to deduce the number
of interactions from the result of the minimization algorithm . For that, we have simulate d
the charge signals produced by events with single and multiple interactions at rando m
positions in one segment . The multiple interactions were : doubles, triples and quadruples .
For each events, we have calculated the solution of the least-squares problem . The aim i s
to construct different variables from the solution and to discriminate the number of hit s
using these variables .

a) A first idea it to suppose that the distribution of energy deposits is narrower fo r
single interactions than for multiple interactions . For each event we have calculate d
the `inertia moment' of the cluster of energy deposits as a measure of the dispersio n
of the distribution of energy deposits . This is obtained as the sum of the squares o f
the distances between the barycenter and each point of the cluster, weighted wit h
the energy .

Xi G — r i ( 2 ,

	

(6 .2 )

where Xi is the energy seen be the grid point i, and r i, is its position and G is the
position of interaction found by the PSA, when one interaction is searched . Fig .
6.8a) shows the results . For each event we have plotted the number of points in the
cluster, NXi , as a function of the inertia . We can see that, indeed, a2 is generally
smaller for the single interaction events . Thus, one could separate, with a certai n
efficiency, between single and multiple interactions, although the double and th e
triple interactions are not separated . An efficiency for the discrimination of single
and multiple interactions cannot be calculated since the number of event for eac h
type of event is not the same .

b) A second idea is to suppose that the elongation of the cloud is proportional to th e
number of laits . For that we have calculated the directions of the principal axe s
of inertia of the cloud of energy deposits . These are given by the eigen vectors o f
the moment of inertia tensor . The corresponding eigenvalues are a measure of th e
dispersion of the energy deposits along the three principal axes . If A is the largest
eigenvalue, then small values of A i would correspond to spherical clouds (single in-
teractions) while large values would correspond to elongated clouds (prolate shap e
- multiple interactions) . Figure 6 .8b) shows the results, as the (distribution of A i
for single, double and triple interactions (there aie 50() singles, 500 doubles and 500
triples) . The conclusion is the saille as before : one can distinguish between singl e
and multiple interactions, but îlot between doubles and triples. We have calcu-
lated the efficiency for the correct classification of the events as single or multipl e
interactions, from the recovering of the curves, and we have obtained = 71W, .

c) Another idea is the following . For each event containing single, double or tripl e
interactions in the segment, we search one interaction . In the case of multiple in-
teractions, we obtain the barycenter of the multiple interaction . If the true number

2
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of interactions is one. the detector charge signal should be close to the signal a t
the closest grid point, if the grid is small enough (we have worked with a 2 mm
grid) . For multiple interactions. this should not be the case. For each event we have
calculated the v 2 between the detector charge signal and the charge signal at th e
closest grid position . We have calculated also the ynetcharge using only the net charg e
signal (without transient signals) . Fig. 6 .8e) shows the distribution of points in the
(x2, ~~t1etC~laI'be~ plane . The events have a certain separation but one cannot draw a
conclusion since the number of single, double, triple and quadruple interactions i s
not the saine .
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Figure 6.8 Tentative determination of the number of interactions using the Matri x
Method. Distributions of the events using various variables .
a) The number of energy deposits (or number of strictly positive components Xi of the
solution vector) as a function of the 'inertia moment' of the cluster of e'nerqy deposits .
b) Distributions of À 1 , the largest eigenvalue of the moment of `inertia' moment .
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6 .5 Conclusions

The performances of the Matrix Method using simulated signals have been presente d
in this Chapter. Our simulated sets are : single interactions, double interactions in two
segments of equal energy, physical double interactions in two segments and physical doubl e
interactions in one segment . With small noise on the simulated signals, the positional
errors for these sets of events are, respectively, 1 .3, 3 .8, 4 .8 and 6 .3 mm (see Table 6 .5) .
In the case of the single interactions, the position resolution was obtained to be 1 .4 mm ,
well within the specifications of AGATA . With medium noise, the positional error with th e
5 mm grid is 2,7 mm, with respect to 2.1 mm with the 2 mm grid . With large noise, both
bases give the same localization, of about 4 .5 mm, while the computing time is of only 5
ms with the large grid and 240 ms with the small grid . The bases of signals constructed
on regular grids have been found to allow a better performance than the irregular ones ,
for the same average step . For example, the 2 rum probabilistic logarithmic grid, gives a
localization of 2.2 mm, with respect to 2 .1 pini for the cubic grid and at the same numbe r
of points and computing time . The test of the adaptive grid showed that the performance
of our PSA method may be improved in this way . The 2 / 5mm adaptive grid perform s
as well as the 2 mm grid in terms of localization, while the computing time is a facto r
5 smaller . Finally, we have found that the computing time of the minimizing routine
depends with the cube of the number of hit segments . Thus, the time to solve an event i n
two segments is about 8 times larger than the time to solve one event . In all this tests, the
number of interactions was supposed to be known . We have also studied the possibility t o
determine the number of interaction points in one segment . We have obtained an efficiency
of 71% for the discrimination between single or multiple hits, although the multiple hit s
(double and triple interactions) could not have been separated . The positional errors are
comparable with those obtained using other methods (PSO : single interactions, 1 .7 - 3 .55
mm and double interactions in two segments 2 .2 - 4 mm) . Even if the Matrix Method i s
slower than the other methods, it has the advantage of being able to deal with any type
of event, thus being mostly suited for the analysis of the complex events .

events noise grid step positional time decomp .

(%) (mm) error (mm) (Ins)
singles in the whole crystal 0.1 2 1 . 3
singles in one column of the crystal 2 2.7 5

10 5 4 . 6
2 2 2 .1 240

10 4 . 5
artificial doubles in two segments 0 .1 3 . 8
physical doubles in two segments 0 .1 2 4.8 MO O
physical doubles in one segment 0 .1 2 6.3

Table 6.6 Summary of the results obtained 'with simulated events .

In the next Chapter, the results obtained with experimental signals of the AGAT A
detector are presented .



Chapter 7

Test of the Matrix Method wit h

experimental signal s

In this Chapter, we present firstly the results obtained with the Matrix Method usin g
signals measured in a scan of an AGATA prototype crystal at the University of Liverpool ,
in May-June and October-November 2006 . The events are single interactions recorde d
with the three-dimensional position information . For each event, the positional erro r
is evaluated using the Matrix Method, as the distance between the interaction point
found by the PSA and the position of interaction indicated by the scanning system. The
reference basis is simulated using MGS, since at the moment there is no systematic basi s
of reference signals for the AGATA detector (such as a 5 mm cubic grid) . The current
basis has only one interaction depth per ring of the crystal and, as we have said, will b e
used as 'test' signals for the PSA algorithm .

Finally, we will present the results in terms of position resolution obtained in a n
experiment with the AGATA triple cluster prototype at IKP K61n, where the Matrix
Method has been used to perform the Doppler correction of a 'y--peak .

7.1 Test with signals measured with 3D position in-
formation

7.101 Experimental details

The details of the Liverpool scan of the 2 nd AGATA symmetric prototype capsule ar e
reviewed in this Section [Din-106, NeIO7] . The 2D polar grid used by the scanning syste m
had 323 positions. There are 18 line-scans (constant angle) and 4 azimuthal-scans (con-
stant radius) . The scanned radii are : r 7, 24, 27 and 31 mm. With the 8 collimating
depths, this results in 2340 three-dimensional . interaction points in the Ge crystal. Fig .
7 .1 shows the 2D positions of the scanning table, while Fig . 7.2 shows the 3D interactio n
points in the (xy) and (xz) planes .

Table 7 .1 lists the mean number of signals recorded per scan . position, as a function o f
the depth of interaction . There are at least 100 coincidence at the 3D-interactions point s
from the front-end of the Ge detector, with respect to a few tens at the back-end . A large
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number of coincidences at a given interaction point (hundreds) is needed in order to make
an average of the traces and to minimize the statistical errors due to electronics noise and.
to the size of the collimators .

z, n" of n° of mean n° of coins . coincidences collimator
mm points coins . per interaction point rate (hoiir') width (mm )
7.3 255 62888 247 52 1 .5

18 .8 272 22284 82 18 1 .5
34 .0 299 34315 114 28 3
34 .3 281 11578 41 10 1 . 5
51 .9 310 18392 59 15 1 . 5
52 .7 312 16620 53 14 3
68 .1 298 3890 13 3 3
86 .8 313 5425 17 4 3

Table 7.1 : Statistics of the coincidence scan . Number of interaction points, total numbe r
of coincidences, the coincidence rate and number of coincidences per interaction poin t
as a function of the depth of interaction. The 3 mm collimators are used in order to
increase the coincidence rate, especially at the back of the detector . The drawback is that
the uncertainty in the position of interaction increases too .

:t v J

Figure 7 .1 : Illustration showing the 18 radial lines and 4 azimuthal lines that have bee n
scanned [DimO6J .
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Figure 7.2: Distribution of the 3D scanning points .
a) (x — y) plane perpendicular to the direction of the gamma-ray beam .

(x — z) plane along the longitudinal axis of the crystal . The third and the fourt h
interaction depths are split .

7 .102 Distributions of positional error

mile have tested the Matrix Method with the coincidence data in the following way . For
each event the position of the single interaction was determined and compared with tha t
given by the scanning table . As reference signals we used the 2 mm MGS basis, which
offers the best precision, without considering the effect of the preamplifer .

Fig. 7 .3 shows an example of single event measured with the scanning system, in orde r
to compare the measured and the simulated signals . This interaction point is in the secon d
slice of the crystal, at the position indicated on the figure . We remark that the simulated .
signals are rather close to the measured ones . The effect of the preamplifier respons e
function on the simulated signals can be seen from this figure . For this interaction point ,
the preamplified net charge signal in E2 is closer to the measured signal than the simulate d
signal .

A fact that has to be taken into account when analyzing measured signals is the time-
jitter of the signals : the signals are time-aligned using a Constant Fraction Discriminato r
on the anode-signal and the starting-time (to ) is known with. an error that is generally
larger than the time resolution of the ADC (10 ns) . For this reason, in the analysis, we
have minimized the distance between. the measured signal and the linear combination o f
basis signals, also along the to parameter, in a tinte-window around the original to . An
issue of this data set is that the starting time of the 36 + 1 signals of an event may not
be the same (this fact can be seen in Fig . 7.3 - the signal in F3 is delayed with abou t
40 Its with respect to the net charge in E2) . A method to deal with the time-jitter o f
the signals is to define uncertainties which depend ou the time-channel of the signals, a s
described in Section 5 .5, but this method was not used in this analysis .

We have calculated the positional error on x, y, z, r and 0, where (x, y, z) and (I°, 0) ar e
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Figure 7.3: Example of a single interaction event measured with the scanning system . The

interaction is in segment E2, in the second ring of the crystal . The charge signals in E2

and in the closest neighbors are plotted. For comparison, the charge signals simulated a t

the same position and the preamplified simulated signals are also plotted. The effect of the

preamplifier on the simulated signals can be seen in the fact that the preamplified signals

have a slightly larger rise-time than the simulated signals . The measured signals have bee n

up-sampled from 1 2.5 to 10 ns in order to match the time-step of the simulated signals .

the Cartesian and polar coordinates of the interaction point . Fig. 7.4 shows the results

for interaction points situated at the first depth of interaction (z 7 .3 mm) . The mean.

total error is 3.2 mm . The position resolution (full width of the peak at half maximu m

FWHM -,-- -- 2 .35a ) in the x, y, z directions, are 5 .6 mm, 5 .2 mm and 2 .8 mm respectively.

The positional resolution in r is 5 .2 mm . We remark that the distribution of r is no t

centered on zero; since the radius is determined by the rise-time of the pulse, this mean s
there is a systematic difference in the rise-time of the MGS signals with respect to th e
measured ones .

This fact can be seen in Fig . 7 .5, where we compare the rise-time T90 of the cor e

of measured and MGS simulated signals (the time in which the charge signal rises from
10% to 90% of its maxinmm amplitude) . The interaction points are in tele azinmthal

scan at the second radius (24 mm) and first depth of interaction (7 .3 mm) . The variation
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Figure 7.4 : Positional error obtained with interactions at the first collimating depth (z =
7 .3 mm) . The distributions are, in this order, the total error, error on x, y, z, r and 8 .

of the rise-time with the aziiinitilal angle i5 due to the anisotropy of the crystal . This
figure is obtained with average pulse shapes . At the backend of the detector, due to the
lack of statistics and large collimators, the variation of the rise-time with. 8 could not,
have been obtained . In the figure, one can notice that at t his radius of interaction \IGS
gives systematically shorter rise-tuiles (2.5%) . 'W'e have considered also the effect of th e
preamplifier oil the N IGS signals, using the model of the preamplifier described in Section
4 .4 .5 . Ill this case the rise-times are slightly longer, but still different from that of the
measured signals . It was IIlleXpeCte(l to find that when the effect of the preamplifier i s
considered by the PSA, the positional error (l() not diminish. This is probably due to the
discrepancy between the simulated and measured signals .

Fig . 7.6 shows the mean positional error for the different depths of interaction. The
average positional error is 3 .2 nun at. the front end of the detector and increases to I- 5
111111 at the back einl .
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Figure 7.5: Rise-times of the core signal for interactions in the azimuthal scan at r =
mm and in the first depth of interaction . Comparison between the rise-time of measure d
signals, MGS simulated signals and MGS simulated and preamplified signals .
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Figure 7.6: Mean positional error as a function of the depth of interaction,. The last depth
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7.2 Test with the signals from the Kiln experiment
The i11-bean experiment for the test of the AGATA triple-cluster was briefly describe d
in Section 4.6 . One of the goals of this experilllellt was to test the performances o f
the different PSA routines for the Doppler correction of the 1382 keV transition in ") Ti

[The correction was done using :

a) the ('enter of the detector, as in unsegnlented detectors ;

1)) the center of the firing segment :

e) MII NIBALL PSA [Ebe0l] in two cases : when all events are analyzed or when onl y
the events in ring 4 are analyzed ;

d) Adaptive Grid Search [VenO5] ;

e) Matrix Method in two versions: with and without the net charge signal .

The results are shown in Fig . 7.7 . Using the center of the detector the FWHM of th e
peak is reduced to 32 keV, while using the center of the segment, it is 13 keV [EheO7] . A
GEANT sinmlation was performed to estimate the position resolution from the FWHM o f
the peak . The position resolution obtained with the Matrix Method using the net charg e
is comparable with that obtained using II1 IBALL PSA all rings : ti 10 .5 mm. When
the net charge signal is not used, the position resolution becomes 8 mm with the Matri x
Method, being comparable with \II IBALL PSA ring 4 ; the position resolution obtained
with Adaptive Grid Search is 6 mm .

Thus, on this data, the Matrix Method is 18IO less precise than Adaptive Grid Searc h
in F\VH vI, and 33% in position resolution . One possible explanation of this fact coul d
be the disagreement between the calculated and the measured signals . This hypothesi s
is supported by two arguments . Using experimental signals, the positions of interactio n
found by the algorithm are not uniformly distributed in the voluble of the segment ,
being gathered more to the center of the segment [Lju07] . This fact does not occur
with simulated single interactions (in this case the basis and the detector signals matc h
perfectly) . Since the Matrix Method searches a fit using many signals from the basis, thi s
method could be more sensitive to the quality of the signals than other methods such a s
Adaptive Grid Search, that are searching the best signal in the basis (single interactions )
or the best combination of two signals (double Illtera,ctions) . The second argument is that
with simulated detector signals the Illeail total error is much smaller : 1 .6 Viril in the case
of simulated ingle interactions with respect to 8 Thin in the case of the Cologne signals .

7.3 Conclusions
In this Chapter . we have applied the \latrix \lethod to the analysis of the single interac-
tion ('Vents measured with, 3D position information with the AGATA prototype detecto r
at the University of Liverpool . The anisotropy of the crystal has been taken into account
in the calculation of the sililulate(1 basis . We have obtained average positional errors of
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Figure 7.7: Results of the Doppler correction of the 1382 keV transition in 49Ti from
PSA . Comparison between three methods : MINIBALL PSA, Matrix Method (using or not
the net charge signal and Adaptive Grid Search /Lj'u07J .

^J 3 mm at the front of the detector and 4 to 5 mm at the back . Since the starting-time
of the signals is not known exactly, we have modified the minimization algorithm of th e
Matrix Method and we have performed also a minimization along the to of the measured
signals .

The position resolution of the AGATA triple cluster was measured experimentally i n
an experiment at IKP Koln . The position resolution obtained using the Matrix Method i s
8 111m . A possible explanation of the large position resolution might be the disagreement
between t lie calculated and the measured signals .
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Conclusions

Large arrays of Ge detectors are an nliportant tool for the study of the nuclear struc-
ture. EUROBALL and GAMMASPHERE are the most powerful gamma-spectrometer s
froid the present generation of arrays. Both of these spectrometers are based on the con-
cept of the Compton-suppression to improve the peak-to-background ratio of the energ y
spectra . AGATA and GRETA are the new generation of large 7-detector arrays and ar e
expected to increase further the detection sensitivity by up to a factor 1000 . AGATA and
GRETA are employing the principle of the gamma tracking, which involves the measur-
ing in real time of the position and energy of each gamma interaction in the Ge crystals .
For that, several Pulse Shape Analysis (PSA) algorithms are currently being develope d
for AGATA, based on Recursive Subtraction, Adaptive Grid Search, Genetic Algorithms ,
Particle Swarm Optimization, Wavelet Transform or Artificial Neural Networks .

In this Thesis, we have introduced the Matrix Method as a new PSA method fo r
segmented Ge detectors such as AGATA . In order to determine the position and energ y
of each interaction, the detector charge signals are decomposed onto a basis of reference
signals that characterize the detector . The solution is found by minimizing a multidimen-
sional function, with a number of parameters of the order of a few hundreds. Since the
PSA has to run on real time, the minimizing algorithm has to be as fast as possible . We
have tested three minimizing algorithms and chosen Non-Negative Least-Squares (NNLS )
since it is fast and has the advantage to minimize also the effective number of basis sig-
nals used in the fit of the detector signal . We have implemented the Matrix Method i n
C++ and \TatlaF) . The Matla,b implementation of NNLS was optimized in two ways : we
have replaced the SVD decomposition with a QR decomposition which is faster, alld we
work with a reduced matrix at the interior of the algorithm . These resulted in a gain
in the computing time by a factor of 100 . We have also studied the possibility to re -
duce the size of the reference matrix by using the Singular Value Decomposition (SVD) .
In the case of the events with segment multiplicity one, we have shown, on an exam-
ple, that the size of the matrix can be reduced by 90% without affecting the precisio n
on the localization : In the saine time the decomposition time was reduced by a factor of 3 .

Since the experimental characterization of the Ge detectors is a slow process, compute r
codes to simulate the response of the detector are important . In this Thesis we have used
the \IGS code to obtain a basis of reference signals on a one-millimeter grid. AVe have
computed the position sensitivity inside the crystal, a (quantity that shows how much the
detector signal changes with a change in the position of interaction . We have shown that
the position sensitivity is very good at the segment borders, and poor at the center outer
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part of the segments . The position sensitivity helped optimizing the distribution of point s
on which the basis of reference signals is constructed .

'We have tested the Matrix Method with both simulated and measured signals . Con-
cerning the results with simulated signals, the simplest case was that of single interaction s
in the Ge crystal . We have analyzed also the more complex cases of double interactions i n
two neighboring segments, with the two interactions having the saine energy ; and filially
the case of double interactions in two neighboring segments and in one segment, without
constraint on the energy. These events (interaction points and energies) have been silllll-
lated using the GEANT code . In each case, we have considered a few thousand events ,
and added noise on the detector charge signals . We have obtained positional errors of 1-2
1111Il in the case of the single interactions, 3-4 mm in the case of the double interactions o f
saine energy, and 4-5 ruin in the case of the double interactions selected from GEANT . In
the case of the single interactions, the position resolution is 1 .4 nlnl, which is within the
specifications of AGATA . We have also studied how the positional errors are influenced b y
the choice of the grid, in the case of the single interactions . Generally with a larger basi s
one obtains a better localization, but at the expense of a larger computing tile . With th e
different grids of 2, 3, 4, 5, 6 111111, with medium noise ori the test signals we have obtained
positional errors of 2.1, 2 .1, 2 .4, 2 .7 and 3 .4 mm, while the corresponding decomposition
times are : 240, 29, 9, 5 and 3 ins . One carr see that the precision obtainable with ou r
method is better than the size of the grid ; this is due to the fact that we are fitting with a
number of functions which is not equal to the number of interaction points . Thus, even if
our method is fitting in a space with hundreds of parameters, it has the advantage that i t
does not heed a fille (one-millimeter) grid for the basis of signals and a grid of 3-5 mm i s
enough. It was surprising to find that all our optimized grids have a performance slightl y
less good than the corresponding regular grids, with sanie number of points . We have als o
studied the possibility to determine the number of interaction points in one segment . We
have obtained an efficiency of 71% for the discrimination between single or multiple hits ,
although the multiple hits (double and triple interactions) could not have been separated .

Finally, we have tested our method with signals measured in a coincidence scan of th e
second AGATA prototype detector . We have obtained mean positional errors of 3 .2 mill i
at the front end of the detector, and. 4 .8 mm at the back end . The position resolution o f
the AGATA triple cluster was pleasured in an experiment at IKP K01n using the Matrix
Method and a value of 8 mm was obtained . However, this relatively large positional erro r
may be due to the disagreement between the calculated and the measured signals and no t
to the method itself.

Table 7 .2 shows a comparison between the performances of the Matrix Method an d
those obtained using Adaptive Grid Search (Feature Search and Binary Search), Particl e
Swarm Optimisation, %Wavelet . Decomposition with Binary Search . In the case of single
illteract10115, the mean positional error obtained using the Matrix Method . is colliparable
with that obtained using the PSU algorithm . In the case of double interactions in two
neighboring segments . the Iiiean positional error is slightly larger than that obtained usin g
PSO. The computing time is larger than that obtained using PSO : a factor 12 in the case
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of single interactions, and a factor 200 in the case of the double interactions . Although
slower than the other methods, the Matrix Method has the advantage to be able to ana-
lyze any kind of event, thus being mostly adapted for the analysis of the complex events .

PSA events basis
(nun)

t
(ins)

mean err .
(iiii)

platform

AGS-FS Kt lil

	

all events 5 0 .5 1 .9 GHz CPU

	

[VenO7]
2 3 . 7

AGS-BS seg.II1111t .1 5 0 .1 7
2 0 .45

PS() siniit1 .

	

single int . 1 0 .4 1 .7 - 3 .5 2 .33 GHZ Xeon

	

[SchOG ]
two hit seg . 1 5 2 .2 - 4 `'oodcrest

WLT-BS sinful .

	

single int . 1 0 .1 1 .7 GHZ CPU

	

[BecO7]

MvI siiil .

	

single int . 5 5 2.7 2 .2 GHz Opteron
2 240 2 . 1

two hit seg . 2 1000 4-5

Table 7.2: Comparison of the performances of the different PSA algorithms .
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