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Riassunto

La radiazione gamma emessa da un nucleo atomico in seguito ad una reazione nucle-

are costituisce uno strumento essenziale per identificare direttamente ed in maniera

non ambigua la posizione (relativa) dei livelli energetici che caratterizzano il nucleo

stesso, e che sono espressione della sua struttura interna. Per questo motivo, fin

dai primi esperimenti effettuati circa quarant’anni fa, la spettroscopia γ sotto fa-

scio, insieme alla disponibilitá di macchine capaci di accelerare praticamente ogni

ione stabile, ha consentito di scoprire molti nuovi fenomeni che appaiono quando il

sistema nucleo é fuori dallo stato fondamentale. Infatti, nel corso degli anni sono

state studiate varie regioni dello spazio descritto dalle tre quantitá fondamentali

che caratterizzano il nucleo atomico: il momento angolare (spin), l’energia di ecci-

tazione, e l’isospin, ossia la differenza N −Z tra il numero di neutroni ed il numero

di protoni.

Molti di questi progressi sono stati resi possibili dallo sviluppo di strumenti sem-

pre piú sofisticati per la rivelazione della radiazione γ, i quali hanno permesso di

studiare canali di reazione via via piú deboli in presenza di un alto fondo. Gli attuali

array per spettroscopia γ EUROBALL e GAMMASPHERE costituiscono l’ultimo

prodotto di uno sviluppo tecnologico iniziato nei primi anni ottanta; essi combi-

nano alta efficienza, buon rapporto picco su totale (P/T) ed elevata granularitá,

essendo composti da centinaia di rivelatori al germanio iperpuro (HPGe), ciascuno

dei quali risulta circondato da uno schermo anti-Compton. Tuttavia, nell’ambito

della struttura nucleare vi sono ancora molte questioni aperte, il cui chiarimento

richiede apparati completamente nuovi, dal momento che la tecnologia attuale ha
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ormai raggiunto i suoi limiti intrinseci.

La prossima generazione di array per spettroscopia γ sotto fascio (costituita

dagli apparati AGATA e GRETA) sará infatti basata sul concetto di tracking, ossia

sulla ricostruzione del percorso seguito da ciascun gamma all’interno di un guscio di

germanio (shell). Detta ricostruzione richiede necessariamente la capacitá di identi-

ficare i punti di interazione tra i gamma ed i rivelatori con una risoluzione spaziale

di pochi mm, che é superiore al limite raggiungibile mediante la pura segmentazione

elettrica dei rivelatori stessi (viste le attuali tecnologie di costruzione). Le tecniche

di Pulse Shape Analysis (PSA) consentono per l’appunto di superare questo limite,

sfruttando il fatto che la forma dei segnali prodotti da un rivelatore al germanio

segmentato dipende strettamente dalla posizione in cui le interazioni hanno avuto

luogo.

In questa tesi viene descritto il primo test sotto fascio di un rivelatore altamente

segmentato (MARS nel nostro caso); detto test é stato pensato con il preciso scopo

di valutare la risoluzione posizionale ottenibile mediante l’applicazione della PSA

in condizioni reali. A tal fine, é stato deciso di studiare la transizione ad 846.8

keV emessa da un nucleo di 56Fe che rincula ad alta velocitá dopo una reazione di

eccitazione Coulombiana; la larghezza (FWHM) di questa riga dopo la correzione

Doppler costituisce un indice per valutare l’accuratezza della PSA, dal momento che

la capacitá di definire con precisione la direzione di un gamma rilevato coincide con

quella di identificare il primo punto di interazione.

L’approccio seguito in questo esperimento é stato interamente digitale, dal mo-

mento che solo il sistema di trigger é stato costruito mediante elettronica standard:

energia e tempo sono stati calcolati off-line mediante algoritmi di trattamento digi-

tale dei segnali (Digital Signal Processing, DSP), e l’intero processamento dei dati

é stato effettuato in software. Questo ha richiesto, trattandosi della nostra prima

analisi “interamente digitale”, un lungo lavoro per mettere appunto gli algoritmi,

oltre che per capire e correggere sia i cross-talk tra i segmenti di MARS, sia la

non-linearitá degli ADC usati durante la misura.
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La Pulse Shape Analysis é stata effettuata seguendo l’approccio basato sugli

Algoritmi Genetici e sviluppato da Th. Kröll; il risultato finale é stato un miglio-

ramento della FWHM della transizione studiata, la quale é passata da 6.2 keV

(correzione Doppler usando i segmenti) a 4.5 keV (PSA completa). Questo valore é

molto vicino ai 4.2 keV previsti dalle simulazioni per un errore posizionale pari a 5

mm, per cui si puó affermare che questo lavoro dimostra come sia possibile effettuare

la PSA mediante Algoritmi Genetici ottenendo una risoluzione posizionale di circa

5 mm (FWHM) in condizioni reali.
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Introduction

The γ radiation emitted by a nucleus immediately after its formation in a nuclear

reaction is the essential tool to locate and study excited states in atomic nuclei.

Since the pioneering experiments performed about forty years ago, in-beam γ-ray

spectroscopy methods, together with the availability of machines able to acceler-

ate virtually every stable ion, have allowed to discover many new and unexpected

phenomena which appear in nuclei under various conditions. These studies were

performed in the space described by the three quantities that characterize the nu-

clear system: angular momentum (spin), excitation energy, and isospin, i.e. the

difference Z −N between the number of protons and the number of neutrons.

Most of this progress was a direct consequence of the development of more and

more sophisticated instruments for γ-ray detection, which allowed the study of very

weak reaction channels covered by large backgrounds. These instruments made it

possible to observe nuclei produced with very low cross-section (for example, those

far from stability), and/or to detect photons emitted by high spin states (as in

the case of the superdeformed and possibly hyperdeformed bands). The γ-arrays

of the present generation EUROBALL and GAMMASPHERE combine high effi-

ciency, good peak-to-total ratio, and high granularity; being composed of hundreds

of High Purity Germanium (HPGe) detectors, each surrounded by an anti-Compton

shield, they are the last product of a technological development which started in the

1980s. However, in the field of nuclear structure, many physics questions remain

still open, and their investigation requires new ideas in γ-ray detection system, since

the technology used until now has reached its limit.
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The next generation of arrays for γ-ray in-beam spectroscopy is under active

study in the present days and will be based on the concept of tracking, i.e on the

identification of the path followed by each γ ray inside a germanium shell. The first

and most challenging step of this approach is the identification of the interaction

points with a position resolution of few millimeters, which is the condition for a

good performances of the γ-ray tracking algorithms.

This thesis describes an in-beam experiment performed in 2001 at the Legnaro

National Laboratories with the highly segmented germanium detector MARS. This

experiment was explicitly designed to test the position resolution that can be ob-

tained by applying Pulse Shape Analysis techniques to the signals generated by such

a detector.

In the first chapter I will outline some results obtained in the study of nuclear

structure with the present generation large arrays for γ-ray spectroscopy; in partic-

ular, the attention will be focused on the high-spin physics as an illustrative case,

though it should be clear that these instruments have been used also for many other

important subjects. I will also give a brief description of EUROBALL and GAM-

MASPHERE, and I will introduce the parameters typically used to quantify the

performances of these arrays. Finally, I will briefly discuss some of the still open

challenges, and I will conclude with a description of the tracking arrays AGATA and

GRETA.

In the second chapter I will introduce the subject of Pulse Shape Analysis; I will

then explain how to calculate the response of a germanium detector, and how the

information on the position of the interaction point is encoded in the shape of the

signals.

In the third chapter I will describe the highly segmented germanium detector

MARS, that was important for the development of many γ-ray tracking techniques.

I will then explain the details of the in-beam experiment where we studied the

Doppler broadening of the 846.8 keV transition from the first 2+ state in 56Fe,

produced by means of Coulomb excitation.



7

In the forth chapter I will describe the pre-processing of the experimental data.

Being this our first “fully-digital” analysis, this was a rather complex work as we

had to implement the proper Digital Signal Processing (DSP) algorithms to extract

energy and time information. In particular we had to work hard to understand and

correct the cross-talk between the segments of MARS and the non-linearity of the

data digitizers used in the experiment.

Finally, in the last chapter I will explain the approach followed to perform the

Pulse Shape Analysis. This was based on a Genetic Algorithms, and allowed to

reduce the Doppler broadening of the studied transition from about 15 keV to 4.5

keV. This number is very close to the value of 4.2 keV predicted by the simulation

of the experiment for a position resolution of 5 mm FWHM.
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Chapter 1

New instruments for new

challenges

1.1 High spin states in proton-rich nuclei

In the last two decades many in-beam spectroscopy experiments were devoted to

the study of high-spin states in nuclei produced by means of fusion-evaporation

reactions. These reactions are extremely versatile since, by varying the combination

target/beam and the bombarding energy, they can produce a large variety of nuclei

not present in nature. But there is another motivation for using these reactions:

they are the simplest way to inject angular momentum in the nuclear system. In

fact, if we define the impact parameter b as the distance between the projectile and

the straight line parallel to its trajectory passing through the center of the target,

the initial angular momentum is equal to L = mpvpb; as it is conserved during the

reaction, L is equal to the angular momentum (spin) of the compound nucleus, and

is also not far from the spin of the final evaporation residue. The possibility of using

heavy ion beams, available since the beginning of the 80s, allowed indeed to combine

small b (necessary to obtain the fusion) with big angular momenta injected into the

system.
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These reactions are therefore an ideal tool to populate high spin states, but only

on the proton rich side of the nuclides (Segrè) chart: the light nuclei are in fact

composed by an almost equal number of protons and neutrons and, after fusion,

the compound nucleus will also be located close to the N = Z line. This means of

course that it will be automatically outside the stability valley, since this deviates

towards the neutron excess when the mass number A increases.

Once populated with these reactions, the nuclei can be studied by means of in-

beam γ-ray spectroscopy techniques: in this kind of experiments, the detectors are

placed around the target, to detect the radiation emitted by the nuclei immediately

after their formation. The γ photons are probes of crucial importance in nuclear

structure studies, since they allow the direct and unambiguous identification of the

(relative) position of the energy levels which characterize the nucleus itself and are

expression of its internal structure.

These experiments revealed a lot of phenomena appearing in different parts of

the Segrè chart, and showed the wealth of behaviors a nucleus can have when one

varies the excitation energy and/or the angular momentum; some of these topics are

depicted in figure 1.1, and reported in [2].

The most studied phenomenon during the last fifteen years was probably the

superdeformation at high spin, i.e. the fact that some nuclei can show a very elon-

gated shape (with a 2:1 ratio between the two axes) based on a second minimum of

the nuclear potential energy, that becomes yrast at high (greater than about 55~)

spin (see figure 1.2). In fact, even though the first superdeformed (SD) band was

identified almost twenty years ago in the 152Dy nucleus using the TESSA3 spec-

trometer [3], only the last generation arrays allow the extensive spectroscopic study

of the physics in the second well. Thanks to the power of these arrays, new regions

of superdeformation (at high spin) were discovered in addition to the “traditional”

ones, which are A ∼ 190, A ∼ 150, A ∼ 130 and A ∼ 80: in fact, SD bands were

discovered also in the A ∼ 60 region [4], and even in double magic nuclei such as

56Ni [5] and 40Ca [6].
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Figure 1.1: Examples of phenomena appearing in atomic nuclei as a function of excitation energy

and angular momentum (taken from [1]).

If the first generation arrays (such as the series TESSA and the other arrays

constructed in the 80s) were able to identify, for the first time, the superdeformed

bands (which are usually populated at a level of 1% of the total cross-section),

the higher performances of the present arrays allowed to do a further step, and to

identify the linking transitions between the superdeformed and the normal deformed

states. These transitions are of crucial importance for the understanding of the

nuclear properties in the second well, because they allow to firmly establish the

exact excitation energies, spins and parity of the SD bands, which, for most of

them, are still only tentative. This identification was done for the first time in the
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Figure 1.2: Total energy surfaces for the 152Dy nucleus plotted as function of the deformation

parameters β and γ; when the spin I increases from 20 to 60, we can observe the formation of a

second minimum, which becomes the absolute minimum for I=70.

nucleus 194Hg [7], and the results are shown in figure 1.3; it is important to remark

that, even though the total statistics of the experiment was equal to 2 × 109 triple

coincidences (including events unpacked from higher-fold coincidences), only few

tens of counts remain in the final spectra. In fact, the intensity of these transitions

can be estimated to be about 1% of the intensity of the corresponding SD bands.

Recently, also the linking transitions between SD and ND states in the 152Dy

nucleus [8] have been identified: in this case, 15 years went by before the first SD

band at high spin was connected to the normal deformed (ND) states.

Another topic which attracted the attention of the nuclear physics community

were the study of the nuclei close to the proton drip-line, and in particular of those

having N = Z. The study of nuclei with equal number of protons and neutrons,

together with that of their neighbours, is of particular importance. In fact, in these

nuclei both types of nucleons are filling the same orbitals so that their wave functions

have a large spatial overlap which produces a reinforcement of the shell structure.

For the same reason also the neutron-proton pairing correlations becomes important:
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but there is a distribution in this number. In calculations
of the statistical decay from a SD state, which give fair
agreement with the measured g decay spectrum, Døssing
et al. [8] estimate that direct one-step decay has a branch-
ing ratio of up to ,5% and may be detectable. In the
mass 190 region, these one-step g rays should have en-
ergies of 3.5–5 MeV [7]. Such high-energy lines present
an advantage, since they can arise only in a heavy nu-
cleus when a well-defined decay energy exists, such as
from the decay of a sharp highly excited state. The pre-
dominant g rays in this energy domain are statistical g

rays (from feeding and decay of SD bands), which form
a smooth distribution because they originate from and/or
terminate in a multitude of states. The primary g rays fol-
lowing neutron capture are dominated by E1 transitions
[10], and this is likely to apply also in the deexcitation of
SD states. Therefore, we might expect that most primary
decays from a SD band of a given parity will deexcite to
ND states of opposite parity.

Motivated by these expectations, we embarked on a
search for very high-energy g rays coincident with known
SD transitions in 194Hg [11]. We have discovered several
g rays between 3.4 and 4.5 MeV, which unambiguously
define the excitation energies, spins, and probable parity
of one SD band. SD bands in 194Hg were populated
using the 150Nds48Ca, 4nd reaction. The beam, delivered
from the 88” Cyclotron at LBNL, had an energy of
195 MeV (at midtarget). The g rays were detected using
GAMMASPHERE [12], which at the time consisted of
55 Ge detectors, surrounded by BGO Compton shields.
Detectors were located at 13 different angles with respect
to the beam. The ,1 mgycm2 Nd target was in intimate
contact with a 12 mgycm2 Au backing, in which the
evaporation residues stopped. The event trigger required
at least three Compton-suppressed g rays and, after
imposing a prompt time gate, 1 3 109 events were
sorted, resulting in 2 3 109 triple coincidences (including
events unpacked from higher-fold coincidences). Relative
efficiency and energy calibration of the Ge detectors were
performed up to 3.6 MeV using standard sources.

There is no question that the highest-energy one-step g

rays must exist. The question is whether the statistics are
good enough to find them. From our accumulated data,
triple coincidences produced the maximum number of
counts in the spectra, which were nevertheless extremely
clean after background subtraction with the method of
Ref. [13]. Pairwise gates on lines from the three known
SD bands (labeled 1–3) produced one-dimensional spec-
tra, which extended up to 5.5 MeV, and the statistical er-
rors were also computed.

Figure 1(a) shows the high-energy portion of the spec-
trum in pairwise coincidence with the seven lowest tran-
sitions of SD band 1. Three peaks are clearly observed at
3489, 4195, and 4485 keV at a s528ds level. We pro-
pose that these lines are the one-step g rays we seek. In
addition, a number of weaker candidates are also visible,

FIG. 1. Spectra from (a) pairwise coincidences of transitions
in SD band 1 and (b),(c) pairwise coincidences with a band 1 g

ray and a transition deexciting a ND negative parity level. SD
band 1 coincidence gates have energies of 255 to 492 keV.
Transitions directly connecting SD and ND yrast levels are
labeled in (a); other weaker lines probably feed excited ND
levels. The absence of the 4485-keV line in (c) demonstrates
that it feeds the ND 92 level. The 3489-keV line is weak in
(b) due to statistical fluctuations.

including one at 3710 keV (3s level). (The other weaker
peaks probably represent decays to excited ND states
which have not yet been placed in the decay scheme.)
Figures 1(b) and 1(c), which show spectra from pairwise
gates on a SD band-1 line and on a g ray from the
negative-parity ND states, indicate that the one-step de-
cays feed negative-parity levels and, specifically, that the
4485-keV transition feeds the ND 92 level [14]. Pair-
wise gates on either the 4195- or 4485-keV lines with a
band-1 line give spectra which reveal SD band-1 g rays

FIG. 2. (a) Low-energy portion of the spectrum in Fig. 1(a).
Energies are given for SD band 1 and ND lines. (b),(c) Spectra
in pairwise coincidence with the indicated one-step decay lines
and one g ray in SD band 1. The ND 112

! 92 line is absent
in (b) but present in (c), indicating that the 4195-keV g ray
feeds the 112 level. The presence and absence of the 255-
keV transition in (b) and (c) help to establish that the 4485-
and 4195-keV g rays deexcite the SD 101 and 121 levels,
respectively [see Fig. 3(a)].
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sitions of SD band 1. Three peaks are clearly observed at
3489, 4195, and 4485 keV at a s528ds level. We pro-
pose that these lines are the one-step g rays we seek. In
addition, a number of weaker candidates are also visible,

FIG. 1. Spectra from (a) pairwise coincidences of transitions
in SD band 1 and (b),(c) pairwise coincidences with a band 1 g

ray and a transition deexciting a ND negative parity level. SD
band 1 coincidence gates have energies of 255 to 492 keV.
Transitions directly connecting SD and ND yrast levels are
labeled in (a); other weaker lines probably feed excited ND
levels. The absence of the 4485-keV line in (c) demonstrates
that it feeds the ND 92 level. The 3489-keV line is weak in
(b) due to statistical fluctuations.

including one at 3710 keV (3s level). (The other weaker
peaks probably represent decays to excited ND states
which have not yet been placed in the decay scheme.)
Figures 1(b) and 1(c), which show spectra from pairwise
gates on a SD band-1 line and on a g ray from the
negative-parity ND states, indicate that the one-step de-
cays feed negative-parity levels and, specifically, that the
4485-keV transition feeds the ND 92 level [14]. Pair-
wise gates on either the 4195- or 4485-keV lines with a
band-1 line give spectra which reveal SD band-1 g rays

FIG. 2. (a) Low-energy portion of the spectrum in Fig. 1(a).
Energies are given for SD band 1 and ND lines. (b),(c) Spectra
in pairwise coincidence with the indicated one-step decay lines
and one g ray in SD band 1. The ND 112

! 92 line is absent
in (b) but present in (c), indicating that the 4195-keV g ray
feeds the 112 level. The presence and absence of the 255-
keV transition in (b) and (c) help to establish that the 4485-
and 4195-keV g rays deexcite the SD 101 and 121 levels,
respectively [see Fig. 3(a)].

1584

Figure 1.3: Partial level scheme of 194Hg showing the transitions connecting the SD 1 and the

ND states (left part); in the right part, spectra are reoprted from pairwise coincidence between

transitions in SD band 1, and between SD band 1 and ND states (upper panel, which shows the

linking transitions), in addition to the low-energy spectra again with pairwise coincidence between

transitions in SD band 1, and with pairwise coincidence between the SD band 1 and the linking

transitions (showing the ND transitions in coincidence).

while the atomic nucleus is usually described as an admixture of two superfluids

(those resulting by the T = 0 coupling of protons and neutrons), in these nuclei a

new superfluid phase of T = 1 pairs can not be neglected [9]. This produces, for

example, the observed delay of the alignment frequency in the even-even N = Z

nuclei between 72Kr and 88Ru [10–13].

In the lighter A ≈ 30 − 40 region, the study of E2 transitions (and their life-

times) in mirror nuclei and of the forbidden E1 transition in N = Z nuclei pro-

vides important indications about the degree of isospin mixing produced by the

Coulomb interaction.

Finally, the spectroscopic investigation of nuclei close to the limit of the nuclear

stability for proton emission (proton drip-line) provides precious information about

the shell structure at extreme values of the isospin degree of freedom; this is of

critical importance, for example, for the calculation of the lifetimes of the proton
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emitter nuclei.

1.2 Present generation of germanium arrays

Many of the phenomena described in the previous section were identified or studied

in details thanks to the power of the present arrays for γ-ray spectroscopy EU-

ROBALL and GAMMASPHERE, which are composed by hundreds of high-purity

germanium (HPGe) detectors. But it is also true the contrary: the intent of per-

forming experimental studies of these phenomena put the requirements to the design

phase of the detector systems themselves. In fact, the population of high spin states

is usually obtained using fusion-evaporation reactions performed at energies slightly

above the Coulomb barrier. In these reactions, the kinetic energy of the beam is

almost completely used to overcome the electrostatic repulsion between the projec-

tile and the target, while the center of mass part is used to perform the fusion and

is afterwards dissipated in heating the compound nucleus. The combination beam-

target is usually selected in such a way that, after the evaporation of neutrons and

light charge particles, the residual nucleus has a low velocity (β = v/c typically less

than 5%). Consequently, and if the solid angle covered by each detector is not too

big, the Doppler broadening of the peaks is not particularly severe.

The de-excitation of the high-spin states produces long cascades of gamma rays

which appear as a “flash” of 20-30 gammas hitting the detectors well within their

time resolution (we say “in coincidence”). Since we want to measure the energies of

the individual gammas, the probability that more than one photons hits the same

detector has to be very small because there is no way to disentangle the individual

contributions in the produced signals. Like for the reduction of the Doppler broad-

ening, the minimization of the sum effect can be translated into a limit of the solid

angle subtended by each detector; in other words, the system must have a high

granularity.

On the other hand, the cascades of interest are usually submerged in a large
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background of γ-rays due to the de-excitation of other nuclei produced in the re-

action, or of already known structures in the nucleus under investigation. In these

cases, we need to detect as many transitions as possible out of the cascade, in or-

der to be able to produce high-fold multi-dimensional spectra. These spectra will

then be analyzed putting multiple gates to reject the background and to deduce the

coincidence relations between the gammas, from which the relative positions of the

excited levels will be inferred. For this purpose it is important to have a high de-

tection efficiency (defined as the ratio between the area of the spectrum produced

by the apparatus and the number of the photons incident on the apparatus itself)

which, can obviously be obtained with a high coverage of the solid angle Ω around

the target.

Taking into account the requirement of combining high efficiency with high gran-

ularity, the present arrays consist of about a hundred of HPGe detectors.

An important source of background in the γ spectra is related to the characteris-

tics of germanium: the interaction between this material and the gamma radiation,

in fact, is dominated (in the energy range between 0.2 and 10 MeV) by the Comp-

ton effect (see fig. 1.4). After a Compton interaction, the secondary γ can either

escape from the detector, or can be fully absorbed through a photoelectric effect,

or can undergo another Compton scattering (after which it can again escape or it

can be fully absorbed through a photoelectric effect...): in all the cases where the

secondary gammas do not escape, we measure a signal which is proportional to the

energy carried by the original γ; in all other cases the energy released is only a part

of that of the incoming gamma. The energy E ′ of the scattered photon in related

to the energy E of the incident photon by the relation:

E ′γ =
Eγ

1 + Eγ

m0c2
(1− cos θ)

(1.1)

where θ is the scattering angle, and m0 is the rest mass of the electron (m0c
2 =

0.511 MeV). Since we don’t know what happens inside the detector, we cannot

know which fraction of the original γ-ray energy is absorbed; such events with
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Figure 1.4: Linear γ-ray attenuation coefficients (proportional to the cross section) for photo-

electric, Compton and pair-production interactions in a Ge crystal as a function of γ-ray energy.

The total absorption coefficient relative to the sum of these effects is also shown..

incomplete absorbtion are therefore a source of background (Compton background)

in the recorded spectra. In order to quantify the quality of these spectra, the peak

to total ratio P/T has been introduced, which is the ratio between the number of

counts of the full-energy peak, and the total number of counts in the spectrum.

One of the major improvement in the detector technology for γ-ray spectroscopy

was the introduction, in the early 1980s, of the Anti-Compton (AC) shields, i.e. of

shields made by scintillator materials (initially NaI, then BGO) used to perform anti-

coincidence between the HPGe detectors and the surrounding shields themselves: in

this way, the P/T could be improved from about 20% of a bare germanium detector,

to about 60%.

This improvement was of particular importance especially for the study of high

multiplicity events: in fact, the probability of detecting the full-energy of a gamma



1.2 Present generation of germanium arrays 17

transition (i.e. photopeak efficiency εph) is equal to [14]:

εph = (P/T ) · ε (1.2)

where ε is the total efficiency of the apparatus.

The probability of detecting a fold F photopeak-photopeak coincidence is there-

fore (disregarding multiple hits in the same crystal):

εFph =

(

P

T
· ε

)F

(1.3)

The expression 1.3 shows that the improvement in the P/T ratio becomes more

important as the fold increases: the bare detectors with their high efficiency but

low P/T produce mainly coincidences involving Compton events. In this condition,

the spectra obtained after putting gates contain a large amount of background, that

could be eventually subtracted, but at the cost of large statistical fluctuations in the

resulting spectrum, that would hide the real weak peaks.

A common problem that had to be solved at the beginning of the nineties during

the design of the last generation of detector arrays (EUROBALL and GAMMA-

SPHERE) was the large fraction (about 50%) of the solid angle covered by the

Anti-Compton shields, which puts a limit on the maximum achievable germanium

efficiency.

EUROBALL [14] has been the main European facility for γ-ray spectroscopy. It

was installed in 1996 at the Legnaro National Laboratories and was moved in 1998 to

IReS where it was operated until April 2003. After this date its detectors have been

installed in other arrays at LNL (CLARA), GSI (RISING) and JFL (JUROGAM).

In order to minimize the solid angle covered by BGO, EUROBALL used new

types of composite Ge detectors, named “clovers” and “clusters”, where several

germanium crystals are surrounded by a common Compton suppressor. This array,

depicted in figure 1.5, comprised a total of 239 germanium detectors, grouped into

15 clusters (located backward with respect to the beam direction), 26 clover (at 90

degrees) and 30 tapered (individual) detectors.



18 CHAPTER 1. New instruments for new challenges

Figure 1.5: Picture of the European array Euroball III taken when it was installed in Legnaro

(Italy).

The clover detector is composed by four coaxial Ge crystals whose side surfaces

have been cut so that they fit together much like the leaves of a four-leaved clover.

The main advantage of this detector is the large efficiency (140% relative to the

standard reference) while the localization remains similar to that of a single de-
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tector since one can usually determine which of the four elements is first hit by

an incoming gamma ray. Thus, the Doppler broadening is reduced to that of one

of the elements. Such composite detectors utilize a new concept that considerably

increases the efficiency of an array: the concept of “adding back”. By adding the

energy of signals that scatter between crystals, the efficiency of a clover detector

is increased by a factor 1.5 over the sum of the contributions from the individual

crystals.

The cluster detector of EUROBALL is an assembly of seven Ge crystals closely

packed in a single cryostat. The novelty here is that each element is an encapsu-

lated Ge detector, which means that it is hermetically encased (in vacuum) in an

aluminum can very close (1 mm) to the Ge crystal itself [15]. The seven detectors

are packed very close together (crystal-to-crystal distance of 2.7 mm) in a cryostat

with a ≈5 mm spacing to the outer can which provides heat shielding. In this way

the space between each detector in the group is minimized while retaining flexibility

to retrieve individual detectors for repair. Clover and cluster detectors can increase

the resolving power of an array, compared with arrays containing only conventional

detectors, due to higher efficiency and P/T.

GAMMASPHERE [16], reproduced in figure 1.6, is the US national facility for

γ-ray spectroscopy mounted initially at the Lawrence Berkeley National Laboratory

(LBNL) and then moved to the Argonne National Laboratory (ANL); it is a very

symmetrical traditional array, since it is composed by 110 individual HPGe detec-

tors, which cover 46% of the 4π solid angle. The germanium crystals are as large

as could be manufactured at that time, and, to limit the Doppler broadening, are

placed at a distance of 25.25 cm from the target. The Anti-Compton shield is a

tapered hexagon consisting of six optically separated sectors, 18 cm long, with a lip

that extends 3 cm in front of the Ge detector. The cooling rod of the germanium de-

tectors is “off-center” to allow for a BGO back-plug which, by detecting the forward

scattered escape γ-rays, improves the P/T by a further 10%. Of particular interest

for this thesis is the fact that, to increase the effective energy resolution from about
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Figure 1.6: Picture of the US array Gammasphere.

5.5 keV to 3.9 keV for reactions with β=2%, 70 of the 110 Ge detectors have the

outer contact electrically segmented: in this way, if a photon is completely absorbed

in one half, we can know its direction with a resolution better than the detector size.

If the photon scatters from a sector to the other, it is assumed that it hits the center

(of the front surface) of the segment where it release more than 90% of its energy,

or the center (of the front surface) of the detector if the distribution between the
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two segments is between 10% and 90%. The result is a position resolution of about

one third of the angle subtended by each detector, and this improves the resolving

power from 1000 to 3000 (see the following section).

1.2.1 Resolving power

In order to quantify the performances of an array for high-spin γ-ray spectroscopy

with a single number, it is usual to introduce the concept of resolving power RP

[18].

Let’s consider a typical γ spectrum of a rotational nucleus produced in a fusion-

evaporation reaction: in this case, we observe a series of peaks with a mean spacing

between transitions equal to SE. If each peak is measured with a mean resolution

δE, every time we put a gate on such a peak (i.e. we require the coincidence with a

window having width δE), we improve the peak-to-background ratio for the sequence

we are considering by a factor around SE/δE. The peak represents only a fraction

P/T of the total γ-ray intensity, and a typical gate includes only a fraction of the

full-energy peak (a realistic number for a FWHM gate on a gaussian peak is 76%).

The improvement is therefore:

R = 0.76

(

SE

δE

)

· P/T (1.4)

The energy resolution δE takes into account realistic experimental conditions,

and therefore includes not only the intrinsic resolution of HPGe detectors, but also

other effects that may affect the peak width, such as the Doppler broadening.

If the height of the peak is much smaller than the background, the peak-to-

background ratio for a branch of intensity α in a F -fold spectrum is αRF . To

be “resolved”, a peak must stand out above the background, so for a cascade of

minimum intensity α0 we must have:

α0R
F = 1 (1.5)

A peak must also be statistically significant, and it must have at least N counts;
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we have, if N0 is the total number of events, and ε is the efficiency of the array at

the considered energy:

N = α0N0ε
F (1.6)

The resolving power RP of an arrays is defined as inverse of the minimum de-

tectable intensity:

RP =
1

α0
= RF (1.7)

By eliminating the fold F from equation 1.7 using equation 1.6, we obtain the

expression for the resolving power as a function of ε and R:

RP = exp

[

ln(N0/N)

1− ln ε/ lnR

]

(1.8)

It is important to note that R and ε do not have the same importance for all the

arrays; in fact, by differentiating we obtain:

∆ε

∆R
=

δ(lnRP )/δ(ln ε)

δ(lnRP )/δ(lnR)
= −

lnR

ln ε
(1.9)

This equation means that for arrays with small efficiency the resolving power is

more sensitive to R (and therefore to the effective resolution and to the P/T ratio)

than to the efficiency. On the contrary, when ε tends to 1, the ratio of equation 1.9

tends to infinity: that means that for a nearly 4π germanium array the efficiency is

the fundamental parameter.

Despite the different technical solutions employed, Gammasphere and Euroball

have very similar efficiency, P/T, and RP; this last value, in particular, is reported

in figure 1.7, together with the performances of the detection systems developed

since the middle of the last century. It is clear that the resolving power increased

by four order of magnitude in 25 years (from 1975 to 2000).

1.3 An example: the 156Dy nucleus

The progress in detector technology (measured by the increase of the resolving

power) has great consequences on our understanding of the behaviour of nuclei in
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Figure 1.7: The evolution of the resolving power for various detectors and detector arrays in-

cluding the prediction for the new tracking arrays such as AGATA and GRETA (taken from [19]).

extreme conditions. As an example, we can use the studies performed on the nucleus

156Dy during the last forty years (see figure 1.8). This nucleus was studied in the

first in-beam γ-ray spectroscopy experiment performed by Morinaga and Gugelot in

1963 [20]; in this pioneering study, the radiation was detected by scintillators made

of NaI(Tl), which produced spectra with low energy resolution and a lot of back-

ground; nevertheless, this experiment demonstrated that it was possible to study the

excited states of nuclei immediately after their formation in a nuclear reaction. Ten

years later, the availability of the first detectors based on Ge(Li) crystals gave an

enormous increase in the resolution of the peaks (of about one order of magnitude)

which allowed, using the same α induced reaction, to double the upper limit of the
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Figure 1.8: “Spectroscopic history” of the 156Dy nucleus; we can notice the enormous improve-

ment in the quality of the γ spectra, and in the capability of studying (very) high spin states [19].

These improvements were made possible by the progress in the detector technology (the color code

is the same as in figure 1.7)

reachable spin (from 8+ to 16+, [21]); the potentiality of these new detectors became

even clearer when the progress in accelerator technology made possible to accelerate
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heavy ions, and not only α particles. In this way, in fact, it became possible to inject

bigger angular momenta into the compound nuclear system, and this again almost

doubled the maximum observed spin (from 16+ to 30+).

Another big step in detector technology was the introduction of the first arrays

composed by Compton Suppressed Germanium detectors (CSG), such as TESSA3

which had 12 Ge(Li) detectors with Anti-Compton shields; the increase of efficiency

due to the higher coverage of the solid angle around the target and the reduction of

the Compton background by means of Anti-Compton shields gave another big gain

in the resolving power of the detection system, allowing to reach spin 42+ [22].

Finally, the study of the same nucleus populated with the same reaction, but

using the last-generation detection system allowed to see the deexcitation of the

nuclear levels up to spin 58+. This is, more or less, the upper limit for the present

arrays [23].

This evolution is summarized in the left part of figure 1.9: every time a new gen-

eration of detection system (the color code is the same as figure 1.7) was introduced,

a consistent step forward in the study of the nuclear system at high spin was done.

The intensity of the γ radiation becomes smaller as the spin increases, because the

number of upper states from which each level can be fed diminishes; however, it can

be noted that this reduction is not linear: when we exceed spin 43+, the intensity of

the γ lines drops rapidly, and only the resolving power of the last generation arrays

allow the study of the 156Dy in such exotic conditions.

The capability of reaching the highest spin regime showed unexpected phenom-

ena, or proved experimentally the existence of peculiar behaviours previously pre-

dicted by the theory: for example, looking on the moment of inertia of the yrast

sequence in 156Dy reproduced in the right part of figure 1.9 as a function of the rota-

tional frequency, we can observe some sudden changes corresponding to the neutron

or proton alignments, and to the changes in nuclear shape that appear near the

band termination.
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Figure 1.9: Relative intensity of the yrast sequence in 156Dy as a function of spin (left); the arrows

mark the location of the highest spin observed at the dates indicated. Moments of inertia of the

yrast sequence in 156Dy as a function of the rotational frequency; various phenomena corresponding

to kinks in the curve are indicated (right). Taken from [19].

1.4 Open questions in nuclear structure

Despite the big efforts done in the last years and the results obtained from the

analysis of a lot of experiments, many questions regarding the nuclear structure in

extreme conditions remain open.

For example, even though the intra-band transitions of more than 200 superde-

formed bands were identified in the mass region A=150 and A=190, the one-step

linking transitions between super-deformed and normal-deformed states have been

identified only in very few nuclei. This happens because, in these mass regions,

the SD bands lie in a secondary minimum of the nuclear potential which is sep-

arated from the ND states by a high potential barrier; this secondary minimum

is moreover located at high excitation energy (about 4-5 MeV) if compared with

the normal deformed one, so the SD states are immersed in a region with a high

level density of ND states, and they can therefore mix with a high number of SD

states having the same energy. This fact favours a statistical decay-out of the SD
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bands, which appears therefore very fragmented into a high number of very weak

transitions. Moreover, since the second minimum lies at high excitation energy, the

one-step linking transitions have high energy (in the range 3.5-4.5 MeV), and this

reduces the efficiency of the present apparatuses, making the detection of the linking

transitions themselves even more difficult.

Nuclei in the principal (spherical or low-deformed) minimum of the nuclear

potential show many types of different excitations (vibrational, rotational, single-

perticle); in the same way, also the superdeformed minimum can support many ex-

citation modes. However, excited SD bands based on collective octupole vibrations

and wobbling motions have so far been identified only in few nuclei in the Lu-Hf

and Pb regions respectively: even with the high resolving power of EUROBALL

and GAMMASPHERE the complete spectroscopy in the second well is therefore

not feasible.

Another open question is the mechanism which produces the population of the

SD bands. In fact, since the first experiments on the SD bands, it was observed

that the ratio Iγ(SD)/Iγ(ND) at fixed spin is one order of magnitude greater than

expected, even though it is only 1-2%. Moreover, it is almost constant over a wide

range of spins. The first proposed explanation [24] provides that the large split-

ting between the two component of the Giant Dipole Resonance (GDR) built on

a superdeformed configuration (which is expected to display a low-energy compo-

nent around 8-10 MeV excitation energy above yrast), together with the lower level

density in the second well enhance the cooling of the residual nucleus by statistical

emission of E1 transitions; these E1 transitions remove excitation energy from the

nucleus, but carry out only few units of angular momentum.

An experiment regarding 143Eu, performed with EUROBALL in conjunction

with 8 large-volume BaF2 from the HECTOR array, showed an enhancement of the

SD band population when gating on γ-rays in the range 7-8 MeV; however, more

efficient apparatuses are needed to understand if this is a general feature, present

also in other mass region.
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Besides the observed superdeformed bands, the theory predicts the existence

of stable nuclear states with even more pronounced prolate deformation (see for

example figure 1.10); these states, called Hyper-deformed (HD) states, should have

a major to minor axis ratios of about 3:1, and should be yrast at spin typically

above 80~. As it is said in the previous section, this value is above the limit of the

actual arrays, which can identify excited states up to about 60~, but most probably

is also a limit of the angular momentum a nucleus can sustain.

���
� �

���

Figure 1.10: Calculated energy landscape for the 152Dy nucleus as function of the quadrupole

deformation, β2 cos(30+γ) and β2 sin(30+γ); one notices the very pronounced minima correspond-

ing to superdeformed (SD) and hyperdeformed (HD) shapes coexisting with the normal deformed

(ND) shape of the nucleus. Taken from [25].

Regarding the spectroscopy of the nuclei near the proton drip-line, it can be

certainly stated that they were extensively studied with the present arrays; how-

ever, due to efficiency limitations, in most of the cases only the yrast states were
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observed: a complete spectroscopy of these nuclei requires therefore a new genera-

tion of detection systems. In this direction, it would be very interesting to study

nuclei beyond the drip-line: in these nuclei, in fact, the Coulomb barrier confines

the last proton which is in a positive-energy state, allowing the existence of excited

levels. Furthermore, the 100Sn nucleus has not yet been studied; this nucleus is a

benchmark for the shell model since it is the heaviest N = Z doubly-magic nucleus.

Finally, the investigation of the excited states in neutron-rich nuclei is still only

at the beginning since these nuclei can not be populated by fusion-evaporation

reaction with stable beams; on the contrary, we have to use binary reaction such as

deep-inelastic, fusion-fission and spontaneous fission. The extensive studies of these

nuclei, very important to understand the evolution of the shell structure as function

of the N/Z ratio, will become possible when the radioactive ion beams (RIB) will

be available.

1.5 Gamma-ray spectroscopy with RIBs

The experiments performed with radioactive ion beams (RIBs) represent a new

and very challenging case for γ-ray spectroscopy, especially for what concerns good

energy resolution.

The first problem is that, with the present facilities, the beam intensity is at least

five orders of magnitude lower than that obtainable with stable beams; this value

can decrease by four other orders of magnitude going further away from stability.

In these conditions, it is an absolute priority to compensate the low reaction rate by

increasing the γ-radiation detection efficiency. For example, in the Miniball array

[26] presently used for γ-ray spectroscopy at the REX-ISOLDE facility (CERN),

the germanium detector are placed at only about 11 cm from the target, so the

efficiency is about 20%, i.e. double of that of EUROBALL and GAMMASPHERE.

However, this array has no Anti-Compton shields, and, as a consequence, it has a

low P/T ratio, and it can not be used for high multiplicity events because of its
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large multiple-hit probability; moreover, the increase in efficiency (a factor of 2) is

not enough to allow the detection of weak transitions produced by the deexcitation

of high-spin states.

Another very big problem is the presence of a background much larger than that

commonly seen in experiments with stable beams: for example, if the beam is proton

rich, the dominant peak in the (fold one) γ spectra is the 511 keV line due to the

annihilation of the e+ emitted in the β+ decay of the beam particles scattered to

the walls of the reaction chamber and beam pipe. This is especially true if there is a

collimator near the target, the presence of which should be avoided [27]. An effective

way for removing this background is the use of pulsed beam, and the subtraction

of the spectra recorded during the period between beam pulses from those recorded

during the in-beam peak; another way is, of course, the use of high-fold coincidences,

which again requires high efficiency.

A major source of background, especially when working with relativistic fast

beams (such as those available at GSI), is the atomic radiation: when a fast ion

hits the target, we can observe capture of target electrons into bound or contin-

uum states of the projectile (respectively radiative electron capture and primary

Bremsstrahlung, with σ ∼ Z2pZt), and stopping of high energy electrons in the tar-

get (secondary Bremsstrahlung, with σ ∼ Z2pZ
2
t ). This radiation is typically in the

energy range between 200 keV and 1.5 MeV, which is the central region of investi-

gation for low-energy γ-ray spectroscopy. Moreover, in these conditions there is also

a high flux of protons and subnuclear charged particles, which can scatter into the

germanium detectors and saturate the output of their preamplifiers.

When we use radioactive beams produced by the in-flight separation technique

(those available at GSI and GANIL are typical examples), we have very high recoil

velocities β = v/c. For example, at a beam energy of 100 MeV/u the value of β is

43%; this produces a very large Doppler broadening, which makes the present arrays

unusable. The 15 clusters detectors taken from EUROBALL are used at present for

a dedicated array called Rising (Rare Isotope Spectroscopic INvestigation at GSI,
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[17]). Because the high recoil velocity problem, they could be placed only at forward

angles, and at a big distance from the target (70 cm): this maintains the Doppler

broadening to an acceptable level, but at the expense of a reduced efficiency.

Finally, most of the experiments with radioactive beams are performed in inverse

kinematics, which again produces high recoil velocity: it is obvious that, in all these

cases, the capability of detecting the direction of the incoming gammas with high

precision (about 1◦) is a fundamental requirement.

1.6 AGATA and GRETA

In order to go beyond the limitations of the present arrays, and to construct a

general purpose apparatus suitable for studying high spin states in very weak re-

action channels, but also for performing experiments with radioactive ion beams, a

completely new approach is needed.

In fact, in the present germanium arrays the total peak efficiency is limited to

about 10% at 1 MeV. as explained above, this is due to to two main factors: first

of all, the Anti-Compton shields cover about the 50% of 4π, limiting the efficiency

because of geometrical reasons; second, the events with incomplete energy deposit

in one of the germanium crystals (i.e. Compton events) are rejected by the BGO

shields.

A big improvement in the geometrical coverage of the space around the target

can be obtained by removing the Anti-Compton shields and using a shell of closely

packed germanium detectors; however, this shell would not have necessarily better

performances than the actual arrays when used in real experimental conditions. In

fact, we could sum-up the energy deposits of two neighbouring detectors without

too much risk of mixing-up different gammas only for very low γ multiplicities.

In real experiments, with flashes of 20-30 gammas (see section 1.2) hitting the

detection system simultaneously, simply adding the signals generated in neighbour-

ing detectors would most often produce false sums, with the consequence of reducing
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the full-energy efficiency, and increasing the background. In order to maintain this

summing effects to an acceptable level, a high number of about 1000 large volume

crystals would be needed, with prohibitive costs.

The requirement of high geometrical coverage with high granularity at an ac-

ceptable cost can be satisfied by the new arrays based on the concept of gamma-ray

tracking [28]. In this approach, one has to identify the location and the energy of

the interaction points inside the crystals so to be able, by a procedure called track-

ing, to assign them to the gamma that generated them. In this way, one can sum

only the interactions produced by a single gamma (avoiding sum effects), but in the

same time improve the P/T ratio by adding the incomplete energy deposits. One

implied consequence of this approach is that one identifies the first interaction point

of the detected transitions and therefore knows the incoming direction with optimal

precision: for this reason, the fundamental requirement for working with high recoil

velocity is automatically fulfilled.

At the moment, two projects of tracking arrays are under developments: GRETA

[18, 29] in the USA and AGATA [30, 31] in Europe; the corresponding first imple-

mentations are called respectively Gretina [32] and AGATA Demonstrator.

It is important to stress that this new approach requires a rethinking of almost all

parts of an array for high-resolution γ-ray spectroscopy: in fact, big improvements

have to be done at the detector level, at the electronics level, and finally at the level

of the algorithms which will have to treat the data prior their acquisition.

1.6.1 High-fold segmented detectors

First of all, if we want to track the gamma radiation detected in a germanium array,

we need to know what happens inside each of its detectors: this means that we

cannot use anymore each germanium crystal as a ”black box”, limiting ourselves to

reject the gammas that escape, but, on the contrary, we have to use it in position

sensitive mode. This is not possible with traditional unsegmented germanium de-



1.6 AGATA and GRETA 33

tectors, since the shape of the overall signal does not contain enough information

on what happened inside the crystal.

On the contrary, it can be shown that in highly segmented germanium detectors

different interaction positions produce differences in the signal shapes well above

the noise level (see section 2.3.3 for details). For this reason, both AGATA and

GRETA are based on large volume 36-fold segmented germanium detectors in the

semicoaxial geometry, such as depicted in figure 1.11. Because of their complexity

and the need of packing them very close to each other these detectors use the

encapsulation technology developed for the clusters of EUROBALL.

Figure 1.11: The 36-fold encapsulated segmented detector for the AGATA array, together with

the its aluminium can [30].

The development of these type of detectors was a big technological challenge,

especially from an electric point of view: in fact, there are 37 wires (36 segments +

the central contact) passing very close to each other and to the crystal surface, so

that shielding of the individual channels against cross-talk is of crucial importance.

Moreover, the 37 feed-throughs necessary to carry the signals out of the aluminium

can produced problems with the vacuum, which had to be solved. Finally, the

presence of 37 preamplifiers with the corresponding FETs dissipates quite a lot of

power, which has to be removed by the cooling system.
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1.6.2 Fully digital approach

Another characteristic of the new arrays is the fact that the detectors signals are

digitized immediately after the preamplifiers by fast (100 MHz) high-resolution (14

bits) ADC : in this way, the entire treatment of the signals is done by digital algo-

rithms instead of analog electronics.

This produces many advantages: first of all, the small amount of analog com-

ponents in each processing channel guarantees good long term stability, simplifying

very much the energy calibration procedures. Moreover, high noise immunity can

be achieved easily, improving the resolution of the detector.

A fundamental difference between the analog and the digital system is that, in

the last case, an arbitrary number of filters can be applied to the signals virtually

without introducing additional noise, and that, virtually, any part of the original

signals is available at each stage of the processing, so the algorithms can be made

recursive. This freedom allows to use digital filters that have no analog counterpart:

for example, we can use the Moving Window Deconvolution (see section 4.2.1) to

reconstruct the original charge collection by removing the shaping of the preampli-

fiers. A good energy resolution can be achieved with shorter shaping time, in this

way the new arrays will be able to sustain a counting rate per detector 5 times higher

than the present apparatuses (50 kHz per detector instead of 10 kHz). Moreover,

digital trigger algorithms such as the Slope Condition Counting (SCC) have very

high efficiency, if compared with the usual CFD, down to very low energy (about

100% at 20 keV and 80% at 10 keV): this is of particular importance for the tracking

arrays, where low energy deposits has to be detected, since they can be part of a

Compton scattering sequence.

Finally, it has to be noted that pulse shape analysis can be practically done only

in a digital environment, while it is out of the capability of the analog systems.
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1.6.3 PSA: from signals to the interaction points

In the present arrays the fact that the shape of the signals produced by tradi-

tional unsegmented detectors is not constant, but varies in dependence of the point

where interactions take place, is an annoying problem, which, for example, limits

the achievable time resolution. On the contrary, with the digital treatment of the

signals combined with the use of highly segmented germanium detectors we want to

convert this characteristic into an advantage.

The Pulse Shape Analysis is in fact the phase in which we analyze the signals

produced by each detector in order to determine the number of interaction points

inside it, their 3D-positions and the energy deposited by the gammas at each step;

at the same time, the starting point of each signal can be identified more precisely,

and a better timing can be achieved. This is obtained by decomposing the measured

signals onto a basis composed by calculated signals generated by single interaction

points located in a grid; many algorithms have been proposed to do this (adaptive

grid search, matrix inversion, neural networks, genetic algorithms...) which have

different performances, and especially require different processing times.

In all cases, this is a very complex problem from a computational point of view,

and it is at the moment the bottleneck of the entire system, since it requires a big

amount of computational power.

1.6.4 Tracking: reconstructing the gamma energies

In high energy physics, the tracking of very energetic charged particles is a consoli-

dated method, because these particles have a high density of charge deposition and

produce continuous tracks inside the detectors; on the contrary, the neutral gam-

mas produce an apparently random pattern of energy deposits, which appear to be

simultaneous because of the small distance (∼cm) between them and the limited

time resolution of germanium detectors. For this reasons, new algorithms (see [33]

and references therein) have been developed to reconstruct, from the interaction
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points, the individual photon trajectories, discarding at the same time the events

with incomplete energy release (Compton events).

One of the most performing algorithms is the so called forward-tracking which

consists of three steps.

First of all, looking at the forward peaking of Compton scattering cross-section,

clusters are identified as a set of interaction points with an angular distance ≤

θ0 between each other (Link algorithm) or with respect to a given point (Leader

algorithm).

In the second step, each cluster is evaluated by tracking to determine whether it

contains all the interaction points belonging to a single γ ray:

1. do the interaction points satisfy the Compton scattering rule 1.1? In this

case, the tracking algorithm uses the angle-energy relation of Compton scat-

tering to determine the most likely scattering sequence from the position and

energy of the interaction points:

χ2 ≈

N−1
∑

j=1

Wj ·

(

Eγ′ − E
Pos
γ′

Eγ

)2

j

(1.10)

where Eγ′ is the sum of the deposits from j to N − 1, and EPos
γ′ is the energy

of the scattered photons according to the Compton scattering formula. For a

cluster of N interaction points, the N ! permutation are tested, and the cluster

is defined “good” if the χ2 is below a predetermined threshold.

2. Does the interaction satisfy photoelectric conditions?

depth < k · λ(e1) (1.11)

where λ is the free mean path, and e1 is the energy deposited.

3. Do the interaction points correspond to a pair production event (where the

first interaction point collects the energy of the γ minus the energy needed to

create the e+e− pair)?

E1st = Eγ − 2mec
2 (1.12)
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In the third step, the algorithm tries to recover some of the wrongly identified

clusters. For example, one type of incorrectly identified cluster comes from a single

γ-ray being separated into two clusters. This γ-ray can be correctly identified by

tracking together all pairs of bad clusters. When the result gives a small χ2, the

γ-ray is recovered by adding the two clusters. The clusters which do not satisfy any

of the above criteria are rejected. An example of this method is represented in figure

1.12, when a high-multiplicity event is considered: 14 of the 16 clusters reconstruct

correctly the incoming gammas.

Figure 1.12: World map obtained from a simulated event with 30 gammas of 1.3 MeV; red circles

represent clusters which correctly identify the gammas, while green squares are “bad” clusters.

Another algorithm, called backtracking, starts from the observation that the pho-

toelectric energy deposition is almost independent of incident energy and is peaked

around 100-250 keV; it therefore assume that the interaction points within a given

deposited energy interval (emin ≤ ei ≤ emax) is the last interaction of a fully absorbed

gamma. After this, it finds the closest interaction to the photoelectric interaction, it

finds the incoming direction from the incident and the scattered energies, and finally

it finds previous interaction along this direction until it reach the source (which is
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known, since it coincides with the target).

1.6.5 AGATA performances

The geometric structure of AGATA is based on a geodesic tiling of the spherical

surface with hexagons and 12 pentagons. Two possible configurations have been

identified (see figure 1.13): a smaller one with 120 hexagons of two different shapes

and a bigger one with 180 hexagons of three different shapes. The pentagons will not

be used and, to minimize inter-detector space losses, the hexagons will be packed

into clusters of three crystals. The 120-configuration will therefore have 40 clusters

(of two different types) while the 180-configuration will have 60 (all-equal) clusters.

Using the largest available HPGe crystals (80 mm diameter, 90 mm length), the

inner radius of the two arrays turns out to be 18 and 23 cm (large enough for

ancillary detectors), while the total solid angle covered by germanium is ∼ 72% and

∼ 80% respectively.

Figure 1.13: Schematic view of the two possible AGATA configurations. The smaller config-

uration has 120 hexagonal crystals of 2 different shapes (colour coded) that can be packed into

40 triple clusters of two different types. In the larger configuration 180 crystals of three different

shapes are packed into 60 all-equal clusters.

The performance of the candidate arrays has been simulated within the GEANT4
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Table 1.1: Performance of the possible AGATA configurations at Eγ = 1 MeV

Config. N◦ of detectors Amount of εph [P/T] % εph [P/T] %

(n◦ of crystals) germanium (kg) Mγ = 1 Mγ = 30

Ideal 4π shell 1 233 65 [85] 36 [60]

AGATA 120 40 (120) 212 33 [54] 19 [44]

AGATA 180 60 (180) 320 38 [53] 24 [44]

EUROBALL 71 (239) 210 9 [56] 6 [37]

[34] framework considering the actual hexaconical shape of the crystals and the dead

materials from the encapsulation and the canning into triple clusters. In table 1.1

the obtained total peak efficiency and peak to total ratio are compared with the

performance of the “ideal shell” and of EUROBALL. Even if a realistic detector can

achieve only about 50% of the performance of the ideal shell, the efficiency gain with

respect to EUROBALL is really considerable. In particular for high γ–multiplicity

experiments, this means an increase in selectivity of several orders of magnitude.

The AGATA community has recently finished the discussion on the configuration

deciding that the project will be based on the geometry with 180 hexagonal crystals.

The germanium crystals will be 36-fold segmented and the resulting 4440 or

6660 total segments will provide unprecedented position sensitivity. A key feature

of AGATA is the capability to determine the emission direction of the detected γ-rays

with a precision of ∼ 1◦. This corresponds to an effective solid angle granularity of

more than 5 104 (quite unachievable with individual germanium crystals) and ensures

an energy resolution better than 0.5% for transitions emitted by nuclei recoiling at

velocities as high as 50% of the speed of light. This value is only a factor of two

worse than the intrinsic resolution of Ge detectors and corresponds to what the

current arrays provide for ∼ 10 times smaller recoil velocities.
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Chapter 2

Calculated signals from HPGe

detectors

2.1 Introduction

As it is pointed out in the first chapter, in the new generation gamma tracking arrays

we want to identify the single interaction points inside the germanium crystals,

and after this we want to infer the path followed by the gamma rays, in order to

reconstruct the energy of the emitted photons.

Probably the most critical point of this approach is the first step, i.e. the iden-

tification of the interaction points from the analysis of the signals produced by the

germanium detectors.

In this chapter, I will explain why we need Pulse Shape Analysis (PSA), and

I will outline the scheme of this analysis, focusing especially on the electric fields

and signal calculation, which are necessary to produce a reference base needed by

the reconstruction phase; a mention will also be done about the upper limit we can

expect for the sensitivity in the reconstruction phase.
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2.2 Why do we need PSA?

The information needed by the tracking algorithms is the number of interaction

points, and, for each of them, the energy and the 3-dimensional position. This

request is equivalent to say that the germanium detectors have to be operated in

position sensitive mode. In other words, we have not to use anymore the germanium

crystal as a “black box”, detecting only the the total energy relaesed; on the contrary,

we want (and we need) to identify what happens inside the detector, as accurately

as possible.

Usually, position sensitivity can be added to a semiconductor (Silicon or germa-

nium) detector by segmenting the electrodes, i.e. by dividing the electric contacts in

small areas; these areas are read independently, so the interaction can be attributed

to the detector volume (“segment”) underlying the contact which gives the signal. In

the case of the large volume semi-coaxial HPGe detector used in γ-ray spectroscopy,

the inner contact is put at High Voltage (HV), while the outer contact is connected

to the preamplifier, and can be segmented.

With present day technology, a segmentation level of about 20-40 segments can

be reached for bulk germanium detectors (see [30], pag. 19). A higher degree of

segmentation is practically unfeasible mainly because of complexity, number of read-

out channels, and inclusion of large amounts of insensitive materials in the detection

body, which would destroy all the positive features of Ge detectors (again [30], pag.

51).

Unfortunately, the position resolution obtainable in this way with the high vol-

ume (about 300 cm3) germanium detectors is of only some centimeters. This is not

sufficient for our goal because of three motivations:

1. one gamma can produce more than one interaction in a single segment;

2. two or more gammas can hit one segment;

3. the tracking algorithms require a position resolution of a few mm.
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The mean free path of the gamma radiation inside germanium is, on the average,

shorter than the segment size, so a single gamma tends to produce more than one

interaction in a segment, especially at low energy. Furthermore, as the high-spin

states of nuclei populated by fusion-evaporation reactions decay through long chains

of gammas, there is a non-negligible probability that different photons hit the same

detector. This situation is particularly frequent in the tracking arrays, not only

because the detectors subtend a very big solid angle (to increase efficiency), but also

because different gammas can scatter in the same segment: if we want to maintain

a good P/T ratio, we have to distinguish the interaction points of each of them.

In all these situations, the granularity of our detection system is not high enough

to distinguish the single interactions: this situation is completely different from that

of high energy physics experiments, where, despite the tremendous complexity of

the events, there is (almost) never more than one interaction per detector pixel (in

their jargon, the occupancy is low).
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Figure 2.1: Performance of the tracking algorithm vs. spatial resolution in a γ-ray tracking array.

Finally, as it is shown in figure 2.1, the efficiency of the tracking algorithms drops
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down very rapidly when the interaction points are identified with an uncertainty

greater than few mm; we can fix a conventional threshold of about 5 mm FWHM

as minimum requirement for the position resolution needed by the tracking process,

and this threshold is, again, much smaller than the segment size. This position

resolution is equivalent to an effective granularity of about 3000 voxels per detector,

which is two order of magnitudes bigger than the electric segmentation feasible

in practice.

For these reasons, we have to reach a real granularity much higher than the

electrical segmentation: the Pulse Shape Analysis (PSA) tries to overcome the

limitations of the detector technology, exploiting the information contained in the

shape of the signals in order to identify the interaction points inside the segments.

2.3 Calculation of the detector response

Before trying to reconstruct the position of the interaction points inside a HPGe

detector, we need to know if this process is feasible, i.e. if and how the information

about the position of the interactions is encoded in the shapes of the signals produced

by the detector itself when it is hit by γ radiation.

In other words, the PSA requires a deep knowledge of what happens inside a

germanium detector. This is related to the physics of the semiconductors at low

temperature (about 80 K), and in the presence of a strong electric field. Using

methods and techniques of solid state physics, we can simulate the motion of the

charge carriers inside the germanium crystal, and, from this, we can calculate the

response of the detector.
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2.3.1 The electric field

The electric potential φ inside a HPGe detector is the solution of the Poisson equa-

tion 2.1:

∆φ = −
ρ

ε
(2.1)

where ε = εrε0 is the dielectric constant of Ge (εr=16, and ε0 = 8.85 · 10−12 F/m),

and ρ = ±eND/A is the intrinsic space charge density of the fully depleted region;

e is the elementary charge, and the sign depends on whether we consider a p-type

detector (for which NA is the density of acceptors) or n-type detector(for which ND

is the density of donors). The density ρ is the only free parameter which enters the

calculations. Though its detailed distribution is usually not known very well, in the

calculation it is usually assumed that the space charge density has a gradient along

the crystal axis (decreasing from the front side to the back), or that it is constant

throughout the active volume. Typically, for high purity germanium detectors, the

value of ND is between 0.4·1010 cm−3 and 2.5·1010 cm−3.

The Ge detectors used in γ-ray spectroscopy are largely over-biased, in order to

avoid that their characteristics (for example, their capacitance) vary during opera-

tion: for this reason, the depletion region (i.e. the active volume of the detector) in

which the equation 2.1 has to be solved coincides with the entire Ge crystal. The

boundary conditions for our electrostatic problem are therefore that φ has to be zero

on the outer contact, and has to be equal to the bias voltage V0 on the inner contact;

the solution of our Dirichlet problem remains the same if we use in the calculation

a negative bias, i.e. if we apply to the outer contact a potential −V0, maintaining

the inner contact at V=0.

The Poisson equation 2.1 with the described boundary condition can be solved

analytically only for planar and true-coaxial geometries (see [35], pag. 392-395, and

[45]); in the first case, if V0 is the applied voltage, d is the thickness of the detector,

and x is the distance from the p+ contact, we have that the electric field has the
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expression 2.2:

−E(x) =
V0
d

+
ρ

ε

(

d

2
− x

)

(2.2)

While in the case of a true coaxial germanium diode we have the expression 2.3:

−E(r) = −
ρ

2ε
r +

1

r lnR2/R1

[

V0 +
ρ

2ε
(R22 −R

2
1)
]

(2.3)

= 2αr +
β

r
(2.4)

where V0 is again the applied voltage, r is the radial coordinate, and R1, R2 are

respectively the inner and the outer radius of the detector. It can be noted that

in all these cases the field E depends only on one coordinate: in other words, the

symmetries of the problem reduce it to a one-dimension problem.

In general, including the case of a closed-ended (semi-coaxial) geometry, the

differential equation 2.1 has to be solved numerically, using the Finite Element

Method (FEM). In this work, we used a program [46] developed by Thorsten Kröll,

which is based on the computer package Diffpack: using cubic three-linear elements,

the solution between two nodes of one finite element is approximated with a linear

function.

The realistic FEM model of the MARS detector (see fig. 3.1) is composed by

about 150 000 finite elements; the spatial precision of the grid is typically 1-2 mm

for the radial coordinate r and for the longitudinal coordinate z, while it is 1-10◦ for

the angle ϕ. The edge of the front face and the end of the inner hole are bulletised

(i.e. rounded), as in the case of a real detector. Even though the program can

easily take into account a non-uniform distribution of the charge density1, we used

a constant value of ND equal to 1010 cm−3 (since the detector is of n-type), while

the reversed bias is 4000 V.

The result of the calculation is shown in fig. 2.2; it is clear that in the rear part

of the crystal the potential is equal to that of a true coaxial detector, showing indeed

a cylindrical symmetry, while in the front part we have a much more complicated

situation, especially at large radii.

1A different value of the charge density can be assigned to every node of the grid.
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Figure 2.2: Electric potential inside the semi-coaxial HPGe detector MARS; the grid used in the

FEM calculations is denser in the sector represented in the right part of the figure, in all the first

slice, and at the borders of the segments (see figure 3.1).

2.3.2 Motion of the charge carriers

Since there is a high electric field inside a germanium crystal used for γ-ray detection,

the electron and the holes created by the interaction of radiation will undergo a net

migration; this motion will be the combination of a random thermal velocity and a

drift velocity related to the electric field. In fact, for low-to-moderate values of the

electric field the drift velocity v is proportional to the electric field, so we can define

the mobility µ for electron and holes using the relations 2.5 and 2.6:

ve = µeE (2.5)

vh = µhE (2.6)

At higher electric field (greater than about 103 V/cm), the drift velocity begins to

increase more slowly, and a saturation value of about 107 cm/s is reached, which

becomes independent of further increases of the electric field. The germanium crys-

tals used as detectors for γ-ray spectroscopy are usually operated in this conditions,
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in order to have a fast response, and to reduce the incomplete charge collection due

to recombination.

Figure 2.3: Drift velocity of electrons measured in germanium (for different values of the absolute

temperature T) as function of the electric field applied parallel to the 〈111〉 direction [35].

Some measurement of the electrons and holes drift velocity (for various temper-

atures) as function of the applied electric field are reported in figures 2.3 and 2.4; it

is important to note that in germanium detectors the mobilities of the two charge

carriers are very similar (especially at high field), while in gas-filled detectors the

electron mobility is 1000 times greater than that of the positive ions.

To describe this situation, a phenomenological approach is used [36], which as-

sumes an empirical dependence of the drift velocities with the electric field E of the

form:

~v =
µ0 ~E

[

1 +
(

E
E0

)γ]1/γ
(2.7)
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Figure 2.4: Drift velocity of holes measured in germanium (for different values of the absolute

temperature T) as function of the electric field applied parallel to the 〈111〉 direction [35].

where γ and E0 are fitting parameters. In this way, equations 2.5 and 2.6 hold again,

but with mobilities that are now functions of the electric field seen by the carriers:

µ = µ(E) =
µ0

[

1 +
(

E
E0

)γ]1/γ
(2.8)

For electrons, a slightly different parameterizations is used, to take into account the

negative differential mobility or the electrons at very high electric field:

µ = µ(E) =
µ0

[

1 +
(

E
E0

)γ]1/γ
− µn (2.9)

Germanium has the same crystalline structure as silicon and diamond, namely

a face-centered cubic (FCC) structure, in which each atom lies at the center of a

regular tetrahedron, and it is surrounded at its apices by four atoms. The principal
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crystallographic axes are the edges of the cube (〈100〉 etc.), the diagonals of the

faces (〈110〉 etc.), and the spatial diagonal within the cube (〈111〉 etc.).

Many detailed measurements of the drift velocity as a function of the tempera-

ture and of the applied electric field were performed by the Modena group [37–40];

the results show that the value of the drift velocity is different if the electric field

is applied parallel to the 〈111〉 or to the 〈100〉 crystallographic axis. The fitted

parameters values used in our calculations are reported in table 2.1.

Table 2.1: Mobility parameterization

Direction µ0

[

cm2

V s

]

E0
[

V
cm

]

γ µn

[

cm2

V s

]

electrons (Ottaviani)

〈100〉 55839 713.6 0.51 1596.5

〈111〉 46902 241.6 0.79 37.7

holes (Ottaviani)

〈100〉 84504 149.6 0.59 -

〈111〉 108210 97.3 0.55 -

holes (Reggiani)

〈100〉 61985 195.1 0.75 -

〈111〉 73485 141.3 0.66 -

Our program reads the position of the interaction points from a file (usually

generated with GEANT 4), and uses it as starting point for the the electrons and

for the the holes; after this, at a time step of dt = 1 ns, it computes the new position

of the charge carriers using the equation 2.10:

~xi+1 = ~xi + ~ve/h( ~E(xi)) · dt (2.10)

This is the equation of motion obtained after a discrete integration of the first-order

differential equation 2.11:

d~x

dt
= ~v (E(~x)) = µ (E(~x)) ~E(~x) (2.11)
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Once the electric field is known from the solution of the Poisson equation, we

can therefore calculate the trajectory of the charge carriers inside the detector.

The anisotropy of the electron drift velocity

As it was pointed out in the previous section, electrons2 have different mobilities

in the 〈111〉 and in the 〈100〉 direction; this is due to the band structure of germa-

nium, which has the absolute minimum of the conduction band along the the 〈111〉

direction.

Even though the drift velocity of the electrons does not have a simple analytical

form as a function of electric field and temperature, a phenomenological approach

[41] can be used to calculate this dependence from the experimental data relative

to the principal axes 〈111〉 and 〈100〉 [42, 43]. In this case, we can write:

ve = A(E)
∑

j

nj
n

γj ~E0

( ~E0γj ~E0)1/2
(2.12)

where γj is the effective mass tensor for the j-th valley, nj/n is the fraction of the

carriers in the j-th valley, A is a function of the magnitude of the electric field

and temperature, and ~E0 is the normalized electric field vector. For the ellipsoidal

effective masses matrix γ0, the accepted value of 1.64 and 0.0819 are used for ml

and mt respectively.

The effective tensor in the j-th valley γj is equal to R
−1
j γ0Rj, where the rotation

matrix is: Rj = Rx′(β)Rz(αj), with β = arccos(
√

2/3), and αj = j · π/4.

The ratio nj/n is influenced not only by the band structure, but also by interac-

tion with optical and acoustical phonons, impurities and other charge carriers which

exist in the lattice; these interactions can populate valleys with different orientation

respect to the electric field. However, from our point of view it is not important

to understand in details this complex scattering mechanism; in fact, we can assume

2for the holes the difference is smaller
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that the deviation from a uniform distribution nj/n = 1/4 can be written as:

nj
n

= R(E)

[

( ~E0γj ~E0)
−1/2

∑

l(
~E0γl ~E0)−1/2

−
1

4

]

+
1

4
(2.13)

If the electric field is equally oriented with respect to all the 〈111〉 directions,

there is a uniform repopulation of the conduction bands: an electric field applied

along the 〈100〉 direction, which satisfies this condition, allows therefore the deter-

mination of the parameter A(E) by using equation 2.12 for various values of the

electric field itself. Furthermore, using again equation 2.12 with nj/n given by equa-

tion 2.13, we can calculate the parameter R(E) by employing the experimental drift

velocity along the 〈111〉 axis.

At this point, the drift velocity of the electrons can be calculated for any direction

and any strength of the applied electric field.

50

250 [ns]

<110><100> <010>

100

400 [ns]

“<111>”
“<101> <011>”

Figure 2.5: Polar plot for the partial risetimes T90 for the front slice A (left panel) and for the

slice C (right panel) of the MARS detector; the black line indicates the measured data, the blue

line the corresponding calculated ones.

This scheme was included in our program to calculate pulse shapes, and a mea-

surement was done with the MARS prototype (see section 3.2) in order to verify

the results [44]. This test was performed by scanning the side of the detector with a
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collimated 241Am source; the low energy of the gammas emitted ensures that the in-

teractions take place near the surface of the crystal, so only the electrons contribute

to the shape of the signals. The results are shown in figure 2.5: in the near-coaxial

part (slice C), an average risetime T90 (from 10% to 90% of the final amplitude) of

218 ns was found with a small anisotropy of ±4% between the axis 〈100〉 and 〈110〉,

respectively; on the contrary, in the very front part an average T90 of 309 ns was

measured with a larger anisotropy of ±14%. In all the cases, the calculations result

in very good agreement with the measured data.

Finally, it has to be noted that, due to the growing process of the crystal, the

〈001〉 axis coincide with the longitudinal axis (z) of the detector, while the orien-

tation of a second axis, e.g. 〈110〉, has to be determined experimentally, since it

was not included in the specification. As a result of this measurement, the angle

between the 〈110〉 axis and the border of a segment was found equal to 71.2◦.

2.3.3 Signal generation

Once the motion of the carriers is known, we have to calculate the charge they

induce on the detector electrodes, i.e. the results of the capacitive coupling between

charge inside the detector volume and electrodes on its surface; the weighting fields

method is a mathematical tool currently used to simplify this calculation.

The weighting potentials

The method of the weighting fields is based on the Green’s second identity, which

can be easily derived from the Gauss theorem:
∫

Ω

∇ · ~fdV =

∫

∆Ω

(~f |~νe)dA (2.14)

where Ω is a Stokian volume, ∆Ω is the corresponding frontier, and νe is the normal

unit vector on ∆Ω, which points outside Ω; the symbol (|) denotes the scalar product.

For any two scalar fields Φ and Ψ we can write:

∇ · (Φ∇Ψ) = (∇Φ|∇Ψ) + Φ∇2Ψ
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= (∇Φ|∇Ψ) + Φ∆Ψ (2.15)

So, using the fact that the scalar product is symmetric, we have:

Φ∆Ψ−Ψ∆Φ = ∇ · (Φ∇Ψ)−∇ · (Ψ∇Φ) (2.16)

And, after an integration over the volume Ω:
∫

Ω

(Φ∆Ψ−Ψ∆Φ) dV =

∫

Ω

∇ · (Φ∇Ψ−Ψ∇Φ) dV (2.17)

If we apply the Gauss theorem 2.14, we obtain:
∫

Ω

(Φ∆Ψ−Ψ∆Φ) dV =

∫

∆Ω

(Φ∇Ψ−Ψ∇Φ|νe) dA (2.18)

=

∫

∆Ω

Φ
∂Ψ

∂νe
−Ψ

∂Φ

∂νe
dA (2.19)

That is exactly the Green’e second identity :
∫

Ω

(Φ∆Ψ−Ψ∆Φ) dV =

∫

∆Ω

Φ
∂Ψ

∂n
−Ψ

∂Φ

∂n
dA (2.20)

This mathematical identity is very useful when treating electrostatic problems,

when we need to relate two situations characterized by the same geometry, but with

two potentials (φ, φ′), two space charge distribution (ρ, ρ′) and two surface charge

distribution (σ, σ′); in this case, we can perform the substitutions:

Φ ←→ φ (2.21)

Ψ ←→ φ′ (2.22)

∆Φ ←→ −4πρ (2.23)

∆Ψ ←→ −4πρ′ (2.24)

∂Φ

∂n
←→ −4πσ (2.25)

∂Ψ

∂n
←→ −4πσ′ (2.26)

And, in this way, we obtain the Green’s reciprocity theorem, which couples the two

electrostatic setups:
∫

Ω

φ′ρ dV −

∫

∆Ω

φ′σ dA =

∫

Ω

φρ′ dV −

∫

∆Ω

φσ′ dA (2.27)
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If the setup consists only of point-like charges, we have ρ =
∑

iQiδ
3(x − xi) and

σ=0, the preceding relation comes to the simple expression:

∑

i

φ′iQi =
∑

i

φiQ
′
i (2.28)

In the case of an HPGe detector, we are interested in calculating the charge

induced on the segments electrodes by a point-like charge located inside the detector

itself, i.e. inside the volume Ω delimited by the electrodes; let’s consider for the

moment the case in which we have no bias (all electrodes are grounded), and we

have to calculate the charge Q1 induced on the segment C1 by the point-like charge

q located at the point xq: this setup is depicted in the first frame of the fig. 2.6.

To simplify our calculation, let’s consider now the “fictitious” model problem of

the second frame in fig. 2.6: in this case, we have no charge inside the detector

(ρ′(x)=0 if x ∈ Ω), a potential φ′1 = 1 Volt on the contact C1, and zero potential on

all the other contacts.

For the two cases, the volume Ω for the integration must be included in the

detector, and must include the test charge q; the contact C1 must be part of the

surface ∆Ω, while the rest of the frontier has to be inside the detector.

If we apply the Green’s theorem 2.27, we obtain:
∫

Ω

φ′qδ3(x−xq)dV +

∫

∆Ω

φ′σdA =

∫

Ω

φ · 0dV +

∫

C1

0 ·σ′dA+

∫

∆Ω\C1

φ · 0dA (2.29)

All the terms in the right side of equation 2.29 vanish, so we have (there is no

surface charge inside the detector, so the surface integral over ∆Ω \ C1 is zero):
∫

∆Ω

φ′σdA =

∫

C1

φ′σdA = −

∫

Ω

φ′qδ3(x− xq)dV (2.30)

= −q ·

∫

Ω

φ′δ3(x− xq)dV (2.31)

= −q · φ′(xq) (2.32)

But the potential φ′ is constant on the contact C1, where it has the assigned value

φ′1, so we have:
∫

C1

φ′σdA =

∫

C1

φ′1σdA (2.33)
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Figure 2.6: The two electrostatic setups used to introduce the weighting potential method; on the

left we have the real configuration, while on the right we have the simplified one used to perform

the calculation.

= φ′1 ·

∫

C1

σdA (2.34)

= φ′1 ·Q1 (2.35)

Substituting in equation 2.30, we obtain:

φ′1 ·Q1 = −q · φ
′(xq) (2.36)

And finally, we can deduce the relation between the charge Q1 induced on the

electrode C1, and the point-like charge q located at the point xq:

Q1 = −q ·
φ′(xq)

φ′

1

= −q · φW (xq) (2.37)

The “potential” φW is dimensionless, and it is, except for the dimension, the

solution of the Laplace equation (the Poisson equation 2.1 with ρ=0), with the

boundary conditions that V=1 on the electrode of interest (sensing electrode), while

other electrodes of the system are put to ground; since the induced charge Q is

directly proportional to φW , this is usually called weighting potential.
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Looking at the equation 2.37, we can enunciate the following:

Theorem 1 (Ramo’s theorem) the charge induced in one electrode of the system

by a charge q placed in the space in between the electrodes is given by the product of

the inducing charge times the potential generated at the position of the charge when

the charge itself is removed, the electrode of interest (sensing) is put at V=1 Volt

and all other electrodes of the system are put to ground.

In reality, the detector is biased, so we have to consider also the charge accu-

mulated on the outer contacts as a consequence of the potential V0 applied to the

central electrode; this can be easily taken into account since the solution of the

Laplace equation are only shifted (and therefore the weighting fields remain un-

changed) if, at the boundary of Ω, we sum an offset to all the potentials (gauge

invariance). Therefore, instead of considering a voltage V0 applied to the central

contact, we have to put the sensing electrode to −V0, so the equation 2.37 becomes

(now φ′1 = −V0):

Q1 = −q ·
φ′(xq)

−V0

= +q · φ
′(xq)

V0

(2.38)

The potential φ′ is usually called again “weighting potential”, even though it is

not dimensionless yet, and the sensing electrode it is now at potential −V0 (and not

V = 1 Volt).

It is important to underline that the weighting potentials and the corresponding

weighting fields are artificial fields, introduced only as a mathematical technique

to treat the capacitive coupling between charge inside the detector and segments

electrodes.

Looking at the figures 2.7 and 2.8, we can observe that the weighting potentials

are not confined inside the sensing segment, but they extend also into the neighbour-

ing segments with an appreciable intensity (more than 10% of its maximum value):

because of equation 2.38, this means that a sensing segment can show a signal not

only if there is a charge inside it, but also if a charge is located in a neighbouring

segment.
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Figure 2.7: Weighting potentials in the rear (quasi-true-coaxial) part of MARS. The left panels

show the longitudinal (upper part) and transverse (lower part) cuts passing through the center of

the sensing segment, while the right panels are the corresponding cuts through the adjacent sector

(top) and the adjacent slice (bottom).
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Figure 2.8: The weighting potentials in the front (closed-ended) part of MARS. As in figure 2.7,

the left panels show the longitudinal (upper part) and transverse (lower part) cuts passing through

the center of the sensing segment, while the right panels are the corresponding cuts through the

adjacent sector (top) and the adjacent slice (bottom).
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The induced currents

The weighting potential method allows the calculation of the charge induced on a

sensing electrode by a point-like charge at rest; if this charge is moving, it is easy

to arrive at the induced current by deriving the equation 2.38 respect to the time t.

In fact, if d~l is the line element along the trajectory, we obtain (since the charge is

moving, xq = xq(t), see equation 2.10):

I1(t) =
dQ1
dt

= +
q

V0
·
dφ′(xq)

dt
(2.39)

= +
q

V0
·
dφ′(xq)

d~l
·
d~l

dt
(2.40)

= −
q

V0
· ~E ′(xq) · ~v(xq) (2.41)

The discretized version of the equation 2.41 (necessary for numerical calculation)

is, assuming a time step of 1 ns, the following equation 2.42:

I1(i) = −
q

V0
· ~E ′(xi) · (xi − xi−1) (2.42)

But, since in FEM calculation we used tree-linear elements, we have the following

equality (which is usually only approximated):

~E ′(xi) · (xi − xi−1) = − [φ′(xi)− φ
′(xi−1)] (2.43)

So we obtain the expression really used in our program to calculate the current

induced on the sensing electrode by the movement of one electron or of one hole:

I1(i) =
q

V0
· [φ′(xi)− φ

′(xi−1)] (2.44)

Finally, at each step i (i.e. at each time t) the contribution of the electrons is

subtracted from that of the holes since they have opposite sign, and the result is

multiplied by the energy εint released at the interaction point, since the number of

carriers produced by the radiation is proportional to the deposited energy itself:

I1tot(i) = [I1h(i)− I1e(i)] · Eint (2.45)
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The program can perform a further integration of the expression 2.45, giving the

charge signal Q1tot(i), to be compared with the experimental data which are mea-

sured after the charge-sensitive preamplifier (see pag. 107).

From the expression 2.44, it is clear that the time-dependence of the current I di-

rectly reflects the shape of the weighting potential the charge carriers pass through,

and also the 3D-position where the interaction took place: this information is there-

fore encoded in the shape of the signals, provided that the outer contact of the

detector is segmented.

In fact, for a semi-coaxial unsegmented detector, the weighting potential is equal

to the real potential inside the detector, and has therefore a cylindrical symmetry:

for this reason, the shape of the signals can depend only on the radial position

at which the interaction takes place, which is reflected mainly by the rise-time, as

depicted schematically in figure 2.9.

Fig. 3.2: Transversal cut through an n-type coaxial detector showing the carrier drift (left),
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Figure 2.9: Transversal cut through an n-type coaxial HPGe detector showing the carrier drift

(left), and induced current signals in the detector corresponding to four interaction radii (right);

for r=24 mm, also the two contributions from electrons and holes are shown.

On the contrary, if the outer contact of the HPGe detector is divided into small

areas, we can have two different situations, depending on whether the sensing seg-
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ment collects the moving charge or not:

1. If the holes move towards the sensing electrode, they follow the gradient of

the weighting potential, which has its maximum absolute value at the end of

their path. By integration of the equation 2.41, we obtain:

Q1(t) =

∫

I1(t)dt = −
q

V0

∫

· ~E ′(xq) · ~v(xq)dt (2.46)

= −
q

V0

∫

· ~E ′ · d~l (2.47)

=
q

V0
· [φ′(xq)− φ

′(C1)] (2.48)

So the total charge induced on the sensing electrode by considering the con-

tribution of the electrons and of the holes is:

Q1tot(t) =
q

V0
· [φ′(xq)− φ

′(C1)]−
q

V0
· [φ′(xq)− φ

′(C7)] (2.49)

=
q

V0
· [φ′(C7)− φ

′(C1)] (2.50)

= q (2.51)

Since φ′(C7) = 0, and φ′(C1) = −V0. In this case, the charge produced at the

interaction point is collected by the sensing electrode, and we have a so called

net charge signal.

2. If the charge carriers move towards a different electrode, the sensing one can

nevertheless have an induced current, provided that its weighting potential

has a value sufficiently high along the charge carriers path3; in this case, the

equation 2.50 gives (the charge is collected by the electrode C2):

Q1tot(t) =
q

V0
· [φ′(C7)− φ

′(C2)] (2.52)

= 0 (2.53)

Since now φ′(C7) = φ′(C2) = 0: the carriers move in a region were the weight-

ing potential increases and then decreases, and no net charge is collected. In

this case, we have a so called transient signal.

3this practically happens only if the segment under consideration is a neighbour of that collecting

the net charge.
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The segmentation allows to analyze also the transient signals, and adds therefore

a sensitivity along the longitudinal and azimuthal coordinate to the radial informa-

tion encoded in the net charge signals (see fig. 2.10). The recognition of this fact

was one of the major breakthrough towards the realization of the γ-ray tracking

concept [28].
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Figure 2.10: Weighting potential of a sensing segment in a coaxial detector with three examples

of interactions occurring at the same radius, but at different azimuthal angles (left), and the

corresponding induced current signals (right); in the cases B and C the sensing electrode collects

the charge, while in the case A it has a transient signal.

Signals from the MARS prototype

Following the approach outlined in the previous sections, a detailed analysis of the

response expected from the MARS prototype was performed [46]; for each segment,

a grid composed by 200 points was employed, as depicted in figure 2.11

The results relative to the points at the extremes of the area covered by the

grid are reproduced in figure 2.12 for a segment in the rear (quasi-coaxial) part of
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Figure 2.11: Grid used to calculate the response of the MARS segment. For the segments in the

rear part of the detector (left panel), only one quarter of the total volume is analyzed, thanks to

the symmetries; on the contrary, for the segments in the front-end part the points have to span

the total longitudinal length due to the more complicated fields.

the detector, and in figure 2.13 for one in front slice. We can observe that in the

first case the signals show a very regular behavior: for example, the risetime has a

minimum for points located at intermediate radii. On the contrary, the situation

is much more complicated in the front slice, due to the fact that in this region the

electric filed is not radial (see section 2.3.1).

2.4 Calculated sensitivity

The discussion of the previous section showed that there is a close relation be-

tween the shape of the signal we measure from a segmented HPGe detector, and

the 3D-position at which the interaction took place; however, this does not mean

that a certain displacement of the points always produces the same change in the

(measured) signals.

If we indicate with Qt,i(x, y, z) the charge collected at the time t by the segment

i and produced by a single interaction taking place at position (x, y, z), we can
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Figure 2.12: Calculated response from the rear (quasi-coaxial) part of the MARS detector: net

charge signals and transient signals (from angular neighbour segment) are shown respectively in

the left and in the right panel.
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Figure 2.13: Same as figure 2.12, but with segments located in front part (closed-ended) of the

MARS detector.
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calculate the variation in the pulse shape after a displacement δx in the x direction,

using a χ2 approach [48]:

χ2x =
∑

i

Tf
∑

t=0

(Qt,i(x, y, z)−Qt,i(x+ δx, y, z))2

2σ2
(2.54)

Where the second sum is over the samples in the interval 0 ≤ t ≤ Tf (being Tf the

time at which the charge collection becomes complete), while the first sum is over

the segment that collects the net charge and over its neighbours; σ is a measure of

the signal uncertainty, i.e. of its noise.

The expected sensitivity in the x direction, is defined as:

Sx =
√

χ2x (2.55)

The sensitivity in the y and z direction are calculated in the same way, and the

total average sensitivity can be defined as:

Stot =
√

χ2x + χ2y + χ2z (2.56)

This was done for the new AGATA capsule [48], using a noise σ equal to 1% of

the total collected charge, constant for all segments throughout the crystal; some

results for a displacement equal to 2 mm, and a section performed at an azimuthal

angle passing through the center of the segments is shown in figure 2.14.

Looking at figure 2.14, we can observe that the sensitivity reaches its maximum

near the borders of the effective segments, where small displacements produce big

change in the transient signals of the neighbouring segment; on the contrary, we have

regions of poor sensitivity near the center of the outer contacts, and at the center

of each segment: we expect therefore that in those regions the position resolution

will be worse than in the rest of the detector.

From figure 2.14 we can also note that the effective segmentation does not co-

incide with the geometrical segmentation: in fact, the boundaries between two seg-

ments are not parallel to the front face, especially near the closed-end region. This

is due to the fact that the charge carriers created inside the active volume move
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Figure 2.14: Calculated sensitivity map for the AGATA capsule; the blue color represents regions

of relatively poor resolution, green indicates regions of medium sensitivity, while red represents

areas with excellent sensitivity.

towards the outer electrodes following the lines of the electric field, which are not

perfectly radial as in a true coaxial detector; in fact, these lines form an angle with
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the axis of the detector which is practically 90◦ only in the rear (true-coaxial) part,

but decreases smoothly until 0, which is reached at the center of the front face

(quasi-planar region). For this reason, the charge produced by an interaction point

is usually collected by the corresponding electrode in the rear part of the detector,

but can be collected by a neighbouring segment when the interaction points occur

near the front-end.

2.5 PSA: the problem

In the previous sections we have established that the 3D-position of the interac-

tion points is encoded in the shape of the signals produced by a segmented HPGe

detector; we have now to tackle the inverse problem, i.e. how to extract, from

these signals, the interaction points, which are the necessary input of the tracking

algorithms.

On other words, we have to establish a correspondence between the space of

the signals and the space of the points; the last one has dimension equal to three

(ordinary three dimensional space) only if there is one single point per segment,

while in the general case the problem becomes much more complicated. In fact, for

Nint ≥ 2, we have to add another continuous dimension representing the fraction

of the energy seen by a segment that has to be assign to the individual points;

moreover, we have to perform the tensorial products of the spaces relative to each

point. The searching space becomes therefore:

Ω =

Nint
∏

i=1

(Ei, xi, yi, zi) (2.57)

Where the spatial coordinates xi, yi and zi are limited, in first approximation, by

the extension of our detector; in reality, we know that the points have to be located

inside the effective segments collecting the net charge (see pag. 66), so we can limit

our search to these segments. This space Ω has dimension 4Nint, which therefore

increases linearly with the number of points to be searched.
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We don’t know a priori the number of the interaction points located inside a

segment, but we know that the sum of their energies has to be equal to the total

energy measured by the segment: we have therefore to search our points in the

subspace of Ω characterized by the condition
∑

iEi = Eseg. This condition lowers

the dimension of the searching space by 1 unit, so it becomes 4Nint − 1

2.6 Scheme of the Pulse Shape Analysis

The basic idea behind the Pulse Shape Analysis is that, to identify the interaction

points inside a germanium detector, we have to compare the measured signals with

a database, consisting of the signals generated by a single interaction point, located

in a grid. These single interactions are, obviously, the “elementary blocks” by which

we can construct every arbitrary complex event, so we can say that the signals of

the database form a basis, in the sense that every measured signal can be written

as a (finite) sum of them.

In principle, this database can be made by measured or calculated signals. In

practice, single interaction points inside the crystal can be obtained only by means

of a coincidence setup with a collimated source and some detectors for the scattered

photons; this job was done (see [49]), but required 6 weeks for 36 positions, while

we need about 150.000 points for the complete crystal. Moreover, the dimension of

the “spot” generated by the source was about 3 mm3, which is comparable with the

precision we want to reach: for this reasons, we are forced to use a set of calculated

signals for the analysis of the measured ones.

The complete process that goes from the electric signals produced by a germa-

nium detector to the identification of the single interaction points includes therefore

several steps, and can be divided into two fundamental parts: the creation of the

database, and the reconstruction phase.

• First part (creation of the database, off-line):
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– Calculation of the electric field inside the detector, with the real geometry.

– Calculation of the weighting fields.

– Calculation of the motion of the carriers inside the detector using the real

electric field, and of the signals induced by this motion onto the electric

contact using the weighting field.

– Creation of a database with the signals produced by a single interaction

points located in a grid (“basis”).

• Second part (reconstruction, on-line):

– Comparison between the measured signals and the calculated ones.

– Identification of the number and of the positions of the interaction points,

together with the amount of the energy deposited.

This process is summarized in the figure 2.15.
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Figure 2.15: Scheme of the complete PSA process, from database calculation to interaction

points reconstruction.
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2.7 The base of calculated signals for the MARS

detector

The MARS detector has a cylindrical symmetry, so every every event can be trans-

formed to an event where the net charge is collected in the sector extending from

-30◦ to 30◦, and having the x axis that passes through the center of the segments:

for this reason, only this sector has been taken into account for the calculation of

the reference base.

The grid has been created using cylindrical coordinates (r, φ, z), and the average

distance between the points was about 1.5 mm; the front segments of this sector

contained in this way 5146 points, while the other three segments were composed

by 5026 points, for a total of 20224 points.

For each point, the net charge signals and the transient signals induced in the

neighbouring segments were calculated, downsampled to 100 Msample/s (corre-

sponding to a time step of 10 ns), and then stored in the base files; each of these

signals were composed by 50 samples.

Since the signals produced by a HPGe detector are measured after the charge-

sensitive preamplifier (pag. 107), the calculated signals were convoluted with an

ideal response function of this preamplifiers (having a risetime of 30 ns) to allow a

better comparison during the reconstruction phase.

Finally, the effects of the crystallographic axis (described in section 2.3.2) has

been taking into account; in this case, we needed to calculate the response of one

half of the front slice, and not only of a single segment, so the complete basis we

used was composed by 30516 points.
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Chapter 3

The MARS in-beam test

3.1 Introduction

In order to test the position resolution obtainable by means of Pulse Shape Analysis,

a real highly segmented detector is needed. In this chapter, I will present the char-

acteristics of the 25-fold segmented detector MARS; in particular, I will describe the

electric cross-talk between segments, and the need of using a second-order calibration

to recover a good energy resolution. Finally, I will describe the in-beam experiment

specifically designed to test the position resolution of the detector, together with

the sampling-ADC based acquisition system.

3.2 The MARS detector

The history of the MARS detector started in 1997: at that time, in fact, the fea-

sibility of the gamma-ray tracking had been demonstrated in principle with pulse

shape [46] calculations and Montecarlo simulations, but a real detector was needed

to confirm the obtained results. Moreover, before designing the new generation ar-

rays, it was of crucial importance to know the performance of one highly segmented

germanium detector (for example, the energy and the position resolution that can be

achieved). Finally it was important to study the behavior and the reliability of such
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complex detectors under real experimental conditions, and to investigate the prop-

erties like cross talk, transient signals, superposition of signals in one segment, long

time performance, heat flux and LN2 consumption, and so on. For these reasons, in

February 1998 our collaboration placed an order to the germanium-detector man-

ufacturing company Eurisys for a segmented detector prototype which was named

MARS. This is the acronym of Mini ARray of Segmented detectors, and was the

name of the INFN experiment that at that time made the R&D on γ-ray tracking.

The MARS detector consists of a semi-coaxial, n-type, high purity germanium

(HPGe) crystal; it has a cylindrical shape with 90 mm length and 72 mm diameter;

the inner hole is also a cylinder with 10 mm diameter and 75 mm length. The

crystal is tapered near the front side with an angle of 9 degrees, and can replace

a traditional germanium detector of the GASP [50] array, since it is mechanically

compatible with the Anti Compton shields of this apparatus.

From an electrical point of view, the high voltage power supply (equal to +4000

V) is applied to the central contact; this central electrode produces the same signal

as a traditional detector, and it is used mainly for trigger purpose. The outer contact

is segmented into 25 parts, as shown in figure 3.1: there are 4 subdivisions along

the detector axis (called “slices”), and 6 angular subdivision (called “sectors” or

“columns”). There is also a small segment, called F in the figure, located in the

center of the front face, where the electric field is very similar to that of a planar

detector (see pag. 46).

The segmentation scheme was decided following the considerations explained in

[46], regarding especially the amplitude of the transient pulses. In fact, if we want

to infer the 3-D position of the interaction points, we need that the amplitudes of

the induced signals are well above the noise level, also for small (50-100 keV) energy

deposits. Since the charge preamplifiers actually used have a gain of about 100

mV/MeV, and a noise well below 1 mV, if we want to have a signal to noise ratio

of 5-10 for the transient signals, we need that these ones have a relative amplitude

of about 10%, if compared with the net charge pulses. This is automatically a
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Figure 3.1: Layout of the MARS segmentation (left), and the corresponding FEM model for

pulse shape calculation (see section 2.3.1).

constraint for the segments size, because the amplitude of the transient signals

depends mainly on the distance between the interaction point and the border of the

sensing segment. Another consideration is related to the dynamical behavior, i.e. to

the difference in the pulse shapes produced by different points. Near the borders of

the segments we have, in fact, the highest sensitivity (as shown in section 2.4), which

is on the contrary poor in the central part; it follows that the position resolution we

have to achieve implies an upper limit in the sizes and shapes of the segments.

3.2.1 The Prototype I

The detector with the first design was delivered at the beginning of May 1999 [51].

This detector presented several problems with electronics, and had to be sent back

immediately the manufacturer, who tried to fix them. It was delivered again in

June 1999, but some more fundamental problems still remained, as described in the

following; a photo and a technical drawing of this first MARS prototype are shown

in figure 3.2.

A peculiarity of this design is that the FETs are located on the back of the
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Figure 3.2: Photo (left panel) and technical drawing (right panel) of the prototype I MARS

detector.

standard detector mounting, still very close to the germanium crystal, but in a sep-

arated vacuum chamber. In this way one could have the advantages of encapsulated

detectors (i.e. easy replacement of the FETs when needed, like for the EUROBALL

cluster detectors) without needing to develop an encapsulation for this particular

detector geometry, which would produce a very high extra cost.

The most important feature of a germanium detector is, in general, its energy

resolution, that, for a segmented detector, means the energy resolution of the in-

dividual segments. This quantity was tested using the DAQ of the GASP array,

which allows to register data from all the 26 channels simultaneously, at relatively

high counting rate (some kHz); for the measurements, a standard uncollimated 60Co
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source was normally used, and the resulting values are shown in figure 3.3.
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Figure 3.3: Energy resolution for the 25 segments and for the central contact of the MARS

prototype I; the specifications were a resolution better than 2.2 keV with a shaping time of 3 µs.

It can be seen that all the segments fulfilled the specifications, except those of

the front slice (slice A): this fact can be related to incomplete charge collection in

the front slice (where the electric field has a complicate shape and a lower value, see

section 2.3.1), and to the longer wires connecting these segments to the FETs.

This prototype had some problems: for example, the detector cryostat did not

have a good vacuum, and, in fact, the LN2 consumption was larger than expected.

Moreover, if the detector was used in the upside-down position (respect to that

shown in the figure 3.2), after a few hours the reverse current on the high voltage

power supply began increasing regularly, and the baseline of the preamplifiers con-

nected to the front slice started to drift until the signals reached the saturation level.

This is a typical temperature increase effect due to insufficient cooling power and,

even though the detector was normally operated with the crystal hanging below the

LN2 dewar, this is a limitation when one needs to access preamplifiers, and in view
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of designing a 4π array.

But the severest problem affecting this prototype was the electric cross-talk be-

tween neighbouring segments. As an example, let us consider an event triggered

by a large energy release in a single segment, which, in figure 3.4, is the segment

C1: it is clearly visible that an inverted fraction (8-10%) of the net signal always

appeared in the lower slice (D1 in this case) while its derivative was induced in the

upper (B1) one. This effect was seen between segments of the same sector, but it

was never seen between neighbouring segments of the same slice (e.g. A1 and A2);

this is clearly connected to the way the cables are arranged around the germanium

crystal.

Figure 3.4: Signals produced by a column of the MARS prototype I detector when a large energy

release occurs in the segment C1; as a consequence of the electronic cross-talk, an inverted signal

is induced in the segment D1, (red) while its derivative appears in the segment B1 (blu).

The production of HPGe detectors with high segmentation of the outer contact
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is probably the most important improvement in the detector technology from the

beginning of the 90’s; it is in fact the conditio sine qua non for the identification

of the interaction points within the crystal using PSA techniques, and therefore for

the construction of the new tracking arrays. However, from the point of view of the

energy resolution, the increased complexity is also a source of new problems, such as

those observed with our prototype: the high density of wires around the crystal and

the fact that the FETs and the preamplifiers are very close to each other require in

fact an accurate design of the electric layout, but it makes also a perfect electrical

shielding of the individual channels practically impossible.

A way to show this problem is to consider the events with two segments firing in

coincidence, and to look at the matrices with the energy released in one segment vs.

the energy released in the other one, or, in a more graphical way, the matrices with

the difference between the energy released in the two segments vs. the corresponding

energy sum. In fact, in the case of perfect shielding, the total energy measured is

independent from its partition between the two segments, and the full-energy events

appear in a vertical straight line in the sum vs. difference matrix.

On the contrary, if two segments crosstalk together a fraction of the charge

collected in one of these appears with opposite sign in the other one, and the energy

detected by the last one appears reduced if compared with the true deposit: in this

case, the total energy shows a dependence on the difference between the two signals,

because the deficit in a segment (and indeed in the sum) is proportional to the

charge collected in the other one. This is exactly what we see in figure 3.5 for two

segments of the same column; it is also clear that this effect is not seen for neighbour

segments of the same slice. The traces remain straight lines (with different slopes)

because the deficit induced in a segment is proportional to the charge collected in

the other one.

Most likely, the cross talk pattern is due to the fact that the connections between

the FETs and the preamplifiers were done with unshielded wires carried on kapton

cables; the wire for the signal from the FET to the high impedance input of the
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Figure 3.5: Sum of the γ energies vs. the corresponding difference for two adjacent segments of

the same column (left), and for two adjacent segments of the front slice (right).

preamplifier ran, for quite a long path in this prototype, close to the feed back line

of a neighbouring segment of the same sector. Similarly, the central contact had a

rather bad resolution, sice it is the sum of all the signals from the 25 segments, each

of which having a different coupling.

3.2.2 The Prototype II

In order to overcome the serious cross-talk affecting the prototype I, the original

idea of having a separate chamber for the FETs was abandoned; the result was the

prototype II shown in figure 3.6, which was delivered in May 2000. At the begin-

ning it exhibited oscillating electronics, but that was simply because of condensed

moisture on the feedthroughs to the crystal vacuum chamber; moreover, it presented

noise due to bad contacts and cable layout. For these reasons, the detector was send

back to Eurisys and delivered again, now working quite well.

In the new design, there is no separate chamber for the FETs, and therefore they

can be replaced only by breaking the vacuum of the crystal chamber. However, since

the FETs of the segments are DC-coupled, there is only a minor risk to destroy them
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Figure 3.6: Photo (left panel) and technical drawing (right panel) of the prototype II MARS

detector, with the new design of the cryostat.

while applying HV. The fact that now the FETs are positioned closer to crystal and

in the same vacuum chamber, allows for much shorter connecting cables and for a

better arrangement than before; also the paths from FETs to the preamplifier are

shorter. The new design, moreover, improved the cooling of the detector.

The FET of the central (common) contact is now at room temperature, mounted

directly on the preamplifier board. Consequently, its energy resolution is rather poor.

This is mainly due to the fact that the cable connecting the central contact to its

FET is quite long (about 20 cm), unshielded, and runs among the preamplifiers of the

segments: this arrangement introduces indeed quite a lot of noise (microphony, and

so on) in the signal. On the contrary, the fact that the FET is at room temperature

plays only a minor role: the experts say that if it would be mounted in the correct

way, it would produce in fact a worsening of only 0.2 keV respect to a cold FET

located very close to the crystal.
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In addition to this, the central contact has a different capacitive coupling with

each segment, so its output is a superposition of 25 peaks of slightly different ampli-

tude1: this fact can be corrected by a suitable calibration procedure, which improves

the resolution from about 4.5 keV to about 3.5 keV.

The bad resolution of the common contact is not a big problem for a tracking

oriented detector, since this signal is used mainly for trigger purpose, while the

“good” energy information is provided by the segments.

�
�	� 

�
��� 


�� 

�
��� 


�������������	��� � �  !#"$!
!#"�%
&'"$!
&'"�%
(�"$!
(�"�%
)*"$! +-,.,0/2143 576.6.6982:4;

�=<'>	?$@BADC�	�E���*�F���	�G� � �  �=<'>	?�@HA�C

Figure 3.7: Energy resolution for the 25 segments and for the central contact of the MARS

prototype II; the specifications were 1.2 keV at 122 keV, and 2.3 keV at 1333 keV (all for a shaping

time of 3 µs).

The energy resolution was tested using the Data Acquisition (DAQ) of the GASP

array, as for the prototype I, and the results are shown in figure 3.7. The graph is

very similar to that of the figure 3.3: again, all the segments fulfill the specifications,

except those of the slice A (probably for the same reasons).

In general, the FWHM of a gaussian energy peak is equal to RMS noise level

multiplied by the shape factor 2.355, if the noise is the only factor in broadening the

peak ([35], pag. 608); this noise depends on the total capacitance of the components

preceding the preamplifier, i.e. the wires and the detector, so we can expect that the

resolution of the segments should be much better than that of the entire detector.

1for fold 1; for fold 2, we have to consider the pairs, and so on for higher fold.
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The bulk capacitances of the segments (between their outer contacts and the

common central contact) have been measured [52] by injecting a step-like signal

V onto the inner electrode: this pulse acts as a “common test signal” for all the

segments, since it transmits a charge Qi that reaches the i-th segment through the

bulk capacitance Ci:

Qi = CiV (3.1)

The charges Qi were quantified observing the position of the pulser peak over

the spectra produced by a 60Co source, after having calibrated the x axis in terms

of an electrical charge, recalling that the energy to charge conversion factor for the

germanium is 2.9 eV/pair. The results are shown in figure 3.8; we can see that

the segments of the front slice have more or less the same capacitance as those of

the slice B. Therefore, the worse resolution of the slice A seen in figures 3.3 and

3.7 is probably due to the the fact that the wires of the front segments are longer

than the others, and have therefore a bigger (parassite) capacitance. The overall

bulk capacitance of 36 pF is compatible with the theoretical value of a truly coaxial

detector with the same dimension:

C = 2πεGe
L

ln
(

Rext

Rint

) = 40.3 pF (3.2)

being L the length of the cylinder, εGe the dielectric constant of Ge, Rint and Rext

the inner and outer diameters of the coaxial structure. It is important to note that

Rint is blocked to about 0.5 cm because otherwise the electric field near the central

electrode would become too high, and would produce an avalanche multiplication

as in the gas-filled proportional detectors: at this point, the capacitance increases

with the length L, and decreases for detectors with a bigger outer radius2.

These considerations are valid only for the central contact, which sees the capac-

itance calculated in equation 3.2; for a segment the situation is more complicated,

2The situation is completely different respect to that of the planar germanium detectors, for

which C ∝ A/d, and therefore the resolution becomes better when the thickness d increases.
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Figure 3.8: Bulk capacitance of the MARS segments. The 6 segments with higher capacitance

are located in the rear part of the detector where the HV electrode enters longitudinally into the

detector: the mechanical realization of the ohmic contacts brings about a capacitive coupling to

the segments that makes their capacitances higher. The segment with low capacitance is located

in the front end of the detector and is physically very small (segment F).

since the capacitance we have to use is the overall capacitance referred to the ground,

which is the sum of many contributions [53]:

CT = Cbulk + Cfringe + Cshield + CF + CFET (3.3)

where:

• Cbulk is the bulk capacitance between the segment and the central electrode,

i.e. it is the capacitance calculated in equation 3.1 and shown in figure 3.8.

• Cfringe is the capacitance between the outer electrode of the segment, and the

neighbouring ones; it is proportional to the electrode perimeter, and for the

MARS detector it is about 17 pF.

• Cshield is the capacitive coupling between the electrode and the outer shield;
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it is proportional to the electrode area, and in our case it has a value of 5-10

pF.

• CF is the feed-back capacitance of the preamplifier (see pag. 107), of about 1

pF.

• CFET is the input capacitance of the FET (10-15 pF).

In order to derive this overall earth-referred capacitance CT , the energy resolution

of the segments were measured using a 60Co source and the GASP electronics; by

fitting the FWHM of the peaks measured as function of the amplifier shaping time,

the values of the total capacity CT and of the leakage current IL were calculated

(again, see [52]). The inner contact had CT equal to 68.8 pF and IL equal to 1959

pA, while the values for the four segments of a column are reported in table 3.1.

Table 3.1: Real capacitances of the segments

Segment Capacitance CT [pF] Current IL[pA]

A4 81.1 445.4

B4 78.9 250.1

C4 71.6 274.6

D4 37.9 210.7

The parameters for the segment D4 were obtained with a prototype of a low-

noise preamplifier developed in Milan, which produces an energy resolution of 1.7

keV at 1332 keV using a shaping time of 3 µs (vs. 1.85 keV obtained with the

original preamplifier provided by Eurisys).

The matrices corresponding to those of the figure 3.5 are reproduced in figure

3.9: now the deviations of the full-energy events from the vertical direction are

practically absent, and the resolution of the summed spectra is much better than in

the prototype I.



86 CHAPTER 3. The MARS in-beam test

£�¤ ¥E¦D¤

§¨ ©ª¨

«#¬ E«D®

¯° ±¯²

Figure 3.9: Sum of the γ energies vs. the corresponding difference for two adjacent segments of

the same column (left), and for two adjacent segments of the front slice (right).

3.2.3 Fold-dependent energy deficit

Once it was verified that the prototype II worked much better than the previous one,

a detailed analysis was performed to understand if some minor cross-talks were still

present; the measurements were done using radioactive sources of 60Co, 152Eu and

133Ba, and connecting the MARS detector again to the GASP acquisition system to

have a high counting rate (about 5 kHz), and to collect therefore a high statistics.

The first test was performed in March 2002 with the detector biased at only 3

kV, because the segment D6 had a big leakage current. This problem was fixed

by the LNL detector laboratory3 and the test was repeated in April 2002 and in

November 2002 with the nominal HV value (4 kV).

The projections of the 60Co data obtained summing up the (calibrated) energies

of the segments showed very asymmetric peaks, with long tails in the left part

and bad resolution (about 5.2 keV); sorting the data according to the segment

multiplicity (fold), it was noted that the origin of this worsening in the resolution

was the progressive shift of the full-energy peaks with the number of the segments

3thanks to the skills of Davide Rosso
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firing in coincidence. This is clearly visible in figure 3.10.
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Figure 3.10: Spectra of the MARS detector for various folds; we can observe a deficit which

increases with the fold.

To understand if this phenomenon is a feature of our detector or if it is a more

general problem, a similar analysis was performed on data from the composite detec-

tors of the Euroball array. The results are shown in figure 3.11 and we can see that

the fold-dependent energy deficit is present in the Clovers while it is virtually absent

in the Clusters. The explanation of the different behavior is most likely in the fact

that the four crystals of the clovers have a common high voltage supply while the

seven encapsulated crystals of the Clusters are powered by seven individual power

supplies.

As first approximation, a simple correction was applied to the data, in order to

simply re-align the shifted peaks with fold greater than 1 to those obtained from

the the events with only one segment collecting the net charge: in the last case, in

fact, the full-energy peaks are at nominal position by construction, after the usual

energy calibration with a linear function is applied (see, for example, section 4.4).
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Figure 3.11: Position of the 1.33 MeV peak of the 60Co source in the spectra produced by some

Clover (Q0-Q4) and Cluster (C1 and C2) detectors of the Euroball array. The peak position it

can be clearly observed as a function of the number of the crystals contributing to the event. The

fold-dependent energy deficit can be clearly observed in the Clover detectors, while it is practically

absent in the Clusters data.

Looking at the data more carefully, however, it was observed [54] that this energy

deficit depends not only on the segment fold F, but also on the hit pattern; in other

words, besides the usual (linear) calibration for F=1, we have to consider another

calibration for F=2:

Eij = aij + bij · (ei + ej) (3.4)

where ei and ej are the energies (calibrated amplitude) seen by the segments and

Eij is the corrected sum energy. This generates simply a translation parallel to the

horizontal axis in the matrices “energy sum vs. difference” reproduced in figure 3.9,

with coefficients depending on the pair of segments we consider.

This is equivalent to say that the energy deficit for the segment pair ij can be

expressed as:

∆ij = Eij − (ei + ej) = aij + bij · (ei + ej)− (ei + ej) =
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= aij + (bij − 1) · (ei + ej) =

= aij + cij · (ei + ej) (3.5)

i.e. the deficit has a linear dependence from the sum of the (F=1) calibrated energy.

The 300 aij and bij coefficients for the 25 segments of MARS were determined by

the corresponding 300 spectra of a 60Co source; the high statistics acquired and the

small shifts allowed the use of an automatic fit procedures. These coefficients were

calculated again using the data acquired with the 152Eu source, in order to increase

the accuracy of the correction by considering more lines in a wider range of energies.

The gains cij were of the order of 0.2%, while the offsets aij have a mean value of

0.5 keV. This last quantity was a little surprising: in fact, one expects that that the

corrected energies Eij should be zero when Ei and Ej are both zero, so the offsets

aij should be similarly zero! For this reason, many tests were performed in order to

verify if this value would be related to the GASP DAQ, or to some problems in the

digital treatment of the data; however, all the sorts with different dispersion (0.25,

0.5 and 1 keV/chan) produced the same results.

The procedure described above cannot be extended to fold higher than two,

because the number of combinations increases enormously; however, it seemed rea-

sonable to assume that the correction for fold F could be expressed as the sum of

the deficit of all the involved pairs:

EF =
∑

i

ei +
∑

i<j

∆ij

=
∑

i

ei +
∑

i<j

[aij + cij · (ei + ej)]

=
∑

i<j

aij +
∑

i

ei

(

1 +
∑

i6=j

cij

)

(3.6)

With this assumption, the results obtained are those shown in figure 3.12 and 3.13:

the little over-correction visible in fig. 3.12 for fold greater than 5 gives a negligible

contribution to the overall resolution because the statistics is very low at such high

segment multiplicity. The final peak resolution is comparable to that of the single



90 CHAPTER 3. The MARS in-beam test

segments once we consider also the unavoidable contribution of the electronic noise

in the add-back.

Figure 3.12: Position of the 1408 KeV peak

before and after correction.

Figure 3.13: The added-back spectrum of

the 1408 KeV peak before and after correction.

The amplitude deficit problem is, at present, explained by the fact that some

residual capacitive coupling between the high impedance input of the segment FET

and the low impedance output of (one of ) its neighbours is unavoidable (see figure

3.14), due to the high density of wires in the tight space of the detector’s mechanical

assembly. A simple model [53] shows that this coupling produces the observed

deficit in the sum of the energy detected by two segments firing in coincidence; in

fact, if Vi is the voltage output of the ith preamplifier, Qi is the charge collected

by the corresponding segment, CF is the feed-back capacity and C12 is the coupling

capacitance, we have:

V1 =
Q1
CF

−
Q2
CF

·
C12
CF

+ b1 (3.7)

And, similarly:

V2 =
Q2
CF

−
Q1
CF

·
C21
CF

+ b2 (3.8)

Summing up the two signals we obtain:

Vtot = V1 + V2 =
Q1 +Q2
CF

−
1

C2F
· (Q1C12 +Q2C21) + (b1 + b2) (3.9)
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Figure 3.14: Scheme of the capacitive coupling between the input of a segment FET and the

output of (one of ) its neighbours.

And finally, if C12 ≈ C21, we obtain:

Vtot ≈
Q1 +Q2
CF

−
C12
C2F

(Q1 +Q2) + (b1 + b2) (3.10)

=
Q1 +Q2
CF

− a12 (Q1 +Q2) + (b1 + b2) (3.11)

= (1− a12)

(

Q1 +Q2
CF

)

+ (b1 + b2) (3.12)

Looking at the equation 3.12, we can note that, in the presence of the capacitive

coupling, the sum of the voltage output is proportional to the total charge collected

by the two segments, but with a proportionality constant reduced respect to that of

the individual segments: this produces, at least qualitatively, the observed energy

deficit.

The fact that the energy sum generated from the events with fold F=2 depends

on the pair of segments firing in coincidence has been observed also in the (recently

delivered) capsule for the AGATA tracking array, as we can see in figure 3.15. It

is therefore reasonable to conclude that this is a characteristic of all segmented
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Figure 3.15: Position of the second peak of the 60Co source in the fold F=2 spectra collected

with the new AGATA capsule; as in the MARS detector, we can observe that the energy measured

by the central contact (green) and the summed signals from the segments depends on the pair of

segments firing in coincidence. Thanks to Prof. J. Eberth and Dr. D. Weißhaar of IPK Köln for

providing these data.

detectors. From the same figure, we can observe that also the energy seen by the

central contact depends on the pairs of segments firing in coincidence, which is again

a characteristic of the MARS detector (see pag. 82).

3.2.4 Second order cross-talk

Another problem seen since the first measurements performed in March 2002 is the

fact that, if we analyze the γ − γ matrices relative to two neighbour segments, we

can notice the presence of a parabolic deviation from the main traces E1 + E2 =

const = Eγ; this appears only if we consider two segments of the first slice, while it

not visible in matrices involving at least one segment of the other slices (see figure

3.9). The deviation is particularly evident when we consider low-energy transitions,

for which it can create long tails in the γ peaks and a lot of background; this effect
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is even more macroscopic if we consider the matrices of one segment of the first slice

vs. the small segment located at the center of the front face.

This (roughly) quadratic deviation is not compensated by the recalibration de-

scribed in the previous section, which is, for each pair of segments, a pure translation

in the direction orthogonal to the full-energy straight lines E1 + E2 = Eγ.

Figure 3.16: γ − γ matrices for a pair of segments in the front part (left) and in the rear part

(right) of the AGATA capsule; the first one shows the “moustaches” we observed in the MARS

detector (data from IPK Köln)

As it can be seen in figure 3.16, this problem affects also the new AGATA

capsules, so it is probably another general characteristic of the segmented detectors;

unfortunately, its origin is not yet understood: it can be of geometrical nature, or

can be due to the particular configuration of the electric field in the closed-end part

of the germanium detectors. We can however note that this effect can be seen only

if one uses a logarithmic scale, so its impact on a tracking array is not probably not

so severe.
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3.3 How to test our position resolution?

In order to test the reconstruction capability we can reach applying PSA techniques

to our MARS detector, signals originating from known positions inside the crystal

are needed; obviously, this is not a problem when we work with simulated data (since

the interaction points are known by construction), while from an experimental point

of view this a challenging task.

In fact, we can produce single interaction points using a low-energy transition

(about 60 keV) generated by a collimated source of 241Am, but in this case the

analyzed region is limited to a small depth near the surface. Within the detector

volume, single interaction at known positions can be ensured by means of double

collimation and coincidence measurements [49], but at a price of a very low counting

rate; otherwise, a measurement with a collimated source (pencil γ-beam) defines only

the position of the first interaction in two dimensions. In all these cases, the accuracy

of the reconstruction algorithms and the correspondence between the calculated base

and the measured signals can be tested only in a very limited way (see [55]).

A more complete probe for the PSA process can be obtained performing an in-

beam measurement of the γ-rays emitted by a nucleus recoiling at high velocity, and

applying the Doppler correction to the recorded data:

ECM
γ = Elab

γ ·
1− β cosϑ
√

1− β2
(3.13)

where ECM
γ is the energy of the emitted γ in the Center of Mass frame, E lab

γ is the

same energy seen in the laboratory frame, and ϑ is the angle, also in the laboratory

frame, between the emitting nucleus and the detected gamma.

In fact, if we correctly identify the position of first interaction point, we automat-

ically identify (provided of course that also the direction of the recoiling nucleus is

known) the direction of the incoming gamma, obtaining a good Doppler correction

capability (when in-beam): therefore the FWHM of a Doppler corrected peak can

be used to infer our position resolution inside the detector.
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Moreover, in this way we can test the full tracking process, including the perfor-

mance of the tracking algorithms: in fact, the final energy resolution of the Doppler

corrected peak depends not only on the positional resolution we can identify each

point, but also on our capability to identify the one corresponding to the first hit

among the set generated by the Pulse Shape Analysis. This information is part of

the results produced by the tracking algorithms because, by reconstructing the scat-

tering path of the gamma rays, they identify automatically the sequence in which

the interactions take place.

3.4 Experimental details on the in-beam test

To maximize the improvement to the energy resolution that can be obtained from

the identification of the interaction points inside the MARS detector it is proper

to start with a highly broadened transition. This means that one has to maximize

the velocity of the emitting nucleus and/or the opening angle of the germanium

detector. Of course one needs also to determine accurately the scattering angle and

the recoil velocity on an event-by-event basis.

Finally, to avoid complications during the analysis phase, one should try to

identify a case with low γ-multiplicity, and low γ-background. To satisfy all these

requirements, the reaction of choice is the Coulomb excitation (Coulex), because

of its well-understood binary kinematics and the possibility to excite only low-spin

states by limiting the beam energy.

As a compromise among excitation cross section, γ emitter velocity, background

effects, and γ energy, we studied the first 2+ state in the 56Fe nucleus, which decays

with a transition of 846.77 keV. This choice is convenient also for calibration pur-

poses because the same γ ray is emitted in the decay of the commonly used 56Co

source.

Since the Coulex cross section is proportional to (ZpZt)
2, in order to maximize

it a 208Pb target was chosen, as usual. The calculated differential cross-section for
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the Coulomb excitation of the 56Fe 2+ state on a 208Pb target is shown in figure

3.17. For the selected beam energy of 240 MeV, and a scattering angle (in the

lab frame) of about 60◦, the value of the cross section is about 250 mb/sr. The

calculated ratio between the differential cross-section for the first 2+ state in 56Fe

and the corresponding ground-state is reproduced in figure 3.18.
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Figure 3.17: Calculated differential cross-section for the Coulomb excitation of the first 2+ state

in 56Fe, at different beam energy.

The experiment was performed at the Legnaro National Laboratories in 2001,

at the end of July; the required 56Fe beam was delivered by the XTU Tandem

accelerator with a mean intensity of about 2 pnA, while the target was 2.5 mg/cm2

thick.

Besides the reaction, also the setup was chosen to maximize the Doppler broad-

ening (see figure 3.19): in fact, the MARS detector was put as close as possible to

the target, consistently with the radius of the scattering chamber (about 16 cm): its

opening angle was about 22◦. MARS was placed at an angle of 135◦ with respect

to the beam direction, corresponding to about 90◦ to the direction of the detected

recoils (see next section).
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Figure 3.18: Ratio between the calculated differential cross-section for the first 2+ state in 56Fe

and the corresponding ground-state; the results are shown using linear (left panel) and logarithmic

(right panel) scale.

Finally, to reduce the X-ray background from the Pb target, two foils of Cd and

Cu (1 mm thick) were placed in front of MARS, and the side of the detector was

surrounded by a 12 mm thick Pb absorber.

3.4.1 The ancillary detectors: Phobos and GASP

For our purpose, it was essential that the width of the Doppler corrected peak

should be determined mainly by the position resolution inside MARS, and not by

kinematics uncertainties; it was therefore very important to measure the direction

and the velocity of the emitting nuclei with high precision.

For the first task, a small array of silicon detectors called Phobos was constructed,

using eight PIN diodes and seven 150 µm thick detectors from the ISIS silicon ball
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Figure 3.19: MARS prepared for the experiment; one can notice the Pb absorbers around the

detector.

[56]. These 15 silicon detectors were collimated by means of Cu absorbers with small

holes, in order to reduce the opening angle to an acceptable value of around 2.6◦.

In this way, however, the overall counting rate was reduced to about 2 Hz.

To encode the identification number of the firing silicon detector, a dedicated

NIM module was developed. This module accepts a maximum of 16 inputs from the

Constant Fraction Discriminator (CFD) of the detectors, and produces, by means

of an internal Digital to Analog Conveter (DAC), a square wave with amplitude

proportional to the code of the input channel. To clean-up the data, if two silicon

detectors fired in coincidence, the unit rejected the event. In fact, in this experiment

there were no real coincidences between silicon detectors and coincident events could
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be generated only by scattered beam, or by electronics effects (randoms). Finally,

the unit generates also a logical NIM output, that was sent to the trigger logic (see

next section and figure 3.21).

To be able to determine the velocity of the recoils as a function of the scattering

angle (i.e. as a function of the silicon detector in coincidence), the experiment was

performed at the GASP setup (figure 3.20), using one of its hemispheres (i.e. 20 of

its germanium detectors) in coincidence with MARS and Phobos, and recording in

parallel the corresponding data with the GASP DAQ. In the subsequent analysis,

the Doppler shift of the 846.77 keV line seen in the 7 detector rings of GASP allowed

to extract, trough a multi-dimensional minimization, the precise angle of each silicon

detector and the corresponding velocity of the recoil.

Figure 3.20: Picture showing one hemisphere of GASP and the silicon detectors of Phobos inside

the reaction chamber.
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During the experiment, the counting rates were monitored using the rate meters

of the GASP acquisition: typical values are reported in table 3.2.

Table 3.2: Mean values of the rates

acquired parameter rate

Germanium single 1100 Hz

Silicon single 3380 Hz

GASP trigger 23 Hz

MARS central contact 4 KHz

3.4.2 Trigger and electronics

The trigger system was constructed using standard analog electronics, and is de-

picted in figure 3.21. The central contact of MARS was connected to a CFD which

sent a signal to an AND module that received also the logic output of the silicon

DAC unit, and produced a common trigger signal for the scopes of the acquisition

system. The trigger was blocked by the control PC trough a veto signal during the

read-out cycle of the scopes (see next section).

To reduce the amount of data, a hardware threshold of about 300 keV was

applied to the energy seen by the central contact: this was done with a spectroscopy

amplifier with a shaping time of 0.25 µs followed by a Single Channel Analyzer

(SCA), which sent a signal to the AND module. Finally, the central contact was

also connected to another amplifier with a shaping time of 1 µs followed by a Linear

Gate and Stretcher (LGS), and was acquired in parallel by the GASP DAQ as

standard unsegmented detector, together with the corresponding time.

In this system, the start of the time reference was the signal of the firing silicon

detector, and the time of MARS was determined respect to it. For part of the

experiment, a TAC with a range of 1 µs was added to measure in analog way this

interval.
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Figure 3.21: Scheme of the trigger used for the MARS in-beam test, together with the GASP

and MARS acquisition systems.

It is important to underline that only the trigger was analog: the signals gener-

ated by the MARS detector were in fact digitized immediately after the preamplifiers

by the digital oscilloscopes of the DAQ system.

3.4.3 The acquisition system

The main reason for developing highly segmented HPGe detectors, like MARS, is

to identify position and energy of the interactions inside the detector itself by an-

alyzing the signals produced at its electrodes. To test (off-line) the reconstruction

algorithms, and also those related to the calculation of energy and time, we have

to convert into digital form and then to record the entire shape of the pulses in a

time window located around the trigger; this approach requires therefore a com-
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pletely different acquisition system compared with those currently in used for the

germanium arrays, where the signals are treated by analog electronics and only their

energy and time are recorded.

Highly integrated digital electronics able to perform the digitization of the de-

tector’s signals at high sampling rate and high precision, together with some prepro-

cessing of the data (for example, the application of the MWD algorithm, see pag.

108) is under development in several laboratories, and it was not available when

MARS was delivered, and when the in-beam experiment was performed. In order to

be able to perform the desired tests and developements, the MARS group developed

a DAQ based on digital scopes [57].

The system uses up to eight digital scopes LeCroy LT224 Waverunners as tran-

sient recorders. These scopes have an input bandwidth equal to 200 MHz, and four

channels that sample the input signals with 8-bit ADCs at a maximum frequency

of 200 Msamples/s. Since the bandwidth of the MARS preamplifiers is about 20-25

MHz, and because of the Nyquist-Shannon sampling theorem, a sampling frequency

higher than 50 MHz is not needed; however, sampling at 200 MHz allows to recover

some precision through average, since a dynamical range of only 8 bits is a rather

severe limitation for detectors with high energy resolution like the HPGe ones (see

pag. 118).

To obtain a good energy resolution by means of digital signal processing algo-

rithms (e.g. the MWD), the recorded traces should be at least 10 µs long, which

means 2000 samples. Since each sample is encoded using 8 bits (1 Byte), each event

produces 2 KBytes of data per segment, which the Waverunners store in internal

buffers of 100 KBytes per channel: in this way, 50 events can be accumulated in the

internal memory of the scopes before the read-out sequence has to be started.

All the scopes are triggered simultaneously by an external signal produced by

conventional electronics, as described in section 3.4.2. Since the Waverunner scopes

have been designed for remote control in computer-aided measurement application,

they have an IEEE-488 (GPIB) interface for control and to download the recorded
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data.

The data acquisition and control program is written in C++, using the MS Visual

Studio environment, and runs on a 800 MHz PC under the Windows OS. It performs

the following tasks:

• manage, from remote location, the configuration of the digital scopes;

• manage the communication parameters between the PC and the digital scopes;

• control the trigger and the data read-out cycles, disabling the trigger during

data saving;

• save the sampled data on hard disk, after formatting them;

• generate the energy spectra by applying the MWD;

• display the sampled signals for each channel;

• display the on-line energy spectra.

Since each scope has four channels, for the experiment we used a set of seven

scopes, corresponding to 28 channels. The first 26 were connected to the 25 segments

and to the central common electrode of MARS, while the two remaining recorded

the output of the Phobos DAC unit and the output of the TAC: the high level

structure of the data is therefore as shown in table 3.3.

Table 3.3: High-level data structure

Channel number data

0-23 the 24 segments of MARS

24 the small front segment (F)

25 the common central contact

26 the Id of Phobos detector in coincidence

27 the TAC output
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Chapter 4

Analysis of the MARS in-beam

data

4.1 Analog vs. Digital

In the present arrays for gamma-ray spectroscopy, the treatment of the signals pro-

duced by the germanium detectors is performed in analog way by dedicated elec-

tronics. After the detector preamplifier, the signal takes usually two parallel routes:

in the first one (“fast” or “logic” branch), a CFD module extracts a time refer-

ence, which can be used for timing and trigger purposes; in the second one (“slow”

or “linear” branch), an RC-(CR)n network converts the shape of the signal into a

gaussian one, with amplitude proportional to the energy of the detected gamma.

After this, the time reference of the event and the amplitude of the gaussian signal

are digitized by time to digital and analog to digital converters (TDC and ADC)

and are recorded by the DAQ system. This means that the conversion from analog

signals into digital representation is performed only in the last step before the DAQ

system.

The gamma ray tracking arrays AGATA and GRETA, on the contrary, we will

use a fully digital approach (see section 1.6.2): the signals will be digitized immedi-
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ately after the preamplifiers, and will be treated in digital way by means of Digital

Signal Processing DSP algorithms, as illustrated in figure 4.1.
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Figure 4.1: Comparison between the traditional (analog) and the digital way of treating the

signals from HPGe detectors; the green color is used for the parts where the data are in numerical

format.

Consistently with this idea, we recorded the data of the MARS in-beam test

using the acquisition system described at page 102. In this way, one event is not a

set of energies and times, but a sequence of 28 sampled signals1. With this kind of

data, one has to do off-line some operations that are usually performed on-line, such

as the extraction of the energy deposited and the calculation of a reference time. In

addition to this, one has to manage other tasks as the calibrations related to the

bad linearity of the sampling ADCs, and the corrections for the cross-talk between

segments. Finally, there are the operations specifically related to PSA, as applying

digital filters and performing amplitude normalization.

To manage all this complex pre-processing phase, we developed a program called

1for the data format, see see appendix A.2, pag. 152.
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SortMars, using the MS Visual C++ environment. The operations carried out on

the data will be presented in the same order as applied by this program.

4.2 Extracting energy and time by DSP algorithms

4.2.1 Energy: the Moving Window Deconvolution

The germanium detectors used for γ-ray spectroscopy are usually over-biased, so the

depletion region does not vary during operation, and the corresponding capacitance

remains constant; in this way, the output voltage is always proportional to the charge

collected in the detector. However, the capacitance of a detector depends on the

characteristics of the single crystal and on the parasitic capacitance of the wirings.

In order to make the output voltage of the preamplifiers independent from these

parameters, the preamplifiers are operated in the so called charge-sensitive mode,

which means that in the feed-back chain there is a capacitor Cf and that once the

signal has reached its maximum amplitude the output level remains constant. In

this way, each pulse is constructed over the previous one, and the signal saturation

effect is usually counteracted by a resistance Rf placed in parallel to the capacitor

and continuously discharging it (see figure 4.2): the result is the formation of a

characteristic exponential tail after each pulse.

The time constant τ = RfCf of the preamplifier has to be maintained long

enough (about 50 µs) to prevent that the resistor discharges the capacitor before

charge collection is complete, but this has the drawback that a pulse can be con-

structed on the tail of the previous one (pile-up). Moreover, to maintain the propor-

tionality between the amplitude of a signal and the charge collected in the detector

(proportional to the energy released by the gamma), the shaping time of the fol-

lowing spectroscopy amplifier has to be of the order of 5-10 µs, which is a strong

limitation at high counting rate.

A radical solution of this problems is to recover the detector current signal by
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Figure 4.2: Scheme of a charge-sensitive preamplifier with the RC circuit in the operational

feedback chain, and the corresponding output signal showing the characteristic exponential tail.

removing the shaping-effect of the preamplifier (deconvolution), and to calculate

the real collected charge by performing an integration. This is practically unfeasible

by analog systems, but can be done in a digital way using a fast algorithm called

Moving Window Deconvolution (MWD, see [58]).

The preamplifier output UP (t) can be described as a convolution between the

charge distribution g(t) and the preamplifier transfer function (or impulse response

function) h(t):

UP (t) =

∫ +∞

−∞

g(t′)h(t− t′)dt′ (4.1)

If the signal is digitized immediately after the preamplifier by a fast ADC, we

have to substitute the integral 4.1 with the corresponding convolution sum 4.2:

UP (its) =
+∞
∑

j=0

g(jts)h(its − jts) (4.2)

The discrete representation 4.2 of the preamplifier output is in fact a set of

equations, since we have one equation for each value of i ∈ Z
2; if we normalize the

time scale to the sampling interval ts, we obtain:

2The symbol Z indicates, as usual, the set of integer numbers with sign.
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UP (i) =
+∞
∑

j=0

g(j)h(i− j) (4.3)

The analog part of the system (i.e. everything located before the ADC) is causal,

which means that the output can only depend on the present and past values of the

input (in our case, the amount of the charge collected in the detector). This implies

that g(j) = 0 for j > i, so the equation 4.3 becomes:

UP (i) =
i
∑

j=0

g(j)h(i− j) (4.4)

Finally, we have to observe that the charge collection is a time limited process,

because major effects like electron-hole drifting and trapping delay produce a charge

distribution up to no more than 1 µs even for large HPGe detector: this reduces the

number of equations in the system 4.4 to M, if M is the width of the window where

the charge collection takes place.

The most important feature of the system 4.4, from the computational point of

view, is that it is a triangular system: in the first equation, UP (0) is proportional

to g(0), so g(0) can be immediately extracted; in the second equation, the unique

unknown quantity is g(1), which is expressed in terms of UP (1) and g(0), and so on.

The system 4.4 can be solved once h(i) is known. The response function of a

resistor feedback preamplifier can be well approximated by a single pole function,

which correspond to a clean exponential decay. In this case:

h(i) = e−αi = (e−α)i = ki (4.5)

And the system 4.4 becomes:

UP (i) =
i
∑

j=0

g(j)k(i−j) (4.6)

We have immediately g(0) = UP (0) and, solving by iteration as told before, it is

easy to show that:

g(i) = UP (i)− k · UP (i− 1) (4.7)
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The total charge G(n) collected until the instant n is then:

G(n) =
n
∑

i=0

g(i) = (4.8)

= UP (n) + (1− k) ·
n−1
∑

j=0

UP (j) = (4.9)

= UP (n) + (1− e−α) ·
n−1
∑

j=0

UP (j) (4.10)

When the index n reaches the limit of the window, the total charge G(n = M)

in the window (0, M) is extracted; for every window with the same width shifted

by one sampling interval respect to the previous one, the total charge extracted is

equal to:

G(n) =
n
∑

i=n−M

g(i) = (4.11)

= UP (n)− UP (n−M) + (1− k) ·
n−1
∑

j=n−M

UP (j) = (4.12)

= UP (n)− UP (n−M) + (1− e−α) ·
n−1
∑

j=n−M

UP (j) (4.13)

= MWDM [UP (n)] (4.14)

Since there is an overlapping of (M-1) points between any two adjacent windows,

the processing of a new sample from the ADC requires only three operations: for

this reason, the Moving Window Deconvolution (MWD) described by equations 4.10

and 4.13 is a fast method to reconstruct the original charge collection process in the

detector.

The output of the MWD is compared with the corresponding input signals (digi-

tized output of preamplifiers) in figure 4.3. As it is clear from this figure, the output

of the MWD algorithm is a quasi-trapezoidal signal, symmetrical by construction

and with a rising part very similar to that of the input pulse; the DC component is

automatically subtracted together with the exponential tail of the preceding pulses,

on which a signal can be constructed when measuring at high counting rate.
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Figure 4.3: Some signals (upper part of the figure) with the corresponding output of the Mowing

Window Deconvolution algorithm (lower part).

When the charge collection is complete (i.e. at the end of the rising part), every

sample contains the same energy information. However, because of the unavoidable

presence of noise, we need to take the mean value in a time interval to achieve a

good resolution: the main motivation to convert an exponential tail into a flat top

is to allow this averaging, and to make easy the subtraction of the preceding pulses.

The energy is finally calculated as difference between the mean value of the flat

top, and the average of a window preceding the pulse, which serve as baseline; the

width of the flat top has to be chosen long enough to obtain a sufficient precision,

but with a limit coming from dead time and pile-up considerations.

From a digital signal processing point of view, the MWD is a FIR filter, and can

be introduced, in abstract way, looking for a filter able to convert an exponential

function into a trapezoidal one [59, 60].

Let us define the two operators (respectively, Difference operator and Exponen-

tial deconvolution):

DM [UP (n)] = UP (n)− UP (n−M) (4.15)
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E[UP (n)] = UP (n) + (1− k) ·
n−1
∑

j=−∞

UP (j) (4.16)

If we use the symbol · to denote the multiplication between operators, the equation

4.13 can be written as (see [61]):

MWDM [UP (n)] = (DM · E)[UP (n)] (4.17)

= (E ·DM)[UP (n)] (4.18)

where the inversion of the operators is possible because both are linear and time-

invariant (LTI). We can also write:

MWDM [UP (n)] = (MSM ·MWD1)[UP (n)] (4.19)

= (DM + (1− k)MSM)[UP (n)] (4.20)

Where MWD1 is a one-sample wide Moving Window Deconvolution and MSM is

the Moving Sum:

MSM [UP (n)] =
n−1
∑

n−M

UP (n) (4.21)

The fact that the MWD can be written as different combinations of simpler

algorithms emphasizes different characteristic of the MWD itself:

1. MWD is a difference between deconvolutions (eq. 4.17): this last one, in fact,

by removing the tail, constructs every trapezoidal pulse over the preceding one,

and produces a staircase function that can saturate (overflow). The application

of the difference operator 4.15 removed this limit.

2. MWD is the deconvolution of an exponential function fed to a delay line am-

plifier (eq. 4.18).

3. MWD is the Moving Average of a differential deconvolution (eq. 4.19).

4. MWD is a delay line plus a part proportional to a Moving Sum (eq. 4.20).
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The power of the MWD lies in the fact that all pulse shapes can be derived

by applying weighting factors to a flat curve; for example, if we a apply a Moving

Average MAL to the deconvolved signal, we can produce a true trapezoidal shape

with flat top of width equal to M−L, ad a rising part L long. As it was told before,

the width of the flat top conditions the achievable resolution, while the averaging

length L is related to the suppression of noise.

A true trapezoidal shape can not be obtained using analog passive filters, but

can be approximated mixing the outputs of some active integrators (see [35], pag.

572): this system is used, for example, in the Gammasphere array, where a single

differentiator and 4 active integrators have a peaking time of 4 µs and a flat top

time of 1 µs. The trapezoidal shape has some advantages respect to the gaussian

one: it has better signal to noise ratio (close to theoretical limit of the infinite cusp,

see [35], pag 609) and, since the collected charge is proportional to its area and not

to its peak value, it has better performance at high counting rate.

The MWD algorithm was used to extract the energy information from our sam-

pled data; the resulting sum of segment spectra for the 56Co source is shown in figure

4.4.

4.2.2 Trigger algorithm

All the interactions happening in a germanium detector with segmented outer con-

tact produce a charge collection in the central contact: the signals of this last one is

in fact the same as that of a traditional unsegmented HPGe detector, so we can not

have real events with no pulse in it. For this reason, the common contact can be

used to produce a trigger using a DSP algorithm: according to this idea, we applied

the MWD to this contact with a narrow window (of only 80 samples, equal to 400 ns,

respect to the 5 µs used for the energy calculation), and we used a simple Leading

Edge Discriminator acting on the corresponding output to generate a time reference

for the event. This number, together with the times when the MWD filtered wave
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Figure 4.4: Sum of segment spectra of 56Co source produced after application of the MWD

algorithm; the bump in the low energy region is due to events with energy shared between more

than one segment.

goes above and return below a low threshold, are used to set up the parameters of

the MWD for the energy calculation of the segments.

4.2.3 The silicon detector Id

The histogram produced starting from signals recorded in the 26th channel of DAQ

is shown in figure 4.5: each peak, clearly separated from the neighbouring ones,

correspond to a silicon detector. Since practically all the considerations we can

make on these data are related to Doppler broadening, and since the corresponding

Doppler correction has sense only if the trajectory of the emitting nucleus is known, it

is natural to organize these data putting into different files the events in coincidence

with different silicon detectors.

For this reason, we put gates around the peaks visible in figure 4.5, and we

produce 12 files named SiN.evs, where N (from 1 to 12) stands for the number of
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Figure 4.5: Spectrum of the silicon Id; each peak, clearly separated from the neighbours, corre-

sponds to one silicon detector.

the silicon detector in coincidence; this organization of the data was maintained for

the rest of the analysis.

4.2.4 Calculating reference time by DSP algorithms

Even though the energy deposited in a detector is probably the most important

information we want to extract from the signals it produces, the knowledge of the

precise arrival time of the radiation detected is also important for many application.

If the amplitude of the signals is confined in a narrow range, or if we need only to

know if a detector is firing or not (trigger, see 4.2.2), even a simple leading edge

discriminator can produce the desired result.

In nuclear (gamma or charge particle) spectroscopy, the detected radiation can

spread over a big dynamic range: this produces a big amplitude walk, and therefore

a poor time resolution. To overcome this problem, various methods have been

developed, such as the crossover timing and the constant fraction discrimination
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(CFD); the last one, in particular, is probably the most used since it provides an

output signal a fixed time after the leading edge of the pulse has reached a constant

fraction of its peak amplitude, so that this output is independent from the pulse

amplitude for all signals of the same shape. The problem of finding a good timing

algorithm is particularly difficult in the case of germanium detectors, since they

exhibit large variations in rise time and pulse shape, depending on the region of

the detector where the radiation interacts. Just for these detectors, two methods

were developed in 1968: the Amplitude and Rise time Compensated (ARC) timing,

and the Extrapolated Leading Edge Timing (ELET), which can produce an almost

walk-free timing signal (see [35], pag. 630).

In our analysis we used a digital algorithm very similar to the ELET one: in fact,

we interpolated linearly the first 20% of the rising part of the net charge signals,

and we used as time reference the point where the interpolating line crosses the

baseline. This point is almost insensitive to the different pulse shapes produced by

the interactions taking place in different part of the detector, because the shape

of the first part of the signal is mainly determined by the finite bandwidth of the

preamplifier. Our preamplifiers have a cutoff frequency of about 20 MHz, so that

however fast could be the charge collection, the maximum slope of the signal is

limited and the first part of a pulse is almost linear. No improvement has been

noted starting the interpolation from threshold values down to 5-10%of the final

amplitude. Finally, this timing algorithm was not applied to the original signals,

but to the output of the Mowing Window Deconvolution (see fig. 4.3), because the

a small integration of the signal due to the MWD algorithm produces more regular

signals with a better signal to noise ratio respect to the original ones.

Two examples of the resulting spectra are shown in figure 4.6; some silicon

detectors have a clean time spectrum (it is the case of silicon number 1), while

others show a small background. This is due to the quality of the detectors: if

the noise level was high, the thresholds had to be risen, and this produced only an

isolated peak, as in the left part of the figure 4.6.
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Figure 4.6: Example of time spectra produced by means of the digital ELET algorithm. Some

silicon detectors have a cleaner spectrum since they have a higher noise, and therefore higher

thresholds in the CFDs.

The time resolution of the total time spectrum is about 32 ns; this is not a good

value, but it has to be noted that a good timing was not the goal of the experiment

and of the electronics we used: we expect that only the Pulse Shape Analysis can

produce a good a good time resolution, because it considers the detailed shape of

the signals.

4.3 Correction for the non-linearity of the ADCs

Even though the energy resolution obtained applying the MWD algorithm to our

digitized signals was very good and comparable to that obtainable in analog way,

the first calibration with 152Eu showed very big deviations (of the order of 4 keV)

from the expected linear behavior (see fig. 4.7 from [62]).

This should be a problem also for traditional unsegmented detectors, because

the gammas detected during an experiment can have energies outside the range

covered by the radioactive sources, and the extrapolations are obviously not reliable

in presence of non-linear terms. This limitation becomes even more severe when we

use a highly segmented detector like MARS because, in this case, a large fraction of

the gammas can distribute their energy in more than one segment, producing a wide

range of collected charges: since these have to be summed up, it is very important
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to have a very accurate calibration especially at low energy.

Fortunately, a series of measurements performed with a pulse generator produc-

ing signals with tail similar to those of our preamplifiers, showed the same non-

linearity, which means that the problem was connected to the DAQ system and not

to the detector; in particular, spectra obtained from signals of fixed amplitude and

different offset contained a series of lines instead of a single peak.
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Figure 4.7: Deviation from the linearity of

the original and corrected data.

Figure 4.8: Counts of one ADC sampling a

linear ramp signal.

To correct this problem, 105 linear ramps covering the entire range of the oscil-

loscopes were sampled, and the corresponding histogram is reproduced in figure 4.8.

If the linearity of ADC would be perfect, we would have exactly the same number

of counts in each channel; on the contrary, we can clearly observe that there are big

deviations from the average, and therefore some channels are systematically wider,

and others systematically narrower than the average. This histogram was used to

construct what we called the ymap, which maps the (integer, 8-bit) sampled values

to floating-point numbers defining equal-width channels: larger/smaller counts in

the histogram produced wider/narrower channels in the re-mapped distribution.

The resulting y-maps for the six ADCs serving the first slice of MARS are shown

in figure 4.9; it is evident not only that the the map has a highly non-linear char-

acter, but also that, at the precision level required for high-resolution gamma-ray
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Figure 4.9: Differences between the re-mapped values and the original channels for the ADCs

connected to the first slice of the MARS detector; it is clear the non-linearity of the correction,

and the need of using different y-maps for each ADC.

spectroscopy, we need a different map for each converter.

The quality of the correction is evident from figure 4.7, so we applied this map

during the pre-processing of the in-beam test data, especially to be able to use a

linear energy calibration; this operation was performed inside the SortMars program

immediately after a test of the amplitude of the signals which allowed to remove

events where overflow of the ADC range occurred3. To avoid aliasing effects, the

value provided by the ADC was randomized with an amplitude equal to the width

of the last bit.

3We discarded the signals having amplitude greater than 250
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4.4 Calibrations

Once the differential non-linearities of the ADC were eliminated using the y-map,

energy spectra were produced applying the MWD (see equations 4.10 and 4.13) to

the data acquired with radioactive sources before (137Cs) and after the experiment

(56Co and 152Eu during run 18); each file was in reality a library of 28 spectra,

containing what was acquired by each segment and by the central contact (plus the

2 extra channel for Silicon identification and TAC output): at this stage, in fact,

each segment of the MARS detector is treated as a single traditional germanium

crystal. These 3 (multi-)projections were then summed up to produce the spectrum,

which was used for a standard linear calibration of the segments. The quality of the

calibration was checked by summing-up the 25 calibrated spectra of the segments,

and looking at the resulting FWHM [63].
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Figure 4.10: FWHM for the summed spectra of the MARS segments for different energy cali-

brations with various combinations of sources. The worse resolution of the point at 511 keV is due

to the well known fact that the annihilation has to conserve the momentum of the positronium.
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The results are shown in figure 4.10; the differences are rather small, but the

calibration with all the sources (which means with more reference peaks) gives a

slightly better resolution than the others and was therefore used for the rest of the

analysis.

It is important to underline that this calibration could be directly applied to

all the acquired data: we do not need any time-dependent correction, like it is

usually done for the calibration of germanium arrays, in order to limit the resolution

worsening due to electronic drifts. In fact, in our 3-days test we observed virtually

no shifts in the peaks positions of all segment spectra: the stability respect to

the variations of the environmental conditions is another advantage of the digital

treatment of the signals.

In the SortMars program, once the energy has been calibrated, a threshold equal

to 50 keV is applied to the segments: those under this limit are discarded and are

not counted in the statistics, while the rest of the same event is maintained.

A segmented germanium detector is equivalent to a small array not only from

the energy calibration point of view, but also from that of the time correlations: for

this reasons, we have to recover the relative time shift of the segments generated,

for example, by different lengths of the cables.

To do this, we applied the algorithm described in section 4.2.4 to all the data

in coincidence with the silicon detector number 7 producing the corresponding time

spectra for all the segments. Each one of these spectra contains only one peak, and

therefore the calibration procedure was a simple offset (translation) of the spectra

themselves. Those offsets were then applied to all the data, since they are related

to the properties of the segments, but are independent from the silicon detector in

coincidence.

Indeed, after this calibration the corresponding time spectrum was practically

independent from the number of the silicon detector in coincidence and no further

alignment was needed. As partial exception the silicon detectors number 9 and 10

showed a wider peak and slightly shifted to longer times: this was compensated
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using different time coincidence windows for each particle detector (see section 4.6).

4.5 Cross-talk correction

As explained in section 3.2.3, a complication of segmented germanium detectors

is the amplitude deficit appearing when two or more segments fire in coincidence.

This deficit produces not only a translation of the full-energy peak but also a the

deterioration of the final resolution.

For these reason the events with segment multiplicity larger than one were recali-

brated following the procedure described in section 3.2.3. The improvement obtained

with this F2-recalibration is shown in figures 4.11 and 4.12 and is important for the

final statements of the position resolution because it removes a contribution that is

not connected to Doppler broadening.
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Figure 4.11: Energy spectra for fold F=1, 2 and 3 without F2-recalibration.

Moreover, since for the tracking we have to adjust the energy of the individual

segment, and not only that of the added-back spectra, for this analysis we made the
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Figure 4.12: Energy spectra for fold F=1, 2 and 3 after application of the F2-recalibration.

further hypothesis that the correction ∆ij to be applied to the segment i because of

the segment j should be proportional to the energy of the second one:

∆′
ij = ∆ij ·

Ej

Ei + Ej

(4.22)

Equation 4.22 is based on the hypothesis that the reduction of the amplitude of the

signal produced by a segment is proportional to the charge collected in the other

one firing in coincidence, as we can see, for example, in figure 3.4; so that, we can

write:

Ei = Ei +∆′
ij

= Ei +∆ij ·
Ej

Ei + Ej

= Ei +
∑

i<j

[aij + cij · (Ei + Ej)] ·
Ej

Ei + Ej

(4.23)

This is the final expression used during the analysis, even though this assumption

should need further investigation to be confirmed.
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The effects of all these calibrations have been checked using the data acquired

with the 56Co source; we compared the spectrum of the central contact, the sum of

the spectra of the individual segments, and the add-back spectra of the segments

before and after the cross-talk correction; the results are reported in table 4.1

Table 4.1: Resolution of the 846.8 keV line

position (keV) resolution (keV)

Central contact 847.1 3.0

Sum of spectra 846.6 2.1

Add-back 845.8 3.2

F2-corrected 846.5 2.6

4.6 Coincidence requirements

After energy calibration and time alignment of the segments of the MARS detector,

we produced a matrix containing the energy seen by the central contact of the

MARS detector, and the corresponding time signal; this matrix is the usual time-

energy matrix for a single germanium detector, and it is reproduced is figure 4.13.

From the observation of this matrix it is clear that the greatest part of the events

are concentrated in a small region around which it suits to put the effective time

coincidence condition, in order to reject the random background. Besides, in the

left part it is clear the effect of the threshold imposed during the acquisition of the

data: we therefore do not observe the usual long-time tail (and the corresponding

deterioration in the time resolution) for signals of low amplitude. For this reasons,

instead of a two-dimensional (“banana”) gate we used a simple window applied to

the time spectrum, even though it was slightly different for each silicon detector

in coincidence; the width of this window was a compromise between the reduction

of the random coincidences, and the need of having a number of counts in the
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Figure 4.13: Energy vs. time matrix for the central contact of the MARS detector (logarithmic

scale on the counts axis).

final energy spectra high enough to make the resolutions of the peaks statistically

significant.
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Figure 4.14: Energy projection of the central contact before (red) and after putting a narrow

window coincidence on the time spectra.
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The energy spectrum of the central contact after requiring that the silicon de-

tectors are in real coincidence with MARS is shown in figure 4.14, together with the

total projection obtained without conditions; we can observe the reduction of the

background especially near the full-energy peak at 846.77 keV, and the presence of

a weak 4+ → 2+ transition at about 1238 keV.

4.7 Formatting the signals

The various calibrations described in the preceding sections are required to produce

the “traditional” energy spectra in coincidence with particle detectors. If in addition

one wants to analyze what happens inside a segmented germanium crystal, one has

to perform other operations, to make our data consistent with the requirements of

the PSA program. These operations are:

• Suppression of the segments not neighbouring to those with net charge;

• Subtraction of the DC level;

• Digital filtering (smoothing, or moving average);

• Time alignment of the segments (fundamental for the GA algorithm);

• Downsampling (from 200 to 100 Msamples/s);

• Selection of 70 samples (corresponding to a 700 ns time window) around the

time reference;

• Amplitude normalization (the sum of the amplitudes of the signals with net

charge must be equal to a fixed value, i.e. -1000);

As regards the first point, we remark that our acquisition system (see section

3.4.3) does not (by choice) perform the zero suppression: when the fast (traditional)

electronics sends a trigger signal, all the segments are read in sequence, indepen-

dently from the fact that they have a signal or not. In future, this suppression will
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be done in the front-end processing so as to reduce the amount of data by at least a

factor of two, but at the present it has to be done off-line. The scheme adopted for

this suppression is of geometrical type: we select only the segments with net charge,

and their direct neighbours (i.e. those that can have the transient signals).

The subtraction of the DC component (baseline subtraction) and the time align-

ment of the signals produced by different segments are necessary to adjust some

characteristics of the signals not connected to the process of pulse generation; in

particular, during the analysis we observe that the precision of the time alignment

is of critical importance for the quality of the reconstruction.

The downsampling and the amplitude normalization are necessary, on the con-

trary, to match the characteristics of the measured signals with those of the base we

used, while the narrow window around the time reference (another big reduction in

the amount of data to treat) is motivated by the fact that the information about

the positions of the interaction points is encoded only in the shape of the rising

part of the signals (pag. 61).

The application of a low-pass digital filter is necessary because the MARS pream-

plifiers have a bandwidth of about 20 MHz: therefore, every component of the signals

with higher frequency has to be cut off. Moreover, we need to reduce the noise: in

this context, it can be demonstrated that the moving average, despite its simplicity,

is the optimum choice since it reduces random white noise while keeping the sharpest

step response [64]. Some FIR filters based on the Hamming Window with different

cut-off frequency (15, 30 and 100 MHz) were also tried, but no improvement was

observed in the position resolution achieved in the reconstruction phase.

A complex event prepared for the Pulse Shape Analysis is shown in figure 4.15,

as an example.

After all this elaborations, the data acquired during the MARS in-beam test

were sorted into different (ASCII) files according to the particle detector firing in

coincidence, and according to the segment multiplicity of the germanium detector;
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Figure 4.15: One event with three segments firing in coincidence after time-alignment, amplitude

normalization and other treatments required for PSA.

these data were finally written down in the format required by themyGA7 program4.

4.8 Statistics

During the experiment, about 3.5·105 events were collected, and 2.26·105 survived

after the preprocessing procedures.

The statistics of the 12 silicon detectors, before and after putting gates in the

time spectra, are shown in figure 4.16. The detectors from 1 to 6 have the greater

reduction in the number of counts, because their time spectra have a small back-

ground outside the selected gate window; on the contrary, the others have cleaner

spectra, and the corresponding reduction is much smaller (see figure 4.6). It can

be noted that the counts of the real coincidences between MARS and the Phobos

detectors are rather similar.

After requiring the described prompt coincidence, 1.53·105 events remained and

4for the format of the myGA7 input, see appendix A.2, pag. 153
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Figure 4.16: Statistics of the 12 silicon detectors before and after putting a narrow gate in the

time spectra.
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Figure 4.17: Statistics of the MARS segments with net charge; we can observe the exponential

decrease of counts with depth.
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were passed to the Pulse Shape Analysis. The resulting statistics of the 24 “normal”

segments of MARS (excluding the small segment in the front part) are reported in

figure 4.17; we can observe the expected exponential decrease going from the front

slice of the detector to the back, and the balanced statistics of the six sectors.
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Figure 4.18: Multiplicity of the MARS segments with net charge and with transient signals.

Finally, in figure 4.18 the multiplicity distribution of the segments with net

charge and with transient signals is shown. Regarding the first ones, we can observe

that the statistics is dominated by the events with one or two segments firing in

coincidence (the mean value is 1.7), while for the multiplicity of the segments with

transient signals we have a peak at nine (the mean value is 9.7). This is due to the

fact that we performed the zero-suppression using a geometrical scheme, where the

segments of the front slice have 11 neighbours, while the segments of the B and C

slices have 8, and those of the D slice have 5.
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Pulse Shape Analysis with MARS

5.1 Introduction

After the long preprocessing stage described in the previous chapter, the recorded

data was passed through the Pulse Shape Analysis, in order to identify the interac-

tion points inside the germanium detector.

As said at page 69, the analysis of the measured signals is performed by com-

paring them with calculated ones: in fact, we fit the measured signals using a linear

combination of those forming the calculated base. In other words, we do a mini-

mization of the difference between experimental and calculated signals, in order to

find the projections of the experimental waves onto the calculated ones.

As a matter of fact, we are not able to produce directly these projections, and

we have to go through a reverse procedure: we try with different combinations of

points, and we calculate the corresponding signals by combining the “elementary”

signals of the base. After this, we select the combinations of points whose signals

have the best likelihood with the measured ones.

Again, a direct search of the best solution through the entire database is feasible

if there is only one interaction inside each segment; in general, we don’t know the

number of the interaction points inside the detector, and we have, on the contrary,
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to find this number as an output of the PSA process. In this case, if we start

from the hypothesis that there could be up to 5-6 interactions per segment (see

figure 5.10), the dimension of the searching space becomes too big to be explored

in a reasonable time, and we have to perform the minimization by means of an

“intelligent” sampling of the space itself.

There are several methods developed to treat these complex problems, and the

most used are probably the simulated annealing (SA, see [66]) and the Genetic

Algorithms (GAs, see for example [67]). For our analysis we used the program

myGA7 [65] written by Th. Kröll, which is based on Genetic Algorithms.

5.2 The approach based on GAs

The minimization method which uses the Genetic Algorithms is based on an idea

taken from biology, i.e. on the Darwinian model of natural selection. Following

this idea, a Genetic Algorithm (GA) starts with a set (called population) of more

or less random solutions, and tries to go to the global minimum of the function

to be minimized by means of three basic operations: recombination, mutation and

substitution with a completely new (candidate) solution. These three basic opera-

tions produce a new population, the members of which are ranked according to the

values of their fitness; this is usually the inverse of the function (or of functional)

to be minimized, since a genetic algorithm defines as “best” the solution with the

highest fitness. This sort is the part of the algorithm that corresponds to natural

selection, where the fittest individual has more probabilities to survive.

The described procedure is repeated for N iterations called generations, until a

termination criterion is finally fulfilled (for example, until the fitness of one individ-

ual exceeds a certain threshold, or the average fitness converges to stable fixed point,

or a prefixed number of generation have evolved). At this point, the individual with

the highest fitness is chosen as solution of the problem.

If we want to translate from the language of the optimization procedures to that
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of the Genetic Algorithms, we obtain the following correspondences:

• a set of (possible) solutions → population;

• a single solution → individual, typically with a single chromosome;

• the elementary blocks (for example, the interaction points) → genes;

• a numerical quantity to perform the selection → fitness;

A characteristic aspect of these algorithms is the method used to pass from a

generation to the next one; a simple example, where each individual has only one

chromosome, consisting simply of a binary string, is shown in figure 5.1.
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Figure 5.1: Scheme used by a Genetic Algorithm to produce a new generation from the previous

one.

A small part of the population (that with the best fitness) simply survives passing

from a generation to the next one, while the other part is replaced by new individ-

uals. This is obtained by means of cross-over (with probability pc) and mutation

(with probability pm). In the first case (which is the equivalent of sexual reproduc-

tion), two parent states are chosen randomly, and they exchange portions of their
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binary representation according to a crossover point chosen again randomly. The in-

dividuals that mate are chosen inside the entire population (including the solutions

that survived from the preceding generation), but with a probability that decreases

going down along the classification: the fittest individuals have more probabilities

of generating children. This the most important way by which a genetic algorithm

explorers the searching space.

If an individual does not mate, it will mutate: in our example, this means that

it will randomly flip a bit in its string representation. The resulting effect allows

the population to sample states away from its mean, preventing the population

from converging and stagnating at any (possibly local) minimum; on the contrary,

crossover allows detail exploration of relatively small region of the searching space.

A mutation can also occurs after mating, as in nature, but with smaller probability.

As a last step, the individuals of the new population are again ordered according

to the value of the fitness function, and the cycle begins again.

The original concept of Genetic Algorithms was developed by Holland [68], and

have been shown to provide near-optimal heuristics for information gathering in

complex search spaces. Even though GAs are not designed to ergodically (fully)

sample and cover the search space1, they have the great benefit to be intrinsically

parallel. In fact, at each generation all the candidate solutions can be evaluated at

the same time; moreover, it can be shown that the best results are obtained with

many populations evolving in parallel with few exchanges (almost-isolated popula-

tions).

In recent years, the GAs have been combined with SA, producing a lot of hybrid

methods which typically increase the speed of the minimization algorithms; as ex-

amples, we can mention the PRSA (Parallel Recombinative Simulated Annealing,

[69]), the PSA/GAc (Parallel Simulated Annealing using Genetic Crossover, [70])

and the PSA/AT (Parallel Simulated Annealing with Adaptive Temperature [71]).

In our case, we have a population composed by 50 individuals, each having one

1there are some doubts as to whether they are ergodic at all.
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chromosome. A chromosome is a set of interaction points inside the germanium

detector, i.e. a possible solution for our minimization problem. One chromosome

can have up to 10 genes, each corresponding to an interaction points: these points

are the elementary blocks of the algorithm, and can be modified only by mutation.

Finally, the fitness is 1 over χ2 calculated between the measured and calculated

signals.

Create chromosomes

putting points (genes)

randomly in the detector

Calculate the signals 

produced in the 24 

segments of MARS

Calculated signals

produced by single 

points in a grid

Compare calculated and 

measured signals;

apply natural selection

Measured signals

from the experiment

Pre-processing (e.g. 

we calculate energy)

After “many” generations, accept the 

fittest chromosome as solution.

Look for better 

solutions by mating

and mutations of

chromosomes.

Randomly, as in 

nature

Figure 5.2: Scheme of the Pulse Shape Analysis performed using the approach based on Genetic

Algorithms. The blue color represents the path of from the measured signals to the final solution,

while the green one represents the calculations performed by the program.

The complete process of Pulse Shape Analysis with Genetic Algorithms is sum-

marized up in figure 5.2: the program myGA7 starts putting random points inside

MARS, and calculates the corresponding signals combining those produced by sin-

gle points located in a grid. After this, it compares the results with the measured

signals pre-processed as described in the preceding chapter, and enters into the GA

cycle. After 1000 generations, the fittest chromosome is taken as final solution.
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5.3 Doppler correction capability

After having analyzed the signals to reconstruct the positions of the interaction

points by means of the GA program, we can finally apply the Doppler correction

and check, from its quality, our ability in the reconstruction of the interaction points

(see section 3.3).

To do this, we developed a simple program called DopplerCorrection using the

C language; this program reads from the command line the name of the input file

(i.e. the output of myGA7 ), the name of the file with the silicon detectors data,

the Euler angles and the translations to place MARS in the GASP frame. The best

results was obtained using the values 136◦ and 270◦ for the two Euler angles ϑ and

ϕ, and putting MARS at a distance of 16.2 cm from the target. The user can also

set up the gain to be applied to the energy spectra, the packing distance, and can

select the number of events to be analyzed and the range of the silicon detectors

to be considered; finally, he can apply gates to the multiplicity after and before

packing, to the total energy seen by the central contact of the detector, as well as

to the x, y, z, r and ϕ coordinates of the points with the highest energy deposit in

each event.

To perform the Doppler correction, we need to know the velocity and the direc-

tion of flight of the nuclei that emit the gammas; these characteristics are related to

the kinematic of the reaction and depend, obviously, on the silicon detector firing

in coincidence. During the initialization phase, the values of β, ϑ and ϕ are taken,

for all the silicon detectors, from a file produced during the analysis of the data

collected by the GASP array in coincidence with MARS and Phobos (see pag. 99).

In its event loop, the program reads the event keeping it only if the corresponding

Si is inside the selected range. Then, it packs the points closer than the resolving

distance and selects the data according to the event multiplicity before and after the

packing. After this, the program finds the point with the highest energy deposit,

and applies the required gates to its coordinates.
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At this point, it places the MARS detector (and the interaction points produced

by the GA program) in the GASP reference frame: in fact, while the angles of the

silicon detectors are automatically in the GASP reference frame, the output of the

myGA7 program is written in the reference frame of the germanium crystal.

For the Doppler correction, the relativistic formula 5.1 is used, where ϑ is the

angle between the emitting nucleus and the detected gamma: we have in fact a mean

β value of 7.14%, so we can not use the classical approximation. This correction is

applied first of all respect to the center of MARS: this is always possible, and it is

equivalent to using MARS as a traditional unsegmented germanium detector.

ECM = Elab ·
1− β cosϑ
√

1− β2
(5.1)

To correct the energy spectra produced from the interaction points identified

during the PSA, we need a model to identify the first hit: in the energy range of

our experiment, a good assumption is that this point is the one having the highest

energy deposit. The angle between this point and the Si detector in coincidence is

then calculated, and its value is introduced in the formula 5.1.

Finally, we need also to perform the Doppler correction using the segments as

individual detectors: this correction, obviously impossible with the traditional de-

tectors, can always be done with the segmented ones, and produces a better energy

resolution since it reduces the solid angle from which the detector is seen by the

target (in our case, from about 22 degrees to about 9 degrees). After all, it is the

comparison between the spectra obtained by aligning the segments and the corre-

sponding ones corrected by using the interaction points that gives us the quality

of our reconstruction: the bigger is the difference between the FWHM of the two

full-energy peaks, the bigger is our capability to obtain spatial resolution inside the

segments.

To do this, we treated the segments as points: from the SortMars program, we

wrote out the data with the same structure as the myGA7 output, and containing

only the identification numbers of the segments collecting the charge, and the cor-
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responding (calibrated) energy. The Doppler correction was then performed by the

DopplerCorrection program respect to the segment with the highest energy, apply-

ing calibration coefficients obtained by aligning the full-energy peak of the segments

themselves.

The program produces as output a series of spectra showing the uncorrected

and the Doppler corrected spectra for the total amount of data, together with the

same spectra separated for each silicon detector and for each multiplicity of points;

moreover, it writes out the angle between the first point and the silicon detector for

each Si, and the projection of the points distribution for each Si and for the total

statistics.

The program generates also a matrix with the 2D distribution of the points inside

the detector (over the xy, xz, yz and rz planes, see figures 5.6, 5.7 and 5.8), together

with the corresponding one for the first hits and for the others; other matrices show

the correlations between the two angles ϕGe and ϑĜeSi, and the corrected energy vs.

the coordinates of the points.

The results of our analysis are shown in figures 5.3, 5.4 and 5.5. In the three

cases, the peak obtained applying the Doppler correction respect to the center of

MARS has a slightly different shape if compared with the corresponding uncorrected

one (since it shows a sort of flat top), but it has practically the same FWHM. This

means that the information provided by the silicon detectors, or, equivalently, the

knowledge of the velocity of the 56Fe ions has practically no effects on the Doppler

broadening of the gamma spectra if the MARS detector is used in the traditional

way. On the contrary, a big improvement (about a factor of two) is obtained when

we used the segments as individual detector: this observation confirms that in our

setup, as we wanted (see pag. 3.3), the germanium detector was so close to the target

that only the knowledge of what happens inside the crystal can produce appreciable

effects on the peak resolution in the gamma spectra.

If we compare the three figures 5.3, 5.4 and 5.5, we can see that the FWHM of

the Doppler corrected peaks increases when the segments multiplicity (fold) grows
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Figure 5.3: Analysis of the 846.8 keV transition ( 56Fe: 2+ → 0+ ) for the fraction of events

with net charge in only one segment (F=1): Doppler correction respect to the center of MARS,

Doppler correction respect to the barycenters of the segments and Doppler correction using the

points as reconstructed by the GA program.

up. This behavior is connected to the model used to identify the first hit: in fact,

we performed the Doppler correction respect to the point with the highest energy

deposit, which (from simulations) is not equal to the real first one in about 20%

of the cases. If there is only one segment in the event, the distance between these

two points cannot exceed the segments size, while it can be much greater if the fold

is two or more: this fact produces a contribution to the Doppler broadening that

depends on the segment multiplicity and can justify the observed worsening of the

resolution.

The quality of our approach to PSA is measured by the differences between the

spectra obtained using the segments and the corresponding ones obtained from the

reconstructed points: for the reasons mentioned above, the comparison is meaningful

and has to be done separately for each segment multiplicity. If our spatial resolution
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Figure 5.4: Same as figure 5.3, but with two segments having net charge (F=2).

would be of the order of the segment size, the two spectra should be identical; on the

contrary, for all the statistically significant folds, the peaks produced starting from

the points is about 2 keV (30%) narrower, which means that our position resolution

is certainly better than that allowed by the electrical segmentation.

The final energy resolution of the measured peak is a combination of two factors:

the spatial resolution obtained in the reconstruction of the interaction points (what

we wanted to assess), and the Doppler broadening due to the reaction. In order

to quantify the last one, a simulation was performed, using the GEANT3 toolkit

[72], for a 56Fe beam scattering in the direction of the Silicon detector number 7

(ϑ = 53.1◦ ϕ = 216.5◦); this simulation included the opening angle of the Phobos

detector (±1.3◦), the finite dimensions of the beam spot (±2 mm), the energy loss

of the projectile passing through the target, and the dependence of the Coulomb

excitation cross section from the beam energy (see figure 3.17). In these conditions,

a resolution of 2.6 keV (FWHM) was predicted in the case of “perfect” tracking,

which becomes 3.5 keV for a position resolution of 5.4 mm FWHM. These values
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Figure 5.5: Same as figure 5.3, but with three segments having net charge (F=3).

have to be folded with the intrinsic resolution of the germanium detector (a FWHM

equal to 2.2 keV was used in correspondence to the 846.8 transition), so we obtained

respectively 3.4 and 4.2 keV (FWHM). As the measured value (4.5 keV) is very close

to the calculated one, we infer that our position resolution is about 5 mm FWHM.

5.4 Distribution of points

Besides the Doppler correction capability, we checked the quality of our reconstruc-

tion also by looking at the distribution of the interaction points inside the germanium

crystal; the results for segment multiplicity from one to three are shown in figures

5.6, 5.7 and 5.8 respectively.

Looking at these figures, we can observe that the interaction points appear con-

centrated in some regions of the crystal, which is unnatural. In fact, even though

their number decreases exponentially with the depth, there are too few points near

the front part of the detector: this is especially evident in the case of two segments
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Figure 5.6: 2D representation of the interaction points inside the MARS detector for events with

only one segment having net charge (F=1); the points with the highest energy deposits and the

other ones are represented separately in the left and in the right panel respectively. For each panel,

the rz, xz, yz (top) and the xy (bottom) projection are shown.

Figure 5.7: 2D representation of the interaction points inside the MARS detector for events with

F=2 (see figure 5.6).

firing in coincidence (figure 5.7). Another problem is that there is an almost empty

region near the side border of the crystal: this problem seems particularly severe

when considering the points reproduced in the left panels (those not having the

highest energy deposit in the event). Finally, we can notice that in the rz projec-

tion each slice has a concentration of points near the “diagonal” of the segments.

In order to clarify the origin of these phenomena, we performed a simulation

with a new program developed using the GEANT4 toolkit [34]. From this code, we

obtained position and energy of the interaction points, which were used as input of

our program to calculate the corresponding signals produced by the detector (see
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Figure 5.8: 2D representation of the interaction points inside the MARS detector for events with

F=3 (see figure 5.6).

section 2.3.3). These data were then analyzed with myGA7, and the distribution of

the reconstructed points was compared to that of the points generated by GEANT4

(see figure 5.9).

From this figure, we notice that the diagonal observed in the experimental data

still remains: since the input signal and the basis are produced by the same pro-

gram, and since the reconstruction has been performed in the best conditions2, the

persistence of this effect has to be attributed to the myGA7 program.

On the contrary, the distribution of the reconstructed points in the xy plan is

now uniform: this means that the most severe problem observed in the analysis of

the experimental data is related to the scarce correspondence between the calculated

basis and the measured signals. After some discussions with the author of myGA7

Th. Kröll, we concluded that this effect can not be attributed to the parametrization

of the motion of the holes for two reasons:

1. the mobility of the holes is not described by means of theoretical calculations,

but it has been extracted by fitting experimental data;

2No noise has been added to the simulated data.
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Figure 5.9: Distribution of the interaction points produced by γ-ray of 846.8 keV as simulated

by GEANT4 (left panel), and the corresponding ones reconstructed by myGA7 (right panel).

2. a similar effect has been observed with the 60 keV line of the 241Am source: this

line produces interactions only near the surface, so only electrons contribute

to the signals.

The concentration of points at intermediate radii has probably to be attributed to

a variation of the impurity level as a function of the radius itself, which changes the

electric potential inside the detector.

5.5 Analysis of the multiplicity distribution

One of the problems we encountered analyzing the output of the myGA7 program

is related to the multiplicity distribution of the reconstructed points. Figure 5.10

presents the distribution of generated points for the events with only one segment, for

which the number of points in a segment is equal to the number of points in the entire

detector. From the comparison between the two spectra in figure 5.10, it is clear that

the genetic algorithm, if used without external constraints, produces more points

than we expect from the simulations: we can see, in fact, a long tail extending up

to 10 points per segments. The problem persists even if we pack together the points
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Figure 5.10: Multiplicity spectrum of the reconstructed points (without constraints) for the

events with only one segment (black) compared with the simulated one (red).

with a distance smaller than 5 mm, which means that the “additional” points are not

concentrated near the real ones, but are located in the segment at a mean distance

bigger than the inferred resolution. Moreover, there is another big discrepancy

between the measured and the simulated distribution: we can practically never

produce a single interaction point, while it is predicted that this situation have to

occur in about the 50% of the cases.

The original solution adopted by Th. Kröll was to introduce a rigid upper

threshold for the number of generated points. We used this approach also in our

analysis, limiting the number of points per segments to 2, and the number of points

in the detector to 5 (since there are up to 5 segments with net charge in our data).

In this way, however, we have a very unnatural multiplicity distribution, since we

always obtain 2 interaction points per segments: we cut off the high multiplicity

tail, but, again, we are not able to produce single interaction point.

The real origin of these extra points can be related to the poor quality of the
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database of calculated signals, in a similar fashion to the concentration of the point

in some regions of the detector. However, since we consider the calculation of a more

realistic base a very complicated question, we tried to insert in the reconstruction

program a sort of phenomenological correction to this problem. The basic idea is

to impose on the algorithm a penalty, which grows with the number of points: in

practice, we divide the value of the fitness function by 10N , where N is the number

of the generated points. But this is not sufficient: when the algorithm finds a good

solution with one point, it is almost always able to find a better one with two or

more points, if allowed to continue for enough time. In fact, this, like any other

minimization algorithm, produces in general better results if it has more degrees of

freedom. For this reason, we modified the program in a manner that, if it produces

one point and 100 or more generations are passed, the GA leaves the generation

loop.

In this case:

1. We can produce 1 point.

2. We obtain 1 point in about 50% of the cases.

3. The multiplicity distribution is similar to that of the simulated points.

The results of this improvement can be checked looking at figure 5.11, where the

new multiplicity spectrum (again, for one segment) is compared to the simulated

data; the distribution of the measured data is now close enough to the calculated

one.

It is important to note that this improvement does not produce a worsening in

the Doppler corrected peak resolution, nor does it in the distribution of the points

in the detector. Regarding the last point, we can say that the points with the

highest energy deposit have the same distribution as before, while the others are

more uniform than in right panel of figure 5.6.

Analyzing the code of the myGA7 program, we can also observe that a genetic

algorithm treats in a very bad way the events with a single point because the most
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Figure 5.11: Multiplicity spectrum of the reconstructed points (after penalization) again for the

events with only one segment (black), compared with the simulated one (red).

important method it uses to explore the space is the mating between couples of

candidate solutions. When applied to a chromosome with 1 point and to another

chromosome with more than 1 point3, the cross-over cannot produce a better chro-

mosome with a single point: it can produce a solution with signals closer to the

experimental ones, but this collection of points will have, almost always, two or

more points.

3if both of the chromosomes have 1 point, they mutate, and no crossover is applied
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Conclusions

In the new arrays for γ-ray spectroscopy based on tracking, one has to measure

energy and position of the interaction points inside the germanium crystals, so as

to be able to infer the path followed by the detected photons.

The most challenging step of the reconstruction is certainly the identification

of the positions where the interactions took place which, for good performances

of the tracking algorithms, have to be determined with a precision greater than

the segment size reachable with current detector manufacturing technologies. The

position of the interaction points can be obtained by means Pulse Shape Analysis

(PSA) techniques, exploiting the fact that the position where the interaction took

place is encoded in the shape of the signals.

In this thesis, I described the first successful in-beam test of a highly segmented

germanium detector; this experiment has been explicitly designed to check the po-

sition resolution that can be achieved by means of PSA. In fact we detected the

transition emitted in flight by a nucleus recoiling at high velocity and used the

FWHM of the Doppler corrected peak to infer the achieved position resolution.

The approach followed was almost fully digital, since only the trigger was con-

structed using traditional analog electronics: energy and time were calculated by

means of Digital Signal Processing (DSP) algorithms, and the entire treatment of

the data was done in software. The Pulse Shape Analysis was performed using a

program based on Genetic Algorithms and allowed to improve the resolution of the

846.8 keV γ-peak from 6.2 keV (Doppler correction using the segments) to 4.5 keV

(full PSA). This value is very close to the 4.2 keV predicted by the simulations with
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a position resolution of about 5 mm FWHM. Our work demonstrates therefore that

we can perform Pulse Shape Analysis with Genetic Algorithms obtaining a position

resolution of about 5 mm (FWHM) in real conditions.

Some problems still remain, and the most serious is probably the unnatural

concentration of points in some regions of the detector, and in particular at inter-

mediate radii. Regarding this point, we showed that the problem arises mainly from

the calculated basis of pulse shapes, and not from the reconstruction procedure.

We expect that the measurements performed with the new AGATA detectors will

provide a better knowledge of the impurity distribution inside the detector (allow-

ing better calculation of the electric field), and that a careful 3-dimensional scan

of the crystals will allow to perform a detailed comparison between calculated and

measured signals at the scanned points.



Appendix A

Data formats

A.1 MARS

The MARS data files are binary, and consist of three parts: the header, the events

containing the sampled signals and the final information about the number of events.

The events can be in a compressed format or not.

The header contains a variable length part which always starts with the 8-bytes

word ?MARS001 and finishes with the 8-bytes word ?ENDHEAD; this header can

contain some information about the experiment, as it is shown in the table A.1.

Every event begins with an 8-bytes word containing the character # and the

length of the event; the rest of the event is usually compressed, and it is necessary

to decompress it to be able to extract the information contained in it. The event

consists of 28 channels (as it is written in the file header); every channel has a 2-

bytes channel identifier, followed by 2002 samples (a number also written in the file

header), and every sample is written as a “char” 1-byte (8 bits) word. The structure

of the MARS event is described in the table A.2.

The last part (16 bytes long) of a file in the MARS format contains the events

number represented in the 16-bytes word: ?E00000000000259.
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Table A.1: MARS Header

8-bytes word comment

?MARS001 Begin of file (compulsory)

?RUNINDI independent of run number or

?RUN0008 run number

?CH00028 number of channels acquired

?P002002 number of sampled points per channel

?COMPR01 event compression mode 1

?ORIGDAT original data

?H014112 length of the digital scopes headers (bytes)

?WFORMI1 1 or 2 bytes per sample

?U000146 user comment length (bytes) after the head

and after other previous defined header parts

?ENDHEAD End of header (compulsory)

Table A.2: Event structure (uncompressed)

Event header

8-bytes word comment

#0056112 length of the event (bytes)

28 channels with the structure

1-byte word comment

0xF0 Begin of channel

00 channel number (in this example, 00)

2002 samples with the structure

1-byte word comment

16 value of a sample (from -128 to 127)

A.2 myGA7

The input file of the myGA7 program is an ASCII file and has the following struc-

ture:
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Number of segments with net charge

3

Segment identifier, 0, 0, 0, E (calibrated, in keV) released in the segment

3 0.000000e+00 0.000000e+00 0.000000e+00 1.554025e+02

9 0.000000e+00 0.000000e+00 0.000000e+00 6.016013e+02

2 0.000000e+00 0.000000e+00 0.000000e+00 7.720747e+01

Pattern: 1 if a segment has signal, 0 otherwise.

1 1 1 1 1 1 0 1 1 1 1 0 0 0 1 1 1 0 0 0 0 0 0 0 1

A line for each 1 in the pattern, containing the sampled signal with a length of 70

points.

7 1 0 1 1 0 0 5 10 11 10 13 11 12 15 16 16 18 14 9 3 0 1 ... 2 0 1 2 2

...

1 0 -3 -5 -6 -3 0 5 9 11 7 3 -2 -1 0 4 5 3 -2 -1 1 1 -2 ... 0 1 2 5 6

Noise of the segments having signal.

1 2 2 1 1 1 2 2 2 1 2 1 1 0

A.3 Doppler correction and tracking

The output file of the myGA7 program, which can be read by the the program

DopplerCorrectiom and mgt, is an ASCII file with a header part, and a data part.

The header has the structure shown in the table A.3, and contains the information

needed by the tracking program mgt.

As shown in the table A.3, a $ character marks the end of the header, and the

start of the data.

Every event consists of a line with the characteristics of the gamma which hits

the detector (energy, emission direction, ...), followed by a line for each interaction

points; for our (experimental, not simulated) data:

header line: Energy of the emitted gamma, direction (not known), and number
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Table A.3: Header for tracking

parameter comment

MARS format identifier (compulsory)

GEOMETRY CBAR geometry for the tracking program

1 7.3 9.0 number, diameter and length of Ge detectors

0.0 0.0 20.7 x, y, and z of Ge detector

RECOIL 0.07 0 1 0 0 1 beta, unused, direction of the source, unused

SOURCE 0 0 0 source position

GAMMA 1 gamma multiplicity

846.77 Energy of the emitted gamma

$ begin of data (compulsory)

of silicon detector in coincidence (-1 otherwise)

-494.985 0.00000 0.00000 1.00000 -1

A line for each interaction point, containing energy (keV), x, y, z, 0

112.978 1.460 -3.228 24.452 0

382.007 0.929 -0.965 23.832 0
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