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Abstract
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by Tayfun Hiiyiik

The first part of this thesis is devoted to the development of a large array of neutron detectors
NEDA and their conceptual design using Monte-Carlo simulations. NEDA (NEutron Detector
Array) aims to build a neutron detector array with high efficiency based on liquid scintillators.
NEDA will be coupled to the high-purity «-ray detector arrays, like AGATA, EXOGAM, to be
used as a trigger or complementary detector in the contemporary nuclear physics experiments
which aim to investigate the structure of the exotic nuclei. The importance of NEDA is related
to its capability to filter the reaction channels including multiple neutron evaporation with high
efficiency. The simulations of the conceptual design of NEDA for the near-future campaign
at GANIL is presented. The NEDA detectors together with the Neutron Wall promise up to
7.62(11)% and 1.89(11)% efficiencies for two- and three-neutron detection comparing to the
Neutron Wall standalone 3.93(10)% and 0.55(14)%, respectively. The results of this study has
been published in The European Physical Journal - Section: A (2016) 52: 55 and our study
has been selected for the cover of the March 2016 issue. In the framework of NEDA, besides
the simulations, I have been actively participating to the tests which aimed to characterize the
prototypes and their functionality with digital sampling electronics. The preparation and the

outcomes of these tests are also discussed.

The second part is devoted to the analysis of two experiments. The first experiment has been done
at GANIL with EXOGAM - Neutron Wall - DIAMANT setup using fusion-evaporation reaction
32§ 4 28Gi. The analysis of this experiment provided experience on the Neutron Wall, which
the NEDA detectors will replace. The preparation, analysis and the results of this experiment
are discussed. The second experimental activity has been done at GSI - Fragment Separator
Facility (FRS) using the AGATA - PreSPEC setup to investigate the collectivity in 52Fe above
the isomeric state 127. The unstable 2Fe beam at relativistic energies with an isomeric ratio
of 16(2)% underwent Coulomb excitation by heavy 1°7Au target. The reduced matrix element
of the candidate for the 127 — 14% has been measured experimentally and compared with the

LSSM calculations, suggesting a larger degree of collectivity in the involved states.






Acknowledgements

To The “Ministerio de Economia y Competitividad” of Spain for financing partially the experi-
mental activities in the grants FPA2014-57196-C5 and FPA2011-29854-C04, and the “Generali-
tat Valenciana”, Spain, financed a PhD grant on the PROMETEQO/2010/101 and partially the
NEDA instrumentation on the grants PROMETEO/2010/101 and PROMETEOII/2014/019,
and The European Regional Development Fund (FEDER) of European Commission.

I’'m very grateful to Dr. Andrés Gadea for supervising this work with all his patience, under-
standing, and transferring me his knowledge on Physics and experimental techniques, also for
his availability all the time, open for discussions and questions, not also on Physics but also for

private matters. It has been a privilege to work with him and benefit his wisdom.

I would like to thank Javier Valiente for allowing me to work at Legnaro, in an elegant labo-
ratory with great people, his availability for discussions and lading role on the NEDA project,

transferring me his experience and being a great colleague and friend.

I'm thankful to Cesar Domingo for his availability, for being open for discussions and for his

valuable help and opinions during the analysis of the >2Fe experiment.

I'm thankful to Damian Ralet for helping me with the data analysis; and to Michael Reese for

providing me the software for the “GSI experiment”.

A very special gratitude goes to the NEDA collaboration, especially to Grzegorz Jaworski, An-
tonio Di Nitto and Victor Modamio for their friendship, for being great colleagues to work with

until late night at Legnaro and at GANIL, sharing ideas and leading enjoyable chats.

I appreciate the contributions of Johan Nyberg and Marcin Palacz on the EXOGAM - Neutron
Wall - DTAMANT experiment and their help on NEDA, and the contributions of Silvia Lenzi on
the Shell Model Calculations, Carlos Bertulani on the DWEIKO calculations, Takenori Furumoto

on calculating the optical potential parameters.

I would like to thank to Maria Doncel for her availability always on Skype, sharing ideas and
experiences, and for her hospitality -opening her house in Salamanca- for me and my wife; and

to Rosa Perez for being always there to compare feelings, being my closest friend at IFIC!

My family deserves a special acknowledgement, my parents Giilden and Yiiksel Hiiyiikk and my
brothers Tufan and Altan, for supporting me and believing in me all these years. Bana olan

kosulsuz desteginiz ve sevginiz icin ¢ok tesekkiir ederim!

Last but not least, I'm very grateful to my wife, Seher, for her infinite support and love, for

making my life better in all aspects.

1X






Contents

[Declarationl iii
[Declaration of Authorship| v
[Abstract] vii
[Acknowledgements| ix
[List of Figures| XV
[List_of Tables xxi
[Abbreviations| XXV
1__Introduction| 1
2 Neutron Detection with Liquid Scintillators| 3
I TIntroductionl . . . . . . . . . . ... 3
2.2 The Neutronl. . . . . . .. ... 4
2.3 Neutron Detectionl . . . . ... ... ... ... L. 5
2.3.1 Detection of Slow Neutronsl . . ... ... .. ... ... .. 5

2.3.2  Detection of Fast Neutrons. . . . . .. ... ... ... ... 6

[2.4  Neutron Detection Using Scintillators| . . . . . . . . ... .. .. .. 8

13 NEutron Detector Array (NEDA)| 13
[3.1 Design of the NEDA detectors| . . . . . . ... ... ... ...... 14
[3.2  Monte Carlo simulations and analysis procedure] . . . . . . . . . .. 16
[3.2.1 Event generators| . . . .. ... ... ... ... ... .. 16

[3.2.1.1  Simulations for the selected fusion-evaporation re-
actionl . . . . . ... 17

[3.2.2  Verification ot the tfusion-evaporation reaction event generator| 18
[3.2.3 Handling of the scattered events|. . . . . . . ... ... ... 23

X1



Contents

[3.3  Early implementation of NEDA to be coupled with AGATA: Design |

| and results of the simulations) . . . ... ... ... ... ... ... 25
[3.4  Summary and Outlook| . . . . . .. ... .. ... ... ... .... 30

[4 Tests of Neutron Detector Prototypes| 33
4.1 Structure ot the Scintillator Based Neutron Detector Prototypes| . . 34
4.2 Signal Processing and Data Acquisition| . . . . . . . . ... ... .. 36
[4.2.1 ‘Iriggering| . . . . . . . ... 37

4.3 Neutron Cross-talk measurements . . . . . . . . . . . ... ... .. 38

[> ~-ray Spectroscopy with Segmented HPGe detectors and Ancil- |
[_Iaries| 43
[>.1  Segmented HPGe detectors| . . . . . .. ... .. ... .. .. ... 43
H.1.1  Introductionl . . . . . . .. ..o 43

[5.1.2  Advanced GAmma Tracking Array (AGATA)| . . ... . .. 44

[5.1.2.1  PSA techniques|. . . . . . .. ... ... ... ... 48

[>.1.2.2  GRID computing . . . . ... ... ... ... ... 50

b.1.2.3  Tracking{. . . . . ... ... ... o1
............................ 52

(5.2 Ancillary detectors to the segmented high-purity Ge-arrays . . . . . 5%5)
Hh.2.1 Introductionl . . . . . . .. ..o 55

Hh.2.2 The Neutron Walll. . . . . ... ... ... ... ... ... 55
........................... 58

6 Experimental activity at GANIL with EXOGAM, Neutron Wall |

[6.3  Experiment| . . . .. ..o 64
(6.4 Analysis| . . . .. .. 66
6.5 Cross-section Predictiond . . . . . . .. ... ... ... ... .... 74
[6.6 Angular Correlations of the y-rays|. . . . . . .. ... ... ... .. 75
B7 Resultsl. . . . . . . . . 75
[6.7.1 ~ — ~ coincidence analysis for °'Ni| . . . .. ... ... ... 77

[6.7.2 ~ —~ coincidence analysis for the ®’Ga nucleus produced in |
L the reaction with the “YAr contamination in the beaml. . . . 83
[6.7.3  Other nuclei observed in the present experiment in the re- |

| actions **S + **Si and “PAr + “°Si|. . . . ... L 85
[6.7.3.1  Reaction products populated by the compound nu- |

| cleus Znl ... 87
[6.7.3.2  Reaction products populated by the compound nu- |

| cleus ®°Gel . . ... 87
[6.7.4  Comparison of the experimental and calculated yields| . . . . 92

[6.8  Summary and Conclusions| . . . . . . . . . ... ... ... ... .. 93




Contents

7 Experimental activity at GSI with AGATA-PreSPEC: Collectiv- |

ity in °*Fe| 95
(7.1 Introductionl . . . . . . . . .. ... 95
[7.2  Physics Background|. . . . . . ... ... .00 96
(.3 Reaction mechanisml . . . . . ... ... .. ... ... ..., . 101
[.4 " Experiment| . . . . . . ... o 104
[7.4.1 The FRagment Separator (FRS) detectors| . . . . . ... .. 107
[7.4.1.1 Time Projection Chambers (TPCs)|. . . . . . . .. 108

[7.4.1.2  MUIti Sampling lonization Chambers (MUSICs)| . 109

(42 Tok detectors . . . . . ... ... ... ... ... ... 110
(.43 The LYCCA detectors . . . .. ... .. ... ... ..... 113
[7.4.3.1 Double-Sided Si-Strip Detector (DSSSD)| . . . . . . 115

[7.4.3.2  Cesium-lodide Detector (Csl)| . . . . . . ... ... 116

[7.4.4  'The AGATA configuration at GSI| . . . . . . ... ... ... 116

(.o Data Ireatmentl . . . . . . .. ... o 117
[7.5.1 Signal Processsing and Data Acquisition System (DAQ) . . 117
(7.5.1.1  Multi Branch System (MBS)| . ... ... ..... 117

[7.5.1.2  Nouvelle Acquisition temps Réel Version 1.2 Avec |

Linux (NARVAL)[. . . .. ... ... ... ... .. 120

[r.6 Realistic Simulationsl . . . . . . .. . .. ... 0oL 120
(7.7 Data Analysis| . . . . . . . . .. 124
[7.7.1 'Irigger configurations| . . . .. ... ... ... ..., ... 124
[7.7.2  Production, separation and identification of the secondary |
beamin FRS . . ... ... ... 124

[7.7.3 ldentification of the secondary reaction products in LYCCA| 127
[7.7.4  Particle-y time| . . . . . . ... ... Lo 130

[7.8 Doppler correction| . . . . . .. ... ..o 132
[[.9 Tsomeric Ratid. . . . . .. . . . ... . . 133
MI0 Results. . . . . . 136
[7.10.1 ~ ray Angular Distribution|. . . . . . . . . .. .. ... ... 136
[7.10.2 Experimental cross-sections| . . . . . .. ... ... ... .. 136
[7.10.3 7Au target excitation| . . . . . . ... ... 141
[7.10.4 Comparison of the experimental cross-sections with the cal- |
culations . . . . . ... 143

[7.10.5 Large Scale Shell Model calculations using ANTOINE| . . . . . 144

(7.11 Summary and conclusions| . . . . . . ... ... ... oL 145
I8 _Resumen en castellanol 147
.1 Introduccionl. . . . . . . . ..o 147
(8.2 NEutron Detector Array - NEDA| . . . . ... ... ... ... ... 149
B.2.1 Fl diseno de los detectores de NEDAl . . . . ... ... ... 150
B.2.2 Simulaciones de Monte-Carlo . . . .. ... ... ... ... 150




Contents

[8.2.2.2  Verificacion del generador de eventos de reaccion

fusion-evaporacion| . . . . . . . . ... ... ... 151
1 : - ”_de neutrones . . . .. 152
[8.2.3  Implementacion primaria de NEDA para acoplar con AGATA: |
| Diseno y resultados de las simulaciones| . . . . . . . . .. .. 152
8.3 Pruebas con detectores de neutrones . . . ... ... ... .. ... 153
[8.4  Detectores de espectroscopia v y auxiliares| . . . . . . . . ... ... 154
841 AGATAl . . . . . 154
RB42 EXOGAM . . . .. . .. 155
843 Neutron Walll . . . .. ... ... ... oo 156
4.4 DIAMANTI . . . . . .. 156
[8.5 Actividad experimental en GANIL con
| EXOGAM vy detectores complementarios| . . . . . . ... ... ... 157
(8.6 Actividad Experimental en GSI con AGATA-PreSPEC: Colectivi-

| dad en °?Fel . . . . . .. 160

(Bibliography| 165




List of Figures

p1

Cross-section as a function of neutron energy for some interesting

reactions in slow neutron detection. Data taken from Refs. [SHI1]) .

6

P2

Cross-section as a function of neutron energy for some interesting |

reactions in fast neutron detection. Data taken from Refs. [S-I1]]

7

2.3

Schematic view of the light production mechanism in an organic

scntillator | . . . . L

B

An artistic illustration of the ionization caused by 7-rays (electrons)

and neutrons (protons) in the scintillation material. Courtesy of

Ref. [I3]]. . . . . . .

10

P5

Pulse shapes from a liquid scintillator produced by a ~v-ray and a

neutron interaction. Courtesy of Ref. [14].| . . . . .. ... ... ..

11

2.6

ZC0 vs. TOF comparison for the neutron and v-ray discrimination.

Units are arbitrary| . . . . . . .. ... oo

B1

Schematic picture of the NEDA detector unit.| . . . . . ... .. ..

12

B2

Angular distribution and energy spectra of neutrons emitted in the

2n and 3n reaction channels following the decay of the compound

nucleus 1*Xe at an excitation energy of around 54 MeV.| . . . . . .

B3

View of the Neutron Wall (light grey) with the beam pipe and

beam dump after the target (dark grey) as modelled by GEANT4.

The inset in the upper left corner shows in some detail the steel

mechanical elements used in the beam pipe and beam dump.|. . . .

19

B4

Simulated and experimental TOF' spectra for the six different 6 an-

gles of the Neutron Wall. TOF increases from right to lett. Gamma

rays were not included in the simulations. 'The large Gaussian-

shaped peak in the experimental spectra, centered at time 0 ns and

with a width of 0 = 2.21 ns, is due to v rays. For the comparison

of the simulated and experimental data, the former were smeared

with a Gaussian distribution with the same width as the y-ray peak.

'T'he mitial simulated TOF spectra are shown in dark grey colour.

The simulated TOF spectra after the center-of-mass energy of the

evaporated neutrons was increased by 800keV are shown in light

grey colour. The experimental data are shown in black colour. |

[3.5

Experimental and simulated neutron detection efficiency per solid

angle as a function ot the polar angle ¢ of the Neutron Wall. The

efficiency at the forward angles decreases due to the stainless steel

beam dump shown in Fig. (3.3 | . . ... ... ... ... ... ...

XV



List of Figures

[3.6  Schematic view of the Neutron Wall, showing two real neutron
events with an associated time ¢; and ¢, and a scattered event ¢].
The difference t; — t5 is smaller than a scatter event ¢; — ¢}, in
| average, for the vast majority of events. | . . . . . . . ... ... .. 24
[3.7  Ar-At plot for simulated one neutron events from the fusion-evaporation |
reaction, described in the text. The two dimensional gate shown |
with a dashed line corresponds to the position where the real de- |
|
|

tection of two- and three-neutron events would be located. The
edge of the gate represents the largest neutron velocity for which a
crosstalk event 1s defined) . . . . . . .. ..o oo 25
[3.8 The proposed geometries of the NEDA array - left-hand-side in
(a), right-hand-side in (b) - coupled to the Neutron Wall - right-
hand-side in (a), left-hand-side in (b) - for the AGATA campaign
| at GANIL. See text for details] . . . ... .. ... ... ... ... 29
[3.9 The proposed geometry of NEDA 27 consisting of 331 detector units |
| and covering a solid angle of 1.887 sr at a distance of 1 m from the |
| target position. |. . . . . . ..o 31

4.1 An artistic view of the scintillator detector prototypes used in the |

| NEDA tests. See text for details . . . . . . . . ... .. ... ... 35
[4.2  Electronic scheme of the data acquisition system for a typical neutron- |

| ~ coincidence setup. This setup has been used for the NEDA tests |
| performed at LNL.| . . . . ... .. ... ... ... ... .. 38
4.3 Drawing of the setup that is used for the cross-talk measurement: |

| upper panel- 2n multiplicity background with the cross talk events; |
| below panel - 2n multiplicity background.|. . . . . . . . . ... . .. 39
4.4  Experimental results of the cross-talk tests. Upper panel: data ob- |
tained where the detectors put aside (left panel of Fig. |4.3)); middle
panel: data obtained where the detectors put separate (right panel

of Fig. |4.3)); lower panel: the subtraction of the two spectra. The

| spectra have been obtained with the condition where both detectors |
| are fired. . . . ..o 41
4.5 GEANT4 visualization of the setup that is used for the cross-talk |

| measurement in the simulations: lett panel- 2n multiplicity back- |
| ground with the cross talk events; right panel - 2n multiplicity back- |
| ground.] . . ... 42

[>.1 The figure of the AGATA 47 s.r. geometry generated in GEANT4 |
| simulations. The white polygon represents how three crystals form |
| a triple cluster.| . . . . . . ... .o 45
[5.2  Drawing of one AGATA crystal showing the segmentation in two |

axes, the crystal cross-section and the dimensions (figure taken from |




List of Figures

530!

CAD drawing of AGATA and the holding structure at GSI. Clusters |

numbered 0, 1 and 4 are the double clusters. Clusters numbered 6 |

7, 12, 13 and 14 are the triple clusters. T'wo crystals, one from each |

cluster 7 and 6, were inoperative| . . . . ... ... ... ... 49

[0.5

The most probable y-ray detection mechanisms at different ranges |

of k. See text for details.| . . . ... ... ... ... 51

5.6

(a) The EXOGAM array with 16 clover detectors. (b) The cross- |

section of the clover detectors) . . . . . . . . . . .. ... ... .. 53

[0.7

A drawing of the clover detectors.| . . . . . . ... ... ... .. .. 53

[>.8

The Neutron Wall array at GANIL, photo of the view from the |

beam downstream (a) and 3D computer model of the view from the |

beam upstream (b). . . . .. ... oo oo o 56

[.9

Hexagonal and pentagonal segments of the Neutron Wall.|. . . . . . 57

[5.10

DIAMANT detector array.| . . . . . . . ... ... ... ... .... 58

BT

DIAMANT detector array unrolled. The square and triangular |

shaped scintillators are shown.|. . . . . . . . . ... ... ... ... 59

6.1

T'wo nuclei scattering. The type of reaction depends on the impact |

parameter, 0. In the case of the present work, the impact parameter |

1s small enough that the nuclei interact with each other by the strong |

forcel . . .o 63

62

Visualization of the fusion-evaporation reaction. (a) Two nuclei

collide and (b) fuse together. Thermal equilibrium is occured and

(c) a compound nucleus is formed. This is an intermediate state

and the CN forgets what nuclei formed by. It is highly unstable |

and undergoes the evaporation of the light particles. Finally, (d)

it forms a daughter excited nucleus and suffers v-ray emission until

(e) it reaches to the ground state.| . . . . . . ... ... 63

6.3

The TAC-0, -1, -2, -3 spectra listed in Table|6.1}|. . . . . . . . . .. 67

6.4

EXOGAM eenrgy vs. time after FT correction (see Eq. [6.4). The

2D gate is shown. The horizontal axis represents the EXOGAM

F'T" correction in ns. The ~-rays in coincident with previous and

|
|
energy in keV. The vertical axis represents the EXOGAM time after |
|
|

next to the prompt peak are also visible, are parallel, and are above

and below the prompt peak selected with the 2D gate. | . . . . . . . 68

6.5

An example to the 2-dimensional neutron selection gates on the |

Neutron Wall data. Such matrix is produced for each Neutron Wall |

detector with ToF and PSA parameters on the horizontal and ver- |

tical axes, respectively. Units are arbitrary|. . . . . . .. .. .. .. 69

6.6

The particle selection gates on the DIAMAN'T data. The matri- |

ces are formed by the energy parameter on one axis and the PID |

parameter on the other. Units are arbitrary,| . . . . . .. ... ... 70

6.7

The fit curve and data points after successtul fit.|. . . . . . . . . .. 72

6.8

The HIVAP estimations of the cross-sections of various channels in |

®0%7n compound nucleus decay.| . . . . . . ... ... L. 74

6.9

~v-ray spectra with different charged particle and neutron conditions.| 76




List of Figures

6.10 2577 keV (7/2~ — 3/27) transition in °’Ni with different neutron |
| and charged-particle conditions.| . . . . . . . ... ... 77
[6.11 The 2577 keV gated v-ray spectrum with one-proton and one-neutron |
| conditions. The ~-ray transitions that are in the yrast band and |

| the ones in coincidence with the yrast band transitions are shown. . 78
[6.12 611 keV gated spectra showing the coincidences with 830 keV, 975 |
| keV_and 2577 keV transitions. . . . . . . . . .. ... 79

[6.13 880 keV (upper panels - a-1 and a-2) and 975 keV (below panels
| - b-1 and b-2) gated spectra showing the coincidence with the 611
[ keVtransition. | . . . . . . . . ... 80

| Transitions with quadrupole character shown in red. Purple rep- |
| resents quadrupole/dipole mixing. Blue represents the transitions |
| with dipole character but probably with electric quadrupole mixing.| 82

[6.16 The spectra with various reaction channels gated. The 191 keV |
| peak disappears completely on the spectrum in coincidence with |

| a-particles. | . . . ... 84
[6.17 The two regions of the 191 keV gated v — ~ coincidence spectrum |
| showing some of the peaks of ®Ga.| . . . . . .. ... ... .. ... 85
[6.18 Level scheme of ®°Ga as measured in the present work. . . . . . .. 86
[6.19 Level scheme of °*Cu as measured in the present work., . . . . . .. 88
[6.20 Level scheme of *°Co as measured in the present work.| . . . . . .. 88
[6.21 Level scheme of **Fe as measured in the present work.|. . . . . . . . 89
[6.22 Level scheme of >>Mn as measured in the present work. . . . . . . . 89
[6.23 Level scheme of ®°Zn as measured in the present work.| . . . . . .. 90
[6.24 Level scheme of ®“Cu as measured in the present work, . . . . . .. 90
6.25 Level schemes of (a) **Zn and (b) ®*Zn as measured in the present |
| workl . ..o 91
[6.26 Relative intensities normalized to the cross-section of the °’Ni nu- |
| cleus, experimental (a) and calculated (b).[ . . . . .. ... ... .. 92
62 Roliio | — Tod ] — ™G - |
| cleus, experimental (a) and calculated (b).[ . . . . .. ... ... .. 92

[7.1 Calculated ocupation numbers as function of the angular momen-

| tum in °“Fe . The LSSM calculation has been performed with the

L KB3G interaction and the code ANTOINES .. .. ... ... ... 98
[7.2 Calculated level scheme for the yrast and near yrast states in >“Fe

| above the 127 yrast trap. The LSSM calculation has been per-

| tensities are proportional to the emission probability,| . . . . . . .. 100
[7.3 The schematic explanation of how the °*Fe ion fragments were pro- |

| duced at GSL. 1. . . . . . . 101
[7.4  'The schematic explanation of the inelastic scattering ot two nuclei.|. 102
[7.5 A schematic drawing of the GSI accelerator tacility. | . . . . . . .. 105




List of Figures

[7.6 Illustration ot the optic elements of the FRS for the ion separa- |
| tion process. The secondary beam which consisted of the fragment |
| residues of the primary beam after the fragmentation reactions, is |
| produced in the primary target and then the ions are separated in |
| flight. The settings of some of the elements are given in Table[7.2] | 106

[7.7 A schematic view of how the velocities of the ions are equalized or |
| spread in the energy loss process. |. . . . . . . . . .. ... ... .. 107

[(.8 Schematical view of the TPCJ . . . . ... ... ... ... .. ... 108

[7.9  An artistic view of the MUSIC detector showing its parts. Drawing |
| taken from the technical manual of MUSIC.| . . . . .. ... .. .. 110

[7.10 Comparison of pile-up suppressed and unsuppressed spectra of the |
| MUSIC detectors) . . . . . ... .. ... ... ... ... ... 111

[7.11 Illustration of the FRS. The drawing in Fig. [7.6] is sitmplified to |
| focus on the ToF measurement) . . . . . ... ... ... ... ... 111

[7.12 Schematic views of the Standard (a) and Finger (b) detectors. The |
| thickness d in the standard scintillator 1s 2.765 mm and 3.15 mm |
| for the 52 and 54 area 'TokF' scintillators, respectively. The thickness |
| of the finger detectorsis 4.4 mm. |. . . . . . . .. .. .. ... ... 112

[7.13 The position sensitive Tok detectors. T'wo large detectors with 32 |
| PMTs (a) are positioned in S4 area and 3712 mm away from the |
| target chamber in the beam downstream. The small detector with |
| 12 PMTs (b) is positioned inside the target chamber| . . . . . . . . 113

[7.14 A schematic view of the focal point F4, target chamber and the |
| LYCCA detector system. The distances are given in mm. | . . . . . 114

[7.15 The two DSSSDs of LYCCA. The Target DSSSD consisted of one |
| module with 32 strips on each side. The whole Wall DSSSD array |
| consisted of 16 modules and each module has 16 strips on each side.| 115

[7.16 The Csl detector array is made of 16 modules (right-hand side) and
| each module is built up 9 Csl crystals (left-hand side). The Csl
| array fits behind the DSSSD array in the beam downstream. . . . . 116

[7.17 Schematic view of the MBS crate map at AGATA-PreSPEC cam- |
| paign at GSI. Courtesy of Ref. [139]| . . . . ... ... ... . ... 119

[7.18 Realistic geometry used in the simulations from different points |
| of view. Turquoise and ligth grey structures represent the target |
| chamber at GSI. Dark grey structure represents AGATA| . . . . .. 121

[7.19 A simulated hypothetical 4 MeV transition in **Fe (Doppler cor-
| rected). The recovered events due to pair production are shown.
I O 123

[7.20 Simulation of the 2 — 0T transition in **Fe. | . . . . . .. ... .. 123

[7.21 A/Q vs. Z separation in the FRS with trigger condition 10, i.e. not |
| requiring coincidence with v rays. | . . . . . . . .. ... ... ... 126

[7.22 Total kinetic energy vs. energy loss matrix produced with the |
| DSSSD and the Csl arrays at the LYCCA-wall with trigger con- |
| dition 10, i.e. not requiring coincidence with v rays.|. . . . . . . .. 127




List of Figures

7.23

Angular distribution of the ions after scattering due to the sec-

ondary target, measured with both DSS5D detector systems of LY-

CCA with trigger 9.]. . . . . . . . . ... ... ... . ...

128

724

Hit positions on the target DSSSD (a) and the wall DSSSD (b)

arrays of LYCCA.| . . . . . .. . . ..

[7.25

Particle-v ray time coincidence as a function of v ray energy plots.

See text for detaals. . . . . . . . .o

[7.26

Particle-y ray time coincidence plot with a condition on the 850

keV peak with background subtracted. Red marked area represents

the time window which 1s30ns. | . . . . . . . . .. ... ... ...

727

Schematic view of the reconstruction of the ions and v ray trajec-

tories. The detectors and positions have been rescaled to fit the

drawing.| . . . . . .. e

133

[7.28

~ ray angular distribution in the laboratory reference system, calcu-

lated with DWEIKO (red line) and with the experimental data (blue

dots).. . . .

[7.29

137

Doppler corrected 7 ray spectrum for the 07 — 27 transition in °*Fe.[137

[7.30

AGATA angles vs. v ray energies without Doppler correction with

the 27 — 0T transition is gated with background subtraction. The

Doppler shifted energy of this transition is at around 1200 keV at

small angles (i.e. # = 16) and is at around 600 keV at large angles

(i.e. = 60) producing varied detection efficiency| . . . . . . . . ..

731

The high energy range of the Doppler corrected v ray spectrum.| .

139

. 140

[7.32

The high energy range of the Doppler corrected v ray spectrum

with oscillations due to the differential nonlinearity reduced. See

text for detaals. |. . . . . . ..

733

Doppler correction has been done for the Target-DSSSD position

to explain the bump at around 1.4 MeV in the Doppler corrected

energy spectrum for the "Au target. The 849.5 keV peak has a

double structure in the spectrum Doppler corrected for the Target-

DSSSD position which caused by the inelastic scattering on Target-

DSSSD and on Target-TOF detectors.| . . . . ... ... ... ...

734

The real (blue line) and imaginary (red line) parts of the optical

model potential obtained using Global Optical Potential by T. Fu-

rumoto AT . . . . . . .




List of Tables

p1

The classification of neutrons according to their energy range|. . . .

P2

Maximum fractional energy transterred to the recoiling nucleus in

neutron elastic scattering.| . . . . . .. ... ...

B

Grouping of the Neutron Wall detectors according to their polar

angle 0. | . . . . . L

B2

Summary of the basic properties of the Neutron Wall and the NW

+ NEDA. | ..o

[3.3

One-, two- and three-neutron detection efficiencies obtained from

simulations of a *?Cf source for the different detector configura-

tions. Errors quoted are statistical.| . . . . . . ... ..o

B4

One-, two- and three-neutron efficiencies obtained from simulations

of a fusion-evaporation reaction °°Ni + °°Fe at 220 MeV for the

difterent detector configurations. Errors quoted are statistical.| . . .

28

5.1

AGATA pertormance figures determined in Monte-Carlo simula-

tions (L[| . . . ..

46

6.1

TAC configuration in the EXOGAM - Neutron Wall - DIAMANT

setup at GANIL. RF stands for the radio frequency which is the

external time reference coming from the accelerators. F'I' stands

for the fast trigger (see Sec. [5.1.3). CFD-OR is the OR of the

CFEFD modules in the Neutron Wall. CF'D n represents the individ-

ual detectors of the Neutron Wall. CFD g represents the individual

EXOGAM detectors. “Time DI” represents the time reference ot

the DIAMAN'T detectors. CED p represents the individual DIA-

MANT detectors. | . . . . . . . . .

62

The final values of the parameters used in the HPGe efliciency cal-

ibration fit function in Eq. (6.4). | . . . .. ... ..o

[6.3 The areas of the 2577 keV and 191 keV peaks with one-neutron

| and two-neutron coincidences to calculate the one-neutron detection |

| efficiency. See text for details.| . . . . . . ... ... ... ... 73
6.4 The ADO ratios and the multipolarities of the known and the newly

| identified transitions in °‘Ni. The known multipolarities have been

| taken from Ref. [83]. Proposed multipolarities of the new transi- |

| tions are shown in parenthesis. See text for details| . . . . . . . .. 83

poel



List of Tables

6.5

'The areas of the 190.81 keV peak with no-particle and one-proton

coincidences. The proton detection efficiency of the DIAMAN'T

array can be found as 65%.]. . . . ..o

84

6.6

Transitions belonging to *>Ga observed in the present experiment.

The level angular momentum and parity data have been taken from

Ref. I841. | . . . o o

6.7

The most populated nuclei by evaporation of the compound nucleus

®07n. The level schemes can be seen in corresponding figures,|. . . .

6.8

The mostly populated nucleir by evaporation of the compound nu-

cleus ®°*Ge. The level schemes can be seen in the corresponding

figures.| . . . . . ..

71

Calculated B(E2) above the 127 yrast trap| . . . .. .. ... ...

90

72

Settings of the FRS elements during the experiment. These set-

tings were determined with LISE++ simulations before the experi-

ment. ['he horizontal settings of the 52 slits were modified for this

experiment, the reason for such change will be given later.| . . . . .

73

The trigger configuration and reduction rates at the AGATA-PreSPEC

setup.] . . . ..

74

Summary of the parameters needed for the isomeric ratio calcula-

tion. See text for details) . . . . . ..o

75

Correction factors applied for the 849.5 keV transition determined

for AGATA. Cy, C,,, and Cp represent the angular distribution

correction, the isomeric ratio correction and the feeding correction,

respectively. See text for details|. . . . . . . ... ...

139

7.6

Summary of the parameters used for the intensity determination

with the correction factors applied for the transitions in **Fe. C,

C;so and Cp represent the angular distribution correction, the iso-

meric ratio correction and the branching ratio correction, respec-

tively. See text for details.| . . . . . . . ... ...

= Crow T o5 e dediced o i T |

energies in the brackets are after the internal calibration. See text

[ for details) . . . . . . . .. 141

[7.8  Correction factors applied for the 547.5 keV transition determined |
| for AGATA. See text for detaals|. . . . . ... .. .. .. ... ... 142

[7.9  Comparison of the calculated cross-sections with known matrix el- |
| ements using the DWEIKO code, the ones calculated by C. Bertulani, |
| and the experimental ones. The energy in brackets is atter the |
| internal calibration . . . . . . .. ... L L 144

[7.10 Comparison of the experimental results with LSSM calculations |
| with the KB3G and GXPF1A interactions. The energy in brackets |
| 1s after the internal calibration) . . . . . . .. ... ... ... ... 144

[7.11 Results compared calculations using KB3G and GXPF1A interac-

tions, and experiment. The energy in brackets is after the internal

calibration. The B(E2) value has been deduced with more accuracy

10 the current workll . . . . . . .. L




List of Tables

[7.12 Results compared calculations using KB3G and GXPF1A interac- |
| tions, and experiment for the 07 — 27| . . . . . .. ... ... 145

[8.1 Las eficiencias de deteccion de un, dos v tres neutrones obtenidas de

| simulaciones de una fuente *°*Cf para las diferentes configuraciones

| descritas en el texto. Los errores son estadisticos) . . . . . .. . .. 153
[8.2  Las eficiencias de deteccion de un, dos y tres neutrones obtenidas

| de simulaciones de la reaccién °°Ni + °°Fe para las diferentes con-

| figuraciones descritas en el texto. Los errores son estadisticos.| . . . 153
[8.3  Las eficiencias de deteccion de particulas obtenidas en este experi- |
I mentol . . . .. 159
[8.4 Las secciones eficaz deducidas en este trabajo. Las energias cali- |
| bradas se muestran en paréntesis.| . . . . . . . . ... ... .. 163

[8.5  Comparacion de los resultados de la seccion eficaz experimentales |
| para las transiciones conocidas con los de calculados con DWEIKO.| 163
[8.6  Comparacion del resultado experimental vy los de calculos de LSSM |
| con las interacciones KB3G y GXPFIA| . . . ... ... ... ... 164

[8.7  Comparacion de los resultados calculados utilizando las interac- |
| ciones KB3G y GXPF1A con el de experimento. | . . . . . ... .. 164







ADC
AGATA
CFD
CIME

DESCANT

DESPEC
DWEIKO
FOM
FRS
FWHM
GANIL
GSI
HPGe
HV
HISPEC
INFN
IReS
ISOL
LNL
LYCCA
MH TDC
MUSIC
NEDA
NIM

Abbreviations

Analog to Digital Converter

Advanced Gamma Tracking Array
Constant Fraction Discriminator
Cyclotron pour Ions de Moyenne Energie
Deuterated Scintillator Array for Neutron Tagging
Decay Spectroscopy

Distorted Wave EIKOnal Approximation
Figure-of-Merit

GSI Fragment Seperator

Full Width at Half Maximum

Grand Accelereteur National d’Ions Lourds
Gesselschaft fiir Schwerionenforschung
High Purity Germanium

High Voltage

Hgh-Resolution In-Flight Spectroscopy
Istituto Nazionale di Fisica Nucleare
Institut de Recherches Subatomiques
Isotope Separation On-Line

Laboratori Nazionali di Legnaro

Lund - York - Cologne Calorimeter
Multi-hit Time to Digital Converter
Multi Sampling Ionization Chambers
Neutron Detector Array

Nuclear Instrumentation Module

XXV



Abbreviations

NwW
PMT
PSA
PSD
QVC
RIB
SPIRAL
Super-FRS
TAC
TDC
ToF
TPC
ZCO

The Neutron Wall

Photomultiplier Tube

Pulse-Shape Analysis

Pulse-Shape Discrimination
Charge-to-Voltage Converter
Radioactive Ion Beam

Systéme de Production dlons Radioactifs en Ligneé
Super-conducting Fragment Separator
Time-to-Amplitude Converter

Time to Digital Converter

Timo of Flight

Time Projection Chamber

Zero Cross-over



for my wife, Seher...

XxXVvil






Chapter 1

Introduction

This doctoral study is composed of two parts:

i) an instrumental study related to the large array of neutron detectors NEDA,

including the design of the array by means of Monte-Carlo simulations.

ii) experimentation on nuclear structure with large 7-detector arrays based on
semiconductor germanium detectors. In this second section, two experimental
activities performed with v-ray spectroscopy techniques will be presented, from
the preparation to the completion of the data analysis and the discussion of the

results.

The first part is devoted to development of the new generation high efficiency
neutron detector arrays, based on liquid scintillators, to be used as trigger or com-
plementary instrumentation in high-resolution nuclear structure experiments. I
have been actively participating in a European project which aims to build such
instrument, called NEutron Detector Array (NEDA) to be coupled to segmented
high-purity ~-ray detector arrays, like AGATA [1], EXOGAM2 [2]. NEDA is
currently in the production phase, is a collaborative effort of several European
countries, including Spain, Turkey, Italy, France, Poland, Great Britain and Swe-
den. We aimed, with NEDA| to have high efficient neutron detector array for the
needs of contemporary nuclear physics experiments, which aim to investigate the
structure of exotic nuclei lying far from the valley of /3 stability. One of the most
successful methods for producing such exotic nuclei is to use fusion-evaporation
reactions with stable or radioactive beams and stable targets. The most exotic

neutron-deficient nuclei are produced in extremely weak reaction channels after
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the emission of two or more neutrons from the compound nuclei. In order to per-
form high resolution ~-ray spectroscopy of such exotic systems, as for instance in
the case of 22Pd [3], the identification of the reaction channel requires, in addition

to the high efficiency and selectivity, the determination of the neutron multiplicity.

In the instrumental part of this thesis, the early conceptual design of the NEDA
neutron detector array will be discussed, nevertheless, before entering the section
of the conceptual design, it is essential to discussed the mechanism used to detect
neutrons using liquid scintillators. Thus the second chapter is devoted to neutron
interactions and neutron detection. During the development phase of NEDA, a
test bench has been set up in Legnaro National Laboratories (LNL - INFN). The
tests were carried out using four prototype detectors with identical sizes and two
different scintillators - the conventional liquid scintillator and deuterated liquid
scintillator. One of the conventional liquid scintillator detector was procured and
mounted by us at [FIC-Valencia. With these tests, we aimed to characterize the
prototypes and to test their functionality with digital sampling electronics. Of par-
ticular interest were the determination of relative efficiency of the two scintillators
(G. Jaworski), time resolution (V. Modamio) [4], cross-talk evaluation (T. Hiiytik)
and the tests of the fast analog-to-digital boards (J. Egea and M. Jasztrab) [5HT7].
The tests of the NEDA prototypes will be discussed in Chapter

The second part of this thesis is devoted to the description of the preparation,
realization, analysis and discussion of the results of two experiments. It will be
preceded by a brief introduction to High-purity semiconductor Germanium detec-
tors and the trigger/complementary detector systems. The first experiment was
performed with the EXOGAM - Neutron Wall - DIAMANT setup at GANIL.
The analysis of this experiment allowed me to gain experience on a setup which
involves the neutron detectors. The Neutron Wall array is the ancestor of NEDA

(see Chapter [3). More details on this experiment will be given in Chapter [6]

The second experiment was performed at the GSI Fragment Separator facility with
the AGATA - PreSPEC setup. This experiment was done to study the collectivity
in *2Fe above the 12% isomeric state. In order to populate the low lying states above
the isomeric state, we produced the unstable *?Fe beam at relativistic energies and
peformed Coulomb excitation by heavy *7Au target. The physics motivation, the
reaction mechanism and the analysis of the experiment together with the results

and their evaluation will be discussed in Chapter [7]



Chapter 2

Neutron Detection with Liquid

Scintillators

2.1 Introduction

In this chapter, the neutron detection with scintillator detectors will be discussed
algonside with the fundamental background, such as, neutron interaction with
matter and signal producing in scintillator based detectors. As it was emphasized
in Chapter 1, this chapter has a character of introduction to the conceptual design
study of the new neutron detector array, NEDA, using Monte-Carlo simulations.
In NEDA, due to the characteristics of the reactions, the fast neutron detection
is rather interesting. Therefore, in this chapter, the detection of the fast neutrons
will be discussed, but, in order to provide knowledge to the reader, a general

discussion on how the slow neutrons are detected will also be given.

This chapter is organized as the following: a brief introduction to the structure of
neutron, its classification and its interaction with matter, the signal production in-
side the liquid scintillators and pulse shape analysis, the tests of neutron detectors
in terms of relative efficiency, cross-talk and timing, and finally the digital-analog

comparison of the electronics.
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2.2 The Neutron

The neutron was discovered in 1932 by James Chadwick at Cavendish Laborato-
ries. The neutron is a subatomic particle which carries no electrical charge and
its mass is 1.674927351(74) x 1073 g. Neutrons and protons are called together

as ‘“nucleons”. The number of nucleons inside a nucleus determines its mass.

Neutrons are stable if they are bounded in a nucleus while the free neutrons are
unstable and they suffer beta decay (see Eq. with a lifetime of around 10.6
minutes.

n—p+te +r, (2.1)

However, this does not mean that a neutron is composed of one proton, one electron
and one electron neutrino. Neutrons are composed of smaller particles, quarks.
Quarks carry electrical charges that are fractions of the elementary charge, which
are +§e and —%e for up and down quark, respectively. The neutron is formed by
one up and two down quarks, therefore electrical charge of a nuetron is +§ —2( %)
= 0, while on the other hand, the proton is formed by two up and one down

quarks, and its electrical charge is +1.

The free neutrons are produced during the fusion and fission reactions, neutron
sources like research reactors. Also Neutron Spallation Sources produce free neu-
trons to be used in radiation and neutron scattering experiments. For practical

reasons, neutrons are classified according to its energy range:

Neutron Energy Energy range
Thermal neutrons ~ 0.025 eV
Epithermal ~1eV
Slow neutrons ~ 1 keV
Fast neutrons ~ 100 keV - 20 MeV

TABLE 2.1: The classification of neutrons according to their energy range

The Energy of the neutron is the main factor determining its interaction with

matter which will be discussed in the next section.
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2.3 Neutron Detection

Unlike the charged particles, the neutrons don’t leave traces when they pass
through a material, for instance ionizing the atoms by means of Coulomb force,
since they have no electric charge. As a result, the neutrons cannot be detected
directly, and the detection of neutrons is based on observing the charged reaction
products after letting the neutron interact with a material. In other words, it
should undergo an interaction to transfer its energy to directly detectable parti-
cles. Depending on the type of the interaction, the neutron may leave all of its

energy or lose its some of energy and change its direction.

The neutron interactions with matter can be summarized as:

Elastic scattering

Inelastic scattering

Neutron capture

Charged particle emitting reactions, i.e. (n,p), (n,d), (n,t), (n,«)

Detection mechanisms of slow and fast neutrons differ from each other. The reac-
tion cross section at different energies will determine the type of mechanism that

plays a role in the neutron detection.

2.3.1 Detection of Slow Neutrons

Slow neutrons can undergo elastic scattering with the absorbing material nuclei
or neutron-induced nuclear reactions, mainly neutron capture. Elastic scattering
causes slow neutron to lose its energy and very often the energy of the recoiling
particle is not enough to be detected; on the other hand, the recoiling neutron
will be at thermal equilibrium and is able to suffer neutron capture. Slow neutron
interactions are detectable if they lead to a neutron-induced nuclear reaction, the
conservation of momentum can provide enough energy to the recoiling nucleus
either can be detected indirectly if there is a v-ray emission or charged particles
following the reaction. Since energy of a slow neutron is very low, the reaction

should have positive Q-value in order to be energetically possible. In particular,
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FIGURE 2.1: Cross-section as a function of neutron energy for some interesting
reactions in slow neutron detection. Data taken from Refs. [S8HI].

the (n,y) reaction is the most probable one, but also less attractive due to the
difficulties in direct detection of ~-rays. But, on the other hand, such reactions
like (n,«), (n,p) and (n,fission) are more desired due to the secondary radiation

released, that is easy to be detected directly.

The detection of slow neutrons rely on the very large cross section for slow ne-
turon capture by certain isotopes. The probability of the above mentioned re-
actions drops dramatically down with increasing neutron energy (see Fig. [2.1)),
and different mechanisms play role in the detection of faster (i.e. more energetic)

neutrons.

2.3.2 Detection of Fast Neutrons

The detection of fast neutrons can be based on two following methods: moderation

of fast neutrons and observation of the recoil nuclei.

Detection of the fast neutrons by moderation is based on slowing down the fast
neutrons using a moderating material so that the less energetic neutrons become
detectable by means of reactions mentioned in Sec. [2.3.1l In such a case, the

detector is surrounded by a moderating material, usually polyethylene or paraffin.
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FIGURE 2.2: Cross-section as a function of neutron energy for some interesting
reactions in fast neutron detection. Data taken from Refs. [8HIT].

The moderation of neutron energy takes place by elastic scattering of neutrons
inside the moderating material. Nevertheless, if the neutron has high enough
energy, than, depending on the thickness of the moderating material, it will not

slow down enough and the efficiency of it’s detection will start to decrease.

The direct detection of fast neutrons is based on the detection of the charged
recoiling products of the neutron scattering. Cross section of elastic scattering of
neutrons does not decrease as dramatically as of slow neutron induced reactions
does, as mentioned before (see Fig. . In most of the nuetron energy region
of interest, cross-section for the elastic scattering of neutron on hydrogen is very
large with respect to those on 2H, 3He, “He and '?C [12]. In this interaction, the
neutron transfers a part or all of its energy to the recoiling particle. The energy

of the recoiling particle is high enough to ionize the surrounding molecules.

The energy transferred to the recoiling nucleus with mass A by an incoming neu-

tron with non-relativistic energy can be calculated in the laboratory frame as:

4A )
Er = m(cas 0 E, (2.2)
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where, Er is the kinetic energy of incoming neutron in laboratory frame, A is the
mass of target nucleus, # is the scattering angle of recoiling nucleus in laboratory
frame and F,, is the incoming neutron energy in the laboratory frame. If # angle
is zero, than the maximum energy is transferred to the recoiling particle. In such
a case, Eq. becomes:

4A
E =" F 2.
R‘max (1—|—A>2 n ( 3)

Maximum energy fraction can be transferred to the various recoiling nuclei are

listed in Table 2.2

Target A g—f |maz

'H 1 1
’H 2 0.889
SHe 3 0.750
‘He 4 0.640

2¢ 12 0.284
160 16 0.221

TABLE 2.2: Maximum fractional energy transferred to the recoiling nucleus in
neutron elastic scattering.

The most used target nucleus in neutron detectors is the hydrogen since neutron

can transfer up to 100% of its energy to the recoiling proton (see Table .

2.4 Neutron Detection Using Scintillators

An ideal scintillation detector would require all energy of an incoming neutron is
converted into light with no loss, without allowing neutron to be scattered away
and deposit its remaining energy at another detector. This energy conversion
should be linear so the light production should be proportional to energy left by
neutron. The decay time of the light produced should be short enough that the
fast signals can be generated and the detector material should be transparent for

a good light collection.

Since real detectors don’t fulfil all these conditions simultaneously, the detector
material should be chosen for what is best in the application. In the case of

NEDA, fast neutron detection with neutron - 7 discrimination capability is the
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FIGURE 2.3: Schematic view of the light production mechanism in an organic
scintillator

main requirement. Therefore, organic liquid scintillators become interesting with
their fast response, i.e. few nanoseconds, and their availability to perform pulse

shape analysis, which will be described later in this section.

The light production in scintillators is possible from transitions in the energy level
structure of a single molecule (see Fig. . In a liquid scintillator, the fast neu-
tron might transfer part or its whole energy to the target nucleus in the scintillator
in the interaction, causing it to recoil, which results in raising molecules to their
excited states, i.e. singlet (Sy, So, ...) or triplet (T4, Ty, ...) states. The light pro-
duction occurs when the molecules de-excite to the ground level, this emission is
called fluorescence. This process occur within few nanoseconds. As can be seen in
Fig. the de-excitation of the molecule not only takes place via fluorescence but
also to the T band, i.e. triplet states, without light emission, and from the excited
states of the T band to the ground state via phosphorescence. Contrary to the
prompt fluorescence emission, the delayed fluorescence and phosphorescence have
decay time from several hundred nanoseconds to microseconds. The probabilities
to populate triplet and singlet states are 75% and 25%, respectively [13]. However,
the excitation energy might be transferred to the neighbouring molecules before
the light emission. Such interactions are explained with Férster (dipolar interac-
tion) and Dexter (charge exchange) mechanisms and no light output occurs during
the energy transfer [I5]. The energy transfer efficiency of Forster mechanism is
proportional to the distance between the molecules with an inverse sixth power

law. Dexter mechanism occurs within 10 A between the molecules. Therefore, the
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FIGURE 2.4: An artistic illustration of the ionization caused by y-rays (elec-
trons) and neutrons (protons) in the scintillation material. Courtesy of Ref.
[13].

probability of occurrence of these mechanisms increases as the distance between

the interacting molecules decreases.

The v-rays interact with the electrons via Compton scattering and the neutrons
interact with the protons via elastic scattering in the case of liquid scintillator.
Recoiled charged particles, i.e. electrons and protons, ionize the surrounding ma-
terial. The mass of electrons are smaller than the one of protons thus their mean
free path is larger than of protons. The protons, on the other hand, can release
more energy in a very limited area (see Fig. [2.4). The prompt fluorescences show
no discrepancy in v-ray and neutron de-excitation paths. The high density of
excited states in neutron interaction increases the probability of a special case of
Dexter energy transfer where two triplet excited states of two nearby molecules
annihilate each other, one of them reaches to its ground state Sg and other remains
in singlet excited state S;. Finally, the latter de-excites by radiating delayed fluo-
rescence, which results in a footprint of a neutron interaction, in such a way that
at equivalent deposited energy, the light pulse of a fast neutron has a longer decay

time than that of a v-ray.

The decay of the fluorescence light is not a simple exponential decay, but a super-
position of two exponential decays. These decay components have different decay

time constants and are called slow and fast components. The fast component
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is due to the prompt fluorescence flash while the slow component is due to the
delayed flashes of fluorescence which was explained above. As a consequence of
what was mentioned before the fraction of light corresponding the slow compo-
nents depends on the incident particle: for -rays and neutrons, less and more
light appears in the slow component, respectively (see Fig. . Therefore, one
can understand the nature of the incident particle by analysing the pulses, and

this process is called pulse shape analysis (PSA).
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FIGURE 2.5: Pulse shapes from a liquid scintillator produced by a y-ray and a
neutron interaction. Courtesy of Ref. [14].

Several different PSA methods are available to be used in n-y discrimination. Two
widely known are zero cross-over (ZCO) and charge comparison (CC). The former
is based on the shaping of the signal into a bipolar pulse and the information on
the particle type is extracted from the zero-crossing. The latter is based on the

comparison of the charge (light) of fast and slow components of the pulse.

Another method, that is not based on the PSA tecnique, to discriminate neutrons
from ~-rays is the Time-Of-Flight (TOF). Since neutrons are massive particles,
if the source to detector distances are large enough, it is possible to measure the
time differences due to the velocities. Using one of two PSA techniques together
with the Time-Of-Flight (TOF) information, a good n-vy discrimination can be
done. Figure [2.6|shows a comparison of the ZCO PSA and TOF for neutrons and
~v-rays. The TOF is represented on y-axis and ZCO is on x-axis, both in arbitrary

units.
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FIGURE 2.6: ZCO vs. TOF comparison for the neutron and «-ray discrimina-
tion. Units are arbitrary.



Chapter 3

NEutron Detector Array (NEDA)

Contemporary nuclear physics experiments aim to investigate the structure of ex-
otic nuclei lying far from the valley of /5 stability. One of the most successful
methods for producing such exotic nuclei in the proton-rich side is to use fusion-
evaporation reactions with stable or radioactive beams and stable targets. The
most exotic neutron-deficient nuclei are produced in extremely weak reaction chan-
nels after the emission of two or more neutrons from the compound nuclei. In order
to perform high resolution y-ray spectroscopy of such exotic systems, as for in-
stance in the case of ®2Pd [3], the identification of the reaction channel requires
high neutron efficency and capability to determine the neutron multiplicity. NEDA
will be an ancillary detector, to be coupled to a set of germanium-based gamma
detectors (e.g. AGATA, EXOGAM?2) intended to fulfill these requirements. It will
be used in different studies of nuclear structure of both neutron-rich and neutron-
deficient nuclei. NEDA will present a high detection efficiency for one-, two- and

three-neutron events with a good neutron-gamma discrimination.

In neutron detectors like NEDA, one of the critical issues in the determination
of the neutron multiplicity is the scattering of neutrons between the different
detectors of the array. The neutron scattering gives rise to signals in more than
one detector, creating an ambiguity in the actual number of neutrons detected
(neutron cross-talk). One important goal in the design of new neutron detection
filters, such as NEDA, is to minimise the neutron cross-talk and to increase the
efficiency for detecting 2 or 3 neutrons compared to existing arrays, e.g. the
Neutron Wall [I6] I7] and the Neutron Shell [I§].

13
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Moreover, NEDA will make use of digital electronics and state-of-the-art digital
signal processing based on NUMEXO2 cards [5,[6]. With this in mind, considerable
effort has been expended recently in studying digital timing [4], fast digital data

acquisition cards [7] and digital pulse shape discrimination [19, 20].

The size of the single detector unit and the scintillation material used for the
neutron detection are important factors in order to optimise the performance of
the full array. A detailed study in which I have participated, using Monte Carlo
simulations of a detector unit filled with liquid scintillator, reported the optimum
size that is sufficient for the detection of neutrons typically emitted in fusion-
evaporation reactions [2I]. The outcome of that work was used to decide the

dimensions of a single NEDA detector.

In this chapter the description of the NEDA detectors will be presented in more
detail, the simulations to evaluate the performance of the first implementation
of NEDA together with the Neutron Wall will be discussed. The geometry will
be defined and the simulations performed to determine the neutron efficiency for
the cases of isotropic emission from the 2°2Cf source and for a fusion-evaporation

reaction.

3.1 Design of the NEDA detectors

NEDA is conceptually designed as a flexible array with identical detector units
able to adapt to different experimental setups. It is expected to be coupled with
complementary Ge detector instrumentation like AGATA [I], EXOGAM2 [2] or
GALILEO [22]. A regular hexagon was chosen as the starting point for the design
of the NEDA geometry since it is the most suitable polygon for both clustering
detectors and coupling to a circularly shaped photomultiplier tube (PMT), min-
imising the uncovered area by the PMT. NEDA detectors will have the shape of
a uniform hexagonal prism, see Fig. [3.1] The optimum depth of the detector
units, evaluated using GEANT4 simulations, is 20 cm as discussed in Ref. [21].
The side length of the hexagon is 84 mm, suitable for the largest commonly avail-
able photomultiplier tubes with 5inch diameter. The volume of each detector is
3.23litres. An aluminum canning with a thickness of 3mm is used in order to

provide sufficient mechanical stability of the detector.
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FIGURE 3.1: Schematic picture of the NEDA detector unit.

The broad experimental conditions expected for NEDA, using both stable and
radioactive high intensity beams, require a modular concept of the overall design.
In addition to modularity, three basic conditions are to be considered for the design

of the array, that have implications in the design of the detectors:

1. Efficiency: to be maximised within the geometrical coverage.

2. Target-to-detector distance: large enough for neutron-y discrimination by
Time-Of-Flight (TOF)

3. Granularity: to maximize the discrimination efficiency for the reaction chan-

nels with neutron multiplicity larger than 1.

The possibility to have a flexible array that can change the distance between
the target and the detectors, make this array more adaptable to the needs of the
different physics cases. It allows to improve the neutron-y discrimination based on
TOF measurements, but also to increase the neutron energy resolution. Clearly,
increasing the distance to the target would require a sizeable number of additional

detectors for the same angular coverage.
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3.2 Monte Carlo simulations and analysis proce-

dure

The main goal of the simulations is to evaluate the performance figures of an
early implementation of NEDA combined with the Neutron Wall and AGATA.
The evaluation of such figures requires the use of Monte Carlo techniques. The
Monte Carlo simulations presented in this chapter were carried out using GEANT4
[23] and the AGATA Simulation Package (ASP) [Il, 24]. The ASP was chosen
since it is compatible with the existing simulations of AGATA and other ~-ray
detector arrays. With the ASP, it is possible to implement different geometrical
configurations into the simulations and to select a number of essential parameters,
e.g. detector material, source position, angular distribution of emitted particles,
etc. The performance of the proposed array has been simulated for a ?*2Cf source
that emits neutrons isotropically and for the fusion-evaporation reaction **Ni +
%TFe in which the neutrons are distributed according to the reaction kinematics. In
GEANT4 the physical conditions of the simulations are mimicked by the so called

“event generator”, which will be introduced in the next subsection.

3.2.1 Event generators

In order to simulate the performance figures of the detectors, two different event
generators have been used to produce neutrons, one corresponding to a 22Cf
source and the other to reproduce the emission of neutrons in a realistic fusion-

evaporation reaction.

The neutron energy distribution of a ?*2Cf source was produced by the built-in
event generator of GEANT4 an by using the expression (see Eq. deduced in
Ref. [25] with T = 1.42 MeV and E given in MeV.

N(E) = EY?e BT, (3.1)

The simulations with the *2Cf source can be compared directly with the measure-
ments with a radioactive source, thus are interesting to calibrate the response of
the detector to the neutrons. Regarding the realistic fusion-evaporation reaction
events, the Monte Carlo Hauser-Feshbach code LILITA_N97 [26] has been used to

calculate the physical parameters of the neutron emission on an event-by-event
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FIGURE 3.2: Angular distribution and energy spectra of neutrons emitted in
the 2n and 3n reaction channels following the decay of the compound nucleus
H4Xe at an excitation energy of around 54 MeV.

basis. In LILITA N97, the de-excitation of the compound nucleus is modelled
through a multistep emission of light particles (neutrons, protons and a-particles)
adopting the Hauser-Feshbach formulation of the statistical model in conjunction
with the Monte Carlo method. The program produces energy spectra and angular
distributions in the laboratory frame for light particles and evaporation residues.
Furthermore, for this work, a new prescription for the transmission coefficients
based on the Optical Model (OM) was implemented in the code. The event gener-
ator optimization has been performed by A. Di Nitto, has been explained in detail

in Ref. [27], and is not the main focus in the conceptual design of NEDA.

3.2.1.1 Simulations for the selected fusion-evaporation reaction

In Ref. [27], the competition between the neutron and proton invovling channels
have been discussed. In the same work, the two parametrizations described in
the previous section suggest similar results at low energies. Although, the proton-
neutron competition is modified by the large differences in proton transmission
coefficients at low energy. The one-, two- and three-neutron channels are the most

interesting ones for the future nuclear structure experiments to be performed with
NEDA.

The angular and energy distributions of 2n and 3n channels are shown in Fig. [3.2]
Obviously, the mean energy of the neutrons emitted in the 2n channel is higher

than in the 3n channel in the center-of-mass(CoM) system, which implies that
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when passing to the laboratory system the neutrons of the 3n channel are more
focused in the forward direction due to the kinematics, which can be seen when
comparing the yield ratios at small and large angles. The knowledge of the spatial
distribution of the emitted neutrons is essential in order to be able to define the
angular coverage of the detector array and its efficiency for a given reaction. The
validation of this second event generator will be discussed in terms of neutron

efficiency and angular distribution in the following subsection.

3.2.2 Verification of the fusion-evaporation reaction event

generator

The modeling of a fusion-evaporation reaction is complex and depends on several
parameters that are not always known. In order to validate our simulations, the
event generator has been verified by comparing a Neutron Wall measurement with
a simulation of the same setup. A representation of the GEANT4 model of the
Neutron Wall system is shown in Fig. [3.3] In order to get a realistic comparison
between the real data and the simulations, most of the materials between the target
and the Neutron Wall were included, namely two concentric beam pipes of stainless
steel with a thickness of 2mm and a length of 250 mm together with a standard
CF100 vacuum flange which were used as a beam dump in the experiment (see inset
in Fig. . The energy loss inside the target was also taken into account. A data
set measured with the Neutron Wall in which a *Ni beam at 220 MeV impinging

2 was used for comparison. The

on a %Fe target with a thickness of 10mgcm™
choice of this reaction was motivated by the existence of a data set used earlier
for the characterisation of the Neutron Wall detector array [I7]. Moreover, the
characteristics of this reaction are quite similar to those that we intend to use in

future experiments with NEDA.

In the experiment, the Neutron Wall was coupled to the EUROBALL ~-ray spec-
trometer [34]. The trigger condition required at least two Compton-suppressed
~v-rays in the HPGe detectors and there was no trigger condition on the Neutron
Wall. The experimental energy threshold of the neutron detectors were deter-
mined using the calibration runs performed with a 2"Bi ~-ray source collected
just before the experiment. The thresholds were determined for each Neutron
Wall detector. The average value of the thresholds of the 43 operational detectors

was determined to be 150 keVee. In order to validate the event generator we will
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FIGURE 3.3: View of the Neutron Wall (light grey) with the beam pipe and

beam dump after the target (dark grey) as modelled by GEANT4. The inset in

the upper left corner shows in some detail the steel mechanical elements used
in the beam pipe and beam dump.

make a comparison of the experimental TOF distributions measured in the afore-
mentioned experiment for the various polar angles of the Neutron Wall with the

GEANT4 simulations.

Figure [3.4 shows the measured and simulated TOF spectra for the six different 6
angles of the Neutron Wall, see Table 3.1} The experimental data were collected
using a common stop for the neutron detectors, therefore the time axis runs from
right to left. The center of the ~-ray time distribution has been taken as time
reference (t = 0 ns in the spectra). The rescaling between experimental and
simulated data was performed using the ratio between the total number of neutrons

in the experimental and simulated TOF spectra.

The simulated spectra are obtained: ) using the measured experimental thresholds
and #7) taking into account the seven detectors that were inoperative during the
experiment. However, the presence of the inoperative detectors were taken into
account to simulate the real setup, since they influence, in particular, the events
including scattering. In order to reproduce this particular set of experimental

data, several values of the level density parameter a in the range from A/12 to
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TABLE 3.1: Grouping of the Neutron Wall detectors according to their polar
angle 6.

Group n. Detectors n. Working Detectors 0 [deg]

0 ) 4 07.21
1 20 17 47.20
2 ) 3 34.87
3 ) 5 30.30
4 10 10 18.54
5 ) 4 6.90

A/6 were considered in the LILITA-N97 code. The best agreement was obtained
with @ = A/8. Prescriptions with a dependency of the parameter a and of the
symmetry energy on the neutron-proton mass asymmetry were not considered,
because their effects are negligible on the inclusive neutron energy spectra and
angular distributions. Nevertheless, these dependencies may be important for
the determination of the neutron energy spectra for very exotic nuclei and the
cross sections of the evaporation residues are predicted to be more affected [33].
However, these are beyond the scope of this thesis and will be studied in a future

work.

Large discrepancies between experimental and simulated data with plain results
of LILITA N97 are shown in Fig. [3.4] The discrepancy is especially large for
the detectors at forward angles (f < 20°). The reason for this is the simulated
neutrons (dark grey spectra) have lower mean energies than the experimental ones
(black spectra) as can be seen in Fig. where the maximum of the experimental
distribution is shifted to higher TOF values. Furthermore, the ratio between
detected -simulated and experimental- number of neutrons is rather different at the
smaller and larger polar angles. The ring at 6.9° shows the largest disagreement.
In order to improve the agreement of the simulated and experimental data, the
center-of-mass energy of the evaporated light particles had to be increased by
800keV in LILITA N97. This energy was subtracted from the excitation energy of
the nucleus after each neutron emission, in order to keep the correct competition
between different decay channels. The physical reason behind the disagreement,
concerning the energy of the evaporated neutron, between the measurement and
the statistical model is not fully understood. The statistical model parameter
a, the transmission coefficients and the yrast lines cannot produce such a large
effect on the energy of the emitted neutrons. One possibility could be a different

distribution of the decay channels between experiment and simulations, but this
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could not be verified using the present data set, due to low statistics. This remains
an open question, that goes beyond the goal of the present work and is planned to
be investigated in future experiments. In Fig. the simulated TOF distributions
are shown also after applying the 800 keV correction discussed above (light grey
spectra). The standard deviation of the v TOF distribution in the experimental
data was found to be 0=2.21 ns, thus the Gaussian smearing function has been
applied to the simulated data. As seen in the figure, the agreement is quite good
and therefore we conclude that the event generator can be used to determine the

performance figures of NEDA for the fusion-evaporation reaction.

Figure [3.5| shows the experimental and simulated neutron differential detection
efficiency as a function of the polar angle 6 for the Neutron Wall. This relative

neutron detection efficiency was calculated according the expression:

Ny 1

L 3.2
Nxw g (3:2)

€rel,d = €1n

where €, is the efficiency to detect at least one-neutron, Nyw the number of
detected neutrons in the whole array, Ny the number of detected neutrons in the
ring at angle 6 and €2y the solid angle covered by the detectors at that angle. The
solid angle correction in Eq. is necessary since the detector volume at every

polar angle varies, and this effect needs to be excluded for a clearer comparison.

In the case of fusion-evaporation reactions, one would expect a monotonic decrease
of the neutron efficiency as a function of the 6 angle due to the neutron angular
distribution in the laboratory reference system. However, as a result of the neutron
scattering with the material of the beam dump shown in Fig. there is a clear
reduction of the relative efficiency at the forward angles both experimentally and in
the simulations. The simulated and experimental curves show the same behaviour
as a function of #. The experimental data points are, however, lower than the
simulated ones by a constant factor for the whole angular range. The origin of
this mismatch might be due to several factors, e.g. from different events close in
time (pile-up) depending on the structure of the beam pulses as well as from the
same event in case of multiple hits of y-rays in high multiplicity cascades, causing

sum up of the signals, which makes neutrons undistinguishable from ~-rays.

In order to obtain an acceptable level of agreement between simulations and ex-
periment, a correction factor with a value of 0.772(7) has been introduced. This

factor was calculated using the experimental neutron detection efficiency of the
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FIGURE 3.4: Simulated and experimental TOF spectra for the six different 6
angles of the Neutron Wall. TOF increases from right to left. Gamma rays
were not included in the simulations. The large Gaussian-shaped peak in the
experimental spectra, centered at time 0 ns and with a width of ¢ = 2.21
ns, is due to v rays. For the comparison of the simulated and experimental
data, the former were smeared with a Gaussian distribution with the same
width as the v-ray peak. The initial simulated TOF spectra are shown in dark
grey colour. The simulated TOF spectra after the center-of-mass energy of the
evaporated neutrons was increased by 800keV are shown in light grey colour.
The experimental data are shown in black colour.
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FIGURE 3.5: Experimental and simulated neutron detection efficiency per solid
angle as a function of the polar angle 6 of the Neutron Wall. The efficiency
at the forward angles decreases due to the stainless steel beam dump shown in

Fig.

full Neutron Wall, reported to be 26(6) % in Ref. [17], and the simulated neutron
efficiency, which was 33.7(1) % according to the present work. Figure shows a

perfect overlap for the whole angular range when the correction factor is used.

3.2.3 Handling of the scattered events

As mentioned before, in a neutron detector array with a compact geometry, such
as NEDA, the probability of neutron cross-talk between detectors is rather large.
For the Neutron Wall detector array, the simulated neutron cross-talk is estimated
to be 12% in fair agreement with the previous estimates [16] [I7]. This leads
to an ambiguity regarding the real number of neutrons interacting in the array.
In order to decrease this ambiguity and to optimise the two- and three-neutron
efficiency, a method based on the correlation among the distance between the
detector centroids (Ar) and the TOF (At) difference of two fired detectors in

the array is commonly used [I7, B5]. Each pair of coincident neutron signals is
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FIGURE 3.6: Schematic view of the Neutron Wall, showing two real neutron

events with an associated time t; and t9 and a scattered event t’l. The difference

t1 — t2 is smaller than a scatter event ¢, — ¢}, in average, for the vast majority
of events.

evaluated to determine whether they are produced by two different neutrons or by
the scattering of a single one (See Fig. [3.6). If the difference At is large enough
to cover the distance Ar, assuming a realistic range for the neutron energy, the
two signals are assigned to the neutron cross-talk category, i.e. a single neutron
was detected. Otherwise, they are assigned to the real two neutron events. This
procedure can be extended to all possible combinations of two pairs of detectors

fired in each event.

Figure shows the distribution of Ar versus At for simulated single neutron
events emitted in a fusion-evaporation reaction. By definition, all these data points
are associated to neutron cross-talk events and the observed distribution in At is
due to the differences in the neutron velocities, and the velocities are independent
from the geometry of the detector system. Events in which real two neutrons are
detected should give counts inside the gate. The edge of the gate represents the
largest neutron velocity for which a crosstalk event is defined and therefore for a
given neutron energy spectrum the form of the gate is independent of the geometry.
It can be seen that the gate is not symmetric around the At = 0. This is because
detectors are sorted with a criterion that the interaction which left more energy in
the detector should be the one that occurs first. A few events are observed inside
the higher multiplicity gate, even if they don’t exist in the simulation. These

events are due to neutrons with a very large energy. They correspond to events
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FiGURE 3.7: Ar-At plot for simulated one neutron events from the fusion-

evaporation reaction, described in the text. The two dimensional gate shown

with a dashed line corresponds to the position where the real detection of two-

and three-neutron events would be located. The edge of the gate represents the
largest neutron velocity for which a crosstalk event is defined.

with velocities larger than the one defined by the gate, therefore they cannot be

discriminated from the real events. This events amount to about 0.05%.

The accuracy of such a gate depends on the granularity of the detector array
since the Ar and At parameters would be determined with better accuracy for
higher granularity. NEDA is conceptually designed expected to be suppressing
the cross-talk events better than the Neutron Wall.

3.3 Early implementation of NEDA to be cou-
pled with AGATA: Design and results of the

simulations

An early implementation of NEDA, together with the Neutron Wall, is proposed
to be coupled to AGATA at GANIL. The use of the Neutron Wall detectors in
combination with NEDA detectors has been considered in order to maximise the

number of detectors and therefore the efficiency of the setup. The coupling of both
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arrays will provide the best achievable performance compared to the case of the
Neutron Wall standalone. Two configurations have been proposed that are shown
in Fig. [3.8 The reason to consider these two configurations are related to the
geometry of the Neutron Wall detectors - these are more compact in the configu-
ration shown in Fig. [3.8a and in a “ring” at ninety degrees in the configuration
shown in Fig. B.8tb. The basic properties of both configurations, together with
those of the Neutron Wall alone are listed in Table [3.2

In the setup shown in Fig. [3.8}a, the Neutron Wall is translated 180 mm away
from its nominal position in the downstream beam direction, i.e. the front faces of
the pentagonal detectors are at 690 mm from the target position. The 50 NEDA
detector units are placed at 510 mm, 17 are at 60.5°, 16 are at 74°, and 17 are
at 87.5° with respect to the beam direction, in order to cover a larger solid angle
in the forward direction. On the other hand, we considered another setup, in
contrast to the previous configuration, where NEDA is placed at the forward
position and the Neutron Wall detectors surround it. There are few possibilities
for such configuration, nevertheless, the setup shown in Fig. [3.8b is selected in
order to maximize the number of the Neutron Wall detectors due to the geometry
of the array. In this configuration the hexagonal units of the Neutron Wall are
placed at 6 angles between 60° and 90°. The target-to-detector distance of the
Neutron Wall is kept at its original position, i.e. 510 mm. The 51 NEDA unitary
cells are placed at between # = 0° and 6 = 60°, covering a solid angle of about
~(0.77 sr in the forward position. The central detector unit of NEDA is placed at

570 mm from the target position.
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Tables and show the simulated one-, two- and three-neutron efficiencies
for neutrons emitted from a 2*2Cf source and from the fusion-evaporation reaction
%8Ni 4 *Fe, respectively. The efficiencies are calculated according to the following

expression:
N>

)
Nemitted

En = (3.3)

where N>, is the number of events that includes neutrons identified with multi-
plicity at least m. This specific definition of efficiency assumes that multiplicities
m bigger than the number of neutrons emitted n is only due to scattered neu-
trons which is valid in the experiments performed in proton rich region of the
Segré chart. The numbers listed have been determined using the 2-dimensional
gate described before. The final values of the efficiencies have been scaled by the
correction factor that has been explained in Sec. [3.2.2] in such a way that ¢/, =
Emn [, where m is the multiplicity of neutrons and f stands for the correction

factor. The correction factor is deduced f = 0.772(1).

TABLE 3.3: One-, two- and three-neutron detection efficiencies obtained from
simulations of a 252Cf source for the different detector configurations. Errors
quoted are statistical.

Geometry ehn [%0] b, (%] e (%]
Neutron Wall (NW)  8.81 (6) 0.50 (4) 0.021 (13)
NW + NEDA 13.55 (5) 1.371 (23) 0.125 (12)
NW-ring + NEDA  14.68 (5) 1743 (21) 0.182 (11)

TABLE 3.4: One-, two- and three-neutron efficiencies obtained from simulations
of a fusion-evaporation reaction *®Ni + *6Fe at 220 MeV for the different detector
configurations. Errors quoted are statistical.

Geometry e [0] b, [7] b, [%]
Neutron Wall (NW) 26.00 (5) 3.93 (10) 0.55 (14)
NW + NEDA 98.70 (5) 6.37 (11) 1.66 (12)

NW-ring + NEDA  31.30 (5) 7.62 (11) 1.89 (11)

According to the results of the simulations, this early NEDA - Neutron Wall im-
plementation will provide a substantial improvement in terms of efficiency. The
numbers listed in Table [3.3|show the results of the simulations using a 2**Cf source.
The fission of 2°2Cf results in emission of fast neutrons - which are in the same
energy range as the neutrons emitted from a fusion-evaporation reaction. The
average multiplicity of neutrons from spontaneous fissions of the 2*2Cf source is

3.10(0.18) according to Ref. [36], which makes it interesting for the verification



NEutron Detector Array (NEDA) 29

(b)

F1GURE 3.8: The proposed geometries of the NEDA array - left-hand-side in

(a), right-hand-side in (b) - coupled to the Neutron Wall - right-hand-side in

(a), left-hand-side in (b) - for the AGATA campaign at GANIL. See text for
details.

of the neutron multiplicity counting. The results show the advantage of the con-
figurations, in particular, the efficiency increment in the cases where the NEDA
detectors are used, especially for two- and three-neutron multiplicities. For an
isotropic distribution of neutrons, the increase of efficiency should be proportional
to the increase in solid angle coverage, but the configurations involving the NEDA
detectors show better performance figures. The results of the fusion-evaporation
simulations in Table (3.4 show that the two-neutron efficiency for the NW + NEDA
and NW-ring + NEDA configuration is predicted to be a factor 1.63(5) and 1.95(1),

respectively, larger than what is obtained with NW alone. For the three-neutron
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efficiency the increase is a factor of 3.0(1.7) and 3.4(1.9) for NW + NEDA and
NW-ring + NEDA, respectively, compared to NW alone. The NEDA detectors
have a larger intrinsic neutron detection efficiency due to their larger depth (20 cm
compared to 15 cm for NW). The measured number of photoelectrons per MeV
is about 3 times larger for the NEDA detectors compared to the NW detectors
[4], which will provide a better neutron-vy discrimination performance. Therefore,
in order to benefit from the better performance of the NEDA detectors compared
to the NW detectors, the best configuration is the one with the NEDA detectors
placed at the forward angles, NW-ring + NEDA shown in Fig. [3.8}b, where the

energy and intensity of the neutrons is largest.

3.4 Summary and Outlook

The identification of rare neutron-deficient evaporation residues produced by fusion-
evaporation reactions requires a high efficiency for detection of multiple neutrons.
This can be achieved by using a detector array with a large solid angle coverage,
high granularity and high efficiency. The optimisation of these quantities drove
the design of the new NEutron Detector Array, NEDA. The conceptual design of
an early implementation of NEDA together with the Neutron Wall, to be coupled
to AGATA at GANIL has been described in this work. Two configurations have
been discussed: one consists of 50 NEDA detectors and 50 Neutron Wall detectors
covering 1.637 sr solid angle and the other consists of 51 NEDA detectors and 45
Neutron Wall detectors covering 1.6 sr solid angle. The performance figures of
these two configurations were studied by using a fusion-evaporation event gener-
ator that has been discussed an validated in this paper with experimental data.
The results of the present work show that the proposed NW-ring + NEDA setup
will provide a sizeable improvement compared to the Neutron Wall alone for the

detection of multiple neutrons emitted in fusion-evaporation reactions.

Nowadays, the goal of the NEDA collaboration is to build an array covering up to
27 sr solid angle at 1 m distance from the target position. In this configuration,
named NEDA 27, the detector units which are positioned between § = 0° and
0 = 60° with respect to the beam were translated in the upstream direction in order
to increase the solid angle of the peripheral detectors. Moreover, the detectors

located between 6 = 60° and # = 90° were oriented towards the target position
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F1GURE 3.9: The proposed geometry of NEDA 27 consisting of 331 detector
units and covering a solid angle of 1.887 sr at a distance of 1 m from the target
position.

to maximise the exposition to the emitted particles. Such a geometry with 331

detector units covers a solid angle of 1.887 sr in the forward direction.

The efficiencies foreseen for the NEDA 27 geometry are about 0.36, 0.10 and
0.03 for one-, two- and three-neutron channels. The conceptual design for the
final NEDA configuration is still ongoing and the best geometry is not decided
yet for NEDA. The final geometry will be designed considering the best detec-
tion efficiency with lowest cost. Nevertheless, the philosophy behind the modular

geometry of NEDA is promising in the sense of flexibility as well.






Chapter 4

Tests of Neutron Detector

Prototypes

In the previous chapter, detailed information on the NEDA project has been dis-
cussed. In order to optimize the selection among different types of neutron scin-
tillator detectors in the preparation phase of the NEDA project, a test bench
has been deployed in Legnaro National Laboratories (LNL). In this chapter, the
structure of a scintillator based neutron detector, its signal processing and data
acquisition systems will be described, following by the reports on the tests and

results.

Within this task, the evaluation of several commercial prototype detectors has
been done. These sample detectors have been chosen with the dimensions which
are similar to those of the Neutron Wall detector segments. The reason lies behind
the fact that the final size was not decided yet for the NEDA single detectors by
the time the tests were initiated, but it was foreseen that it would be similar to
the size of one segment of the hexagonal detectors of Neutron Wall. Therefore,
prototypes with 5 inch diameter and 5 inch depth were chosen. The four vessel
prototypes (without photo-multiplier tubes), two filled with the liquid scintillator
(BC501A) and two with deuterated liquid scintillator (BC537), have been eval-
uated for their basic characteristics, like time resolution, relative efficiency and
probability of neutron cross-talk. The time resolution evaluation task has been
lead by V. Modamio and published in Ref. [4]. The relative efficiency evaluation
task has been lead by G. Jaworski. A brief explanation of these tasks will be given
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later in this chapter. The cross-talk evaluation task has been done by myself and

the discussion will also be given later in this chapter.

The four neutron detector vessel prototypes were coupled to four different PM
tubes (Hamamatsu R4144, Hamamatsu R11833-100, Photonis XP4512, ET En-
terprises ET9390kb) in turn. In addition to the detector prototypes, the setup

was also consisted of a BaF, detector to be used as the time reference.

A 222Cf source has been used in the tests. This source has several advantages in
this particular application, like it emits fast neutrons with an average multiplicity
of 3 per fission in coincidence with ~-rays. The source had an activity of 2.12 GBq
by April 2011.

4.1 Structure of the Scintillator Based Neutron
Detector Prototypes

The liquid scintillator based neutron detector prototypes consist of two main parts:
i) the aluminium container which holds the liquid scintillator, and ii) the PMT
which converts the light produced in the scintillator liquid into an electrical signal.
The two parts are separated from each other with a transparent glass window (see
Fig. . The glass window is attached tight and secure to the first part as it

forms also one of the walls of the liquid scintillator container.

Since the scintillator liquid is chemically poisonous and has relatively low flash
point temperature (about 26°C), it should be handled with care. Therefore, the
first part of the detector should be sealed well to avoid any liquid leak. There
should be an extra room for excess liquid taking into account the expansion of
volume in case of temperature increase. This part is so called the expansion
chamber and it contains also backup liquid in order to fill back up the detector
container in case the temperature decreases to avoid creating bubbles. The air
bubbles are not desired since they make light to disperse, reducing the amount
of light arriving to the cathode layer of PMT. It is also important to assure not
to create air bubbles during the filling of the detector. The inner walls of the
container should be painted with a special paint that is dispersive following a
Poisson distribution which helps the light to avoid absorption but also produces a

more uniform response of the detector.
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FIGURE 4.1: An artistic view of the scintillator detector prototypes used in the
NEDA tests. See text for details.

The neutron detection efficiency of a detector depends strongly on the liquid scin-

tillator volume. The efficiency of a proton recoil based detector, e.g. the liquid
scintillator, is defined as in Eq. (.1}

e=1—Nowd (4.1)

where N is the density of target nuclei, o, is the cross section of neutrons and the
target nuclei, and d is the distance that the neutron travelled inside the detector
[12]. As one can see from the equation above, the efficiency is proportional to
the distance d, therefore, the thicker the detector is the more efficient the neutron
detected. Nevertheless, the constraint in the thickness of the detector arises from
the energy resolution desired due to the difficulties to have a uniform light collec-
tion. Another constraint in the detector size is the counting rate due to v-rays. If
the detector is large enough than the time difference between any two consecutive

events will be small so that the pulses will superpose, i.e. pile-up.

The optical grease should be applied on the surface of the glass window that
touches to the PMT. The optical grease is important to fill up the spaces due to
the imperfections on both surfaces (i.e. the glass window and the PMT window),
maintaining the refraction index compatible, to make the maximum quantity of
photons pass through without any reflection and interact with the electrons in the
cathode surface of the PMT.

PMT is an electron tube which convert light into electrical signal. It consists of a

vacuum tube, a photo-cathode layer, dynodes, and anode. The cathode, dynodes
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and anode are connected to a small circuit - a voltage divider, which basically dis-
tributes the high voltage to the dynodes providing the necessary voltage difference
to accelerate the electrons. The released electron from the cathode by a photon
coming from the scintillator, is accelerated through the applied electric field and
hits to first dynode. When an electron hits, it transfers some of its energy to
the electrons in the dynode. Secondary electrons will be emitted and accelerated
towards the next dynode, where upon strike, more electrons will be emitted and
further accelerated. Finally, this electron cascade will create a sizeable electrical

signal at the anode which then can be processed and analysed.

4.2 Signal Processing and Data Acquisition

The electronic signal produced in the detector, requires generally a signal process-
ing and finally a data acquisition. The signal processing may involve as well the
application of analog signal treatments to infer the timing, amplitude and even to
discriminate the nature of the interacting particles. Finally, the data acquisition
(DAQ) system digitizes the processed signals and stores the relevant information

in a computer.

The signal processing electronics and DAQ system of the prototype detectors work
roughly as the following: The signal is created on the anode of the PMT following
the decay time and light amplitude produced in the liquid scintillator.

In the past, the only way to disentangle the y-ray or neutron nature of the par-
ticle interacting, was the on-line analog processing, generally based on the charge
comparison or timing processing. With the advent of the sampling fast analog-
to-digital converters (FADCs), it is possible to store the signal pulses provided by
the detector, allowing to perform off-line PSA based on digital signal processing.
The former has been used for n-y discrimination in many detector systems, like

the Neutron Wall. The latter is planned to be used in new detector systems, like

NEDA.

As an example of analog signal processing like the Neutron Wall, there are several
modules to process the signal. Not every signal that comes from the detector car-
ries information on the nature of the detected radiation. There is low amplitude
noise along with “real” signal that needed to be discriminated. This is done by a

module called constant fraction discriminator (CFD). CFD discriminates analog
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signals that have an amplitude larger than the determined threshold producing
logic signals. CFD also suppresses the time walk present in threshold discrimina-
tors when working with signals of different amplitude. Thus they also provide a
time reference independent on the amplitude and mostly the shape of the signal.
The BARTEK NDE 202 module [37] that has been especially designed for the Neu-
tron Wall has the PSA capability alongside with the CFD capability. Therefore,
the PSA output is sent directly to an analog-to-digital converter (ADC) module
to be to be recorded and undergo the off-line data analysis on the computer based
system. The CFD output is sent to time-to-amplitude converter (TAC) module
to measure the arrival time of the signal with respect to a reference. This module
allows to produce a spectrum of the time difference between its inputs start and
stop. As mentioned in Chapter 2, the neutron-y discrimination process involves as
well the ToF measurement. For the determination of the ToF, the measurement
of time of the events in the neutron detector with respect to another fast detector,
preferably a BakFy, is crucial. The time difference between the events in the neu-
tron detector and in BaFs is converted in pulses and directed to the ADC’s (see
Fig. . In digital signal processing, the signals from the detectors are directed
to the ADC’s.

The signals are digitized by sampling ADC / FADC and the data are transferred to
computers. The data are stored and further samples processing can be performed

off-line in a computer.

An example for a DAQ system for digital and analog signal processing that has
been used in NEDA prototype tests at LNL can be seen in Fig. 1.2l These tests

will be explained in the next section with more detail.

4.2.1 Triggering

In nuclear physics experiments, a particular reaction or some events, which occur
in the same reaction with a number of competing channels, should be selected. In
order to select specific events, one requests a criteria which identifies, e.g. a re-
action, depending on the discrimination capabilities of the detector setup. Events
that satisfy the criteria activate other systems, for instance the data recording
on the disks. The electronic logic to select events under certain criteria is called

trigger.
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FIGURE 4.2: Electronic scheme of the data acquisition system for a typical
neutron-y coincidence setup. This setup has been used for the NEDA tests
performed at LNL.

In the test bench we are describing the trigger condition was the coincidence
between a v and a neutron signal. In order to fulfill this condition, any signal
received from the fast detector BaF is accepted after CFD with any signal from the
CFD of any of the neutron detectors. Therefore, there are two type of coincidence
events recorded: one is v-y and the other is y-n, from the BaFy and the neutron

detectors.

4.3 Neutron Cross-talk measurements

The concept and the consequences of the neutron cross-talk have been discussed
in detail in Chapter [3| In this section, the evaluation of the neutron cross-talk of
the prototype detectors will be presented. Since the detection of the neutrons is
highly dependent on the scattering reactions inside the detector it is important

to know the neutron cross-talk characteristics as a parameter to choose the best
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FIGURE 4.3: Drawing of the setup that is used for the cross-talk measurement:
upper panel- 2n multiplicity background with the cross talk events; below panel
- 2n multiplicity background.
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suited liquid scintillator for NEDA. In order to find out the neutron cross-talk
characteristics of the prototype detectors, a two-step measurement has been re-
alized. The measurement lies on a simple idea in which the subtraction of two
TOF spectra, one from the real events and the other from the real + cross-talk
events. The first spectrum has been acquired placing the two neutron detectors

where they face each other.

The source has been located at the half way of the distance between the two
detectors, so the solid angle will be the same for both. In this way, only any two
coincident neutrons that are emitted with 180° to each other will be recorded by
two detectors, and there will be almost no cross-talk event since back scattering
of a neutron from one detector to the other is less probable due to very small solid
angle (see Fig. - upper panel). The second has been obtained by placing the
detectors next to each other at equal distance to the source (see Fig. - below
panel).

The TOF spectra measured in the two mentioned setups are compared (see Fig.

4.4]). Since the detector-to-source distance is large enough, a good separation in
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flight times of fast neutrons and ~-rays is expected. A ToF spectrum of ~-rays
with common start will produce ideally a delta function. This is because v-rays
will arrive to both BaF, and the neutron detectors with very small time difference
and due the trigger condition selected. Nevertheless, due to the inevitable imper-
fections on the detection system, the shape of the -y coincidence peak will have
a normal distribution. On the other hand, the neutrons will arrive to the NEDA
prototypes well delayed with respect to the «-rays arrive to the BaF,. Since the
neutron time-of-flight depends on its energy which varies between 0 MeV to 20
MeV with a distribution that is studied in Ref. [36], the ToF spectrum of the
neutrons will have a form that will follow the velocity distribution rather than a

normal distribution.

The experimental results suggest 15.51% neutron cross-talk events over the number
of detected neutrons. In order to evaluate better this result, the Monte-Carlo
simulations of the cross-talk tests have been done. The cylindrical prototypes are
created in the GEANT4 environment with 127 mm diameter and 127 mm depth.

The volume material is chosen as the liquid scintillator.

The neutrons were emitted in 47 s.r. solid angle with isotropic distribution. There-
fore, the experimental conditions were kept realistic as much as possible in the
simulations, except the background radiation, the scatterings of neutrons and -
rays due to the walls and table which were present during the measurements. The

y-rays emitted from a 2°2Cf source were also not simulated.

The simulation results were analyzed with 2n multiplicity assumption in the emit-
ter. The cross-talk neutrons are determined as in the similar way the test bench,
i.e. the ToF spectrum of the configuration that the detectors stand separate from
each other was subtracted from the ToF spectrum of the configuration that the
detectors stand next to each other. The probability of the detection of the neu-
trons in both detectors with only one neutron emitted, was found to be 15.58%
over all detected neutrons in the simulations. The simulation results are in very
good agreement with the experimental results and also agree with the neutron
cross-talk probability in the Neutron Wall, in which the similar detector units are
used [35].
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FIGURE 4.4: Experimental results of the cross-talk tests. Upper panel: data

obtained where the detectors put aside (left panel of Fig. ; middle panel:

data obtained where the detectors put separate (right panel of Fig. ; lower

panel: the subtraction of the two spectra. The spectra have been obtained with
the condition where both detectors are fired.
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FIGURE 4.5: GEANT4 visualization of the setup that is used for the cross-talk
measurement in the simulations: left panel- 2n multiplicity background with
the cross talk events; right panel - 2n multiplicity background.



Chapter 5

v-ray Spectroscopy with
Segmented HP Ge detectors and

Ancillaries

5.1 Segmented HPGe detectors

5.1.1 Introduction

In the last decades, the v-ray spectroscopy using Ge detector arrays has become an
essential tool in experimental nuclear structure studies. They are an improvement
with respect to the scintillator based detectors due to the high energy resolution,
i.e. frequently less than 2 or 39, in a detector in good conditions. Despite the
fact that detector volumes are limited, the peak-to-total ratio (P/T) is improved
by using veto detectors (anti-Compton shields) [38-41] or by tracking techniques
in position sensitive [42] and references therein| segmented Ge arrays. Efficiency

of the detectors can also be improved using composite detectors [42].

The advent of the new generation radioactive ion beam (RIB) facilities will open
new chances the investigation of the regions that are far from the [-stability.
These facilities will provide heavy ions with large intensities and large energies,
thus extending our knowledge to more exotic nuclei. Nevertheless, the production
decreases as the the nuclei of interest become more exotic, the investigation of

such nuclei will be more challenging and brings the necessity to have efficient and
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sensitive detectors. The v-ray detectors should provide high detection efficiency
and high peak-to-total ratio (P/T). New detectors are being built to respond
these needs based on pulse shape analysis (PSA) and tracking, covering 47 s.r.
solid angle with high granularity. The escape suppression methods [38-41] will no
longer be needed thanks to these techniques and the geometric efficiency of the
high purity Ge (HPGe) will be as large as 80% [1].

The use of segmented Ge crystals make possible the identification of the position
and deposited (released) energy of each interaction point of the y-rays. Such seg-
mented Ge crystals require digital sampling electronics to disentangle the energy,

position and time information out of the detector’s signal using PSA methods.

In this chapter, two of the widely known segmented and high purity Ge arrays in
Europe are going to be introduced namely EXOGAM and AGATA. These arrays
were used also in the experiments discussed in this thesis. Therefore, it is worth

to discuss their design, status and performance figures.

5.1.2 Advanced GAmma Tracking Array (AGATA)

AGATA is a highly segmented, encapsulated coaxial n-type high purity Ge crystal
array with PSA and tracking capabilities that has been developed in participation

of 13 European countries and more than 40 institutes.

AGATA is designed to be a close-packet array which consists of 180 crystals when
it is completed (see Fig. . The crystals are grouped in three to form clusters
(AGATA triple cluster - ATC) and each cluster is cooled down by one cryostat.
The geometry has been decided by extensive Monte-Carlo simulations among other
configurations [47] optimizing the performance on new generation in-flight facilities
for RIB, like FAIR [43]. The inner radius of the AGATA shell is 225 mm and the
outer radius is 315 mm. Therefore, one AGATA crystal length is measured 90
mm. The geometry was optimized to minimize the solid angle not covered by
detector and to maximize the overall detection efficiency. The performance figures
of AGATA were determined for 1 MeV ~v-rays in Monte-Carlo simulations and
listed in Table 5.1l

Each AGATA crystal is divided in thirty six segments. The segmentation is done
in azimuthal and longitudinal axes (see Fig. . With such detector geometry
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F1GURE 5.1: The figure of the AGATA 4r s.r. geometry generated in GEANT4
simulations. The white polygon represents how three crystals form a triple
cluster.

and segmentation, the PSA provides nowadays a position resolution below 5 mm
FWHM [44].

Each AGATA crystal has a readout of 38 channels. The 36 channels are allo-
cated to the 36 segments and the remaining channels are allocated to the central
contact. The central contact is also known as the core signal and corresponds to
the total energy deposited in each crystal. Thus, the ATC detector contains 114
spectroscopy channels. The signals from the channels are amplified by the core
preamplifier. The preamplifier has low noise with large range of energy detec-

tion, important characteristics for good timing properties and for PSA, and high
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TABLE 5.1: AGATA performance figures determined in Monte-Carlo simula-
tions [I].

Performance Figure Value ~y-ray multiplicity

Solid angle 82% N/A
. 43% 1
Full energy efficiency 98% 20
: 59% 1
P/T ratio 43% 20

L 4:10}

[]:Ta]

FIGURE 5.2: Drawing of one AGATA crystal showing the segmentation in two
axes, the crystal cross-section and the dimensions (figure taken from ref. [I]).

counting rate capability. The preamplifiers have been developed by the AGATA
collaboration to fulfill these requirements [48}50].

The pre-amplified signals then pass through the flash digitizers which were built
specially for AGATA [1]. The signals are digitized at a rate of 100 MHz and a res-
olution of 14 bits while the effective number of bits (ENOB) is 12.2. The AGATA
digitzer serializes the ADC data using FPGAs and transmits them through optical
fibre cables to the pre-processing electronics, implementing digital CFD, Moving
Window Deconvolution, compression, etc. algorithms. The AGATA digitzer has
a synchronization feature which is done with a signal from the Global Trigger and
Synchronizaton system of AGATA (GTS) [1].

The sampled signals are then transferred to the pre-processing electronics that
reduces the data by a factor of 100. This reduction is due to the selection of samples
from detectors with real signals discriminated by a signal threshold, as well as by
limiting the length of the samples to be transferred to the acquisition system to
about 1 us (i.e. 100 samples). The triggering can be done optionally -nevertheless

it is necessary in most experiments due to the high counting rate- within the
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GTS from which a clock for the digitizer and the timestamp are derived. If the
data reduction is not needed, then the system can work on the trigger-less mode.
In this case, the data are sent directly to the PSA farm and an offline selection
can be applied later. The maximum delay that the pre-processing electronics
should provide is limited by specifications to 20 ps. This is the time that the

pre-processing hardware waits for the trigger decision.

There are two triggering mechanisms in AGATA pre-processing: local and global.
The local trigger checks if there is pulse in the core signal. If it finds pulse then
it generates a local trigger request which makes all segment electronics to save to
a buffer the trace from the data stream. Traces are held in each channel’s local
memory for a maximum of 20 us while the GTS makes a decision. In case the
event is validated by the trigger processor, the traces of the segment and core are
stored and sent to the PSA farm.

The pre-processing electronics also implements the moving window deconvolution
(MWD) algorithm [45] on the incoming data to extract the ~-ray energy in each
segment and the cores. After the local trigger detects a signal in the segments or
in the core data, by using the response function of the pre-amplifier, the MWD
algorithm reconstructs the deposited charge. Once the MWD algorithm is applied,
the signal amplitude, that is proportional to the energy deposited, is stored and

sent together with the samples.

The GTS system and the data analysis have been explained in Chapter 7. In that
chapter, also the merging of the data with the ancillary detectors at GSI has been

explained.

The first five AGATA triple clusters were ready and AGATA became operative
in 2009 at INFN-LNL. This configuration, so called the AGATA demonstrator
(see Fig. , has been operative between 2009 and 2011, coupled to PRISMA
mass spectrometer and DANTE reaction product detectors, leading to significant

results (see the web page of the AGATA collaboration - https://www.agata.org/).

Afterwards, it has been moved to GSI in 2012 to be coupled with the Pre-SPEC
setup, to be used with the Fragment Separator facility until 2014 (see description
of the PreSPEC setup in Chapter 7).

The AGATA configuration used at GSI has significantly been modified with respect
to the previously used at INFN-LNL due to the large diameter of the beam pipe.
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FIGURE 5.3: A view from the AGATA demonstrator at INFN-LNL.

It was necessary to convert three triple clusters into double clusters, removing the
RED (A) type capsule at the inner circle to enlarge the gap that allows the beam
pipe to be mounted surrounded of encapsulated detectors. Three AGATA double
clusters and five AGATA triple clusters were operative during the GSI campaign
in 2012, but one of the triple clusters missing one crystal and one of them had one
crystal inoperative. Thus, 19 crystals were operative in 2012 and our experimental
activity described in Chapter 7 has been performed with such configuration (see
Fig. [5.4). The performance figures will be mentioned in this section as we move
forward describing the detector’s properties. AGATA has moved to GANIL in the
second half of 2014. It has been using coupled to VAMOS mass spectrometer and
is planning to be coupled with the Neutron Wall - NEDA - DIAMANT detectors
starting from 2018. Currently, there are 35 AGATA channels operative at GANIL.

5.1.2.1 PSA techniques

The tracking arrays and in particular AGATA, functionality requires the recon-
struction of the trajectories of the y-rays detected inside the array. In order to
reconstruct the trajectories, one needs the accurate position, time and energy in-

formation of each scattering point of the ~-rays. This is done by the analysis of
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FIGURE 5.4: CAD drawing of AGATA and the holding structure at GSI. Clus-

ters numbered 0, 1 and 4 are the double clusters. Clusters numbered 6, 7, 12,

13 and 14 are the triple clusters. Two crystals, one from each cluster 7 and 6,
were inoperative.

the signal shapes for the segments with a net charge as well as the neighboring

ones with mirror signals in each AGATA crystal, i.e. Pulse Shape Analysis.

A ~-ray would normally have sequential interactions in a Ge array until it exhaust
all the energy in subsequent interactions or escapes finally from the detector ma-
terial. The path of a y-ray can be limited in a single crystal or it can scatter
from one crystal to another. It is important to locate the interaction points with
the best accuracy possible to reconstruct the path of the y-ray inside the array.
The algorithm to determine the position and energy of the v-ray needs to be fast
enough to be applied in real time for the online data processing. Data from the

samples are reduced by PSA to few parameters of interest. To do that, the PSA
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algorithm compares the real pulse, for the charge as well as for the signals in-
duced in the neighbor contacts, to the references which presently are calculated

by simulations.

There are several PSA algorithms that have been developed, such as, grid search
[511, 52], genetic algorithms[53], wavelet decomposition and a matrix method [54].
In this thesis, only the grid search algorithm will be mentioned, since it was used
during the online data processing, i.e. adaptive grid search and the offline data
processing, i.e. the full grid search. The comparison of the measured and cal-
culated signals is done by the interpretation of their residuals [51]. The residual

is defined as the sum of square of signal differences over sampled times (i) and

segments (j - see Eq. [5.1).

R=3 (S5 - 55) (5.1)

The grid search evaluates the R4, in a cylindrical volume defined by r¢z coordi-
nates [51]. The full grid search algorithm evaluates the all points in the segment,
i.e. considering the unit volume as the real segment. The adaptive grid search
makes a two step evaluation: first the R values in a wider grid is searched. The
smaller R defines a unit volume, i.e. a voxel, and in the second step, this voxel is

searched with a full grid search, making the algorithm works more efficient.

The optimum grid size of the coarse grid is chosen 8 mm, which is obtained by the
comparison with the full PSA. The advantage of the adaptive grid search algorithm
is due to the fact that it is faster and more accurate than the genetic algorithm
[1]. Therefore, the short processing time makes the adaptive grid search favorable

to use it for the online data processing.

5.1.2.2 GRID computing

The AGATA collaboration has adopted GRID as final storage and backup for the
data. Moreover, GRID computing [56] provides as well a good platform. The idea
behind GRID computing is the use of hundreds of processing units (CPUs) and
data storage elements in parallel to process large amount of data in shorter time.
The AGATA collaboration has its storage elements in the Bologna and Strasbourg

sites. The processing units are available in the Valencia and Strasbourg sites. The
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data are directly transferred to the GRID storage elements and are accessible to

perform replay from any institute with GRID access.

A test has been done to compare how the GRID processing and a normal computer
processing in terms of data replay time. A data set of the ®*Co calibration data
with the acquisition time of 14 hours is replayed on an Intel Xeon CPU E5-2630
v4 2.20 GHz computer and on GRID. The data replay on the Intel computer has
been done using the adaptive grid search algorithm in 120 hours. On the other
hand, the data replay using the full grid search algorithm has been done in 3 hours
on the GRID computing system.

5.1.2.3 Tracking

The tracking algorithm reconstructs the ~-ray trajectory and energy deposited
inside the array by using the interaction points and energy releases determined by
the PSA algorithm. There are few algorithms that could be used for AGATA that
can be grouped in two, as the forward and the backward tracking. The code used
to analyze the experimental data in this work, MGT, uses the forward tracking
technique. The tracking of the low energy ~-rays (i.e. of the order of hundred keV)
is frequently not possible, since the main detection mechanism is the photoelectric

absorption (see Fig. [5.5). The ~-rays that are energetic of order of 1 MeV are

Photoelectric Compton Scattering Pair Production
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FIGURE 5.5: The most probable y-ray detection mechanisms at different ranges
of E,. See text for details.

more likely to lose energy by Compton scattering before they either escape the
array or or the secondary ~-ray of the Compton process has low energy and suffers
photoelectric absorption. In this case, the y-ray trajectories are reconstructed
using x? minimization process with a figure of merit as indicator of how well the

scattering angles from the interaction positions fit in to the Compton formula.
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In forward tracking, the v-ray reconstruction is done by determining the first
interaction point with an educated guess provided from the ancillary detectors, i.e.
the trajectory of the ion emitting s or in the case of conventional experiments,
by the position of the beam in the target. The probability of pair production for
the ~-rays that are as energetic as 8 MeV is considerably high (see Fig. 12.17 in
Ref. [12]). Therefore, the v-rays with several MeVs are more likely to be detected
with in a single interaction with the energy of the E, — 2m.c? which is the energy
needed to create the e™ - e* pair. The two photons produced in the annihilation
of the et with an e~ of the medium are then detected in the vicinity of the first

interaction point creating their own clusters [55].

The tracking efficiency is determined by the ratio of the full energy peak efficiency
of the array in calorimetric mode and the efficiency determined using the tracking
algorithm. The most convenient way to determine the tracking efficiency is the
use of the ®°Co data, as the calculation of the efficiency of the calorimetric mode
is easier. The tracking efficiency with the present version of the algorithms and
with an AGATA sub-array of about 19 capsules has been found to be between 72
to 75%.

The absolute detection efficiency of the array in close geometry (i.e. with the array
closer to the target by 14 cm in the central axis) has been found to be 4.26% for
1 MeV ~-rays from the calibration data of the experiment discussed in Chapter 7.

5.1.3 EXOGAM

EXOGAM is a European collaboration project which built a ~-ray detector array.
The EXOGAM array is situated at GANIL and used to perform experiments with
beams provided by both the GANIL and SPIRAL facilities. The array consists of
segmented Clover detectors [57] and a coverage maximized in 47 s.r. solid angle
(see Fig. a). Segmentation is important for several performance figures of the
detectors, for instance, the energy resolution and minimization of multiple-hits.
The detectors are separated by the BGO shields for the Compton suppression. The
Compton suppression shields help to reduce the background events and increase
the Peak-to-Total (P/T) ratio. The P/T ratio obtained for the full EXOGAM in
experimental conditions is of 47% [59]. The Ge crystals forming the Clover detector
are cylindrical from the backward, but tapered to have almost a square shape from
the front surface (see Fig. [5.7)). The clover detectors have 60 mm of diameter and
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FIGURE 5.6: (a) The EXOGAM array with 16 clover detectors. (b) The cross-
section of the clover detectors.

FI1GURE 5.7: A drawing of the clover detectors.

90 mm of length before the tapering process. The efficiency is increased when
the signals from the adjacent segments, produced during the scattering process of
the ~-ray, are added, i.e. addback. The photopeak efficiency at 1.3 MeV. for the
complete EXOGAM array is estimated to be 20% for y-ray multiplicity = 1 in the
close configuration geometry. The four Clover detectors placed downstream in the
beam line haven’t been mounted during the experiment discussed in Chapter 6.
This is due to the coupling of EXOGAM with the Neutron Wall and was necessary
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in order to give space to the neutron detector array. Nevertheless, the absolute
efficiency of EXOGAM in the configuration coupled with the Neutron Wall and
DIAMANT was estimated to be more than 10%.

The segmented crystals also help to obtain better resolution in case of the Doppler
broadening. This becomes important when the ions emitting ~-rays travel with
velocities are a sizeable fraction of the speed of light. The EXOGAM array is
effective particularly since it has 8 clover detectors at § = 90°, at which the Doppler

broadening reduces significantly.

The EXOGAM detector array uses VXI (VME eXtension for Instrumentation)
modules to transfer the data. There are five modules in the EXOGAM system:

e Ge detector cards for center and outer contacts [60]
e Compton suppression cards; six shields per card
e Master Trigger (one card) [61]

e Resource managers (one per crate) [62]

In case of the usage of the ancillary detectors, the following VXI modules could
be added:

e ADCs for ancillaries

e Purpose built cards for ancillaries

For EXOGAM the energy signals are amplified and converted with high and low
gains allowing the spectra ranges 6 MeV and 20 MeV, respectively. The time pa-
rameter is recorded from a TAC which has CFD output of the crystals at START
and the beam pulse at STOP inputs. The read-out of energy and time param-
eters are transferred to the buffer in the crate read-out controller over the VXI
back-plane. When all VXI modules finish transferring the data to the buffer,
they are ready for acquiring data of the new event. During this cycle, the EX-
OGAM electronics cannot accept any new event, i.e. the EXOGAM system uses

a common-dead-time.

Triggering in the EXOGAM system has two steps. The first step provides good
timing for stopping TACs and a quick decision. The second step confirms that if
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the event is good and must be read-out, or is bad and must be rejected. Therefore
the global trigger signals issued by the master trigger are the Fast Trigger (1%
step) and either Validation or Rejection (2"¢ step). The 2"¢ level trigger Valida-
tion/Rejection processing is programmed in the FPGA of the Trigger Card.

The data acquisition system (DAQ) of EXOGAM is based on MIDAS (Multiple
Instance Data Acquisition System) which is developed initially for Eurogam [63].
MIDAS provides GUI on UNIX systems to make possible the user interaction
between the VXI, CAMAC and VME modules remotely. All VXI crates have
Resource Managers that contain a processor with ethernet interface. The VXI
modules have a read-out of 32 bits data bus (DT32) into a VME event builder
crate in which the data are formatted to be recorded on the disks. Online data
analysis is done with actors running on the workstations that observe the data

flow on the network and making histograms.

5.2 Ancillary detectors to the segmented high-
purity Ge-arrays

5.2.1 Introduction

In this section, two complementary detectors of interest for us, that have been cou-
pled to the HPGe detectors will be described: The Neutron Wall and DIAMANT.
The Neutron Wall is a neutron detector array that has been mentioned earlier in
this work. It has been installed at GANIL during the experiment which will be
explained in the next Chapter coupled to EXOGAM and DIAMANT detectors.
The Neutron Wall is currently situated at INFN-LNL, but is planned to be moved
back to GANIL to be coupled with AGATA - NEDA - DIAMANT in 2018. DIA-
MANT is a light charged particle detector array which consists of Csl scintillator
detectors. More details on these two ancillary detectors will be discussed in the

next two sections.

5.2.2 The Neutron Wall

The Neutron Wall is a neutron detector array that is mainly used to select and

identify very weakly populated reaction channels associated with neutron emission
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by efficiently detecting the neutrons from the fusion-evaporation reactions. It is
situated at GANIL since 2004 and coupled to EXOGAM ~-array and DIAMANT
particle detector. It has been used in many experiments and lead to many exciting

discoveries in the Nuclear Structure Physics. The Neutron Wall consists of 15

(b)

F1GURE 5.8: The Neutron Wall array at GANIL, photo of the view from the
beam downstream (a) and 3D computer model of the view from the beam
upstream (b).

hexagon and 1 pentagon shaped detector blocks and covers 17 s.r. solid angle at
510 mm from the target position to the detector surfaces. In Fig. [5.8] the Neutron
Wall could be seen from the beam downstream (Fig. [5.8}a) and the beam upstream

(Fig. B-8b).

The hexagonal detector blocks are subdivided into 3 detectors and each one con-

taining approximately 3.2 liters of liquid scintillator, while the pentagonal block
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is subdivided into 5 detectors and each one containing approximately 1.1 liters
of liquid scintillator. Thus the whole array consists of 50 detectors and the total

scintillator volume is about 150 liters. The detectors could be seen in Fig. [5.9

where the hexagonal and pentagonal blocks are shown dismounted. The detectors
could be noted by the photo-multiplier tubes (PMT) mounted. The detectors of

FIGURE 5.9: Hexagonal and pentagonal segments of the Neutron Wall.

the array are filled with the liquid scintillator (BC501A). This scintillator material
provides so far the best performance with considerably low cost with respect to
the other scintillators. Nevertheless, its properties like chemically poisonous and
flammable at 30°C makes it very dangerous and an extra care should be taken
while working with it. The detection mechanism of neutrons and the neutron-v
discrimination using liquid scintillator detectors have been discussed in Chapter 2.
Especially, the neutron-v discrimination by PSA and ToF is explained in Sec.
in the same chapter. It is worth to mention that the PSA is done by an electronic
card specially designed for the Neutron Wall, the BARTEK NDE 202 module [37].
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5.2.3 DIAMANT

DIAMANT is a light charged particle detector array consists of 3 mm thick 80
CsI(T1) scintillators, covering 90% of the 47 s.r. solid angle (see Fig. [5.10)). The
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FIGURE 5.10: DIAMANT detector array.

energy resolution is 2% at 5.5 MeV for the a-particles which is insignificant in our
application, 7.e. our experiment described in Chapter 6, since the determination
of the existence of a particle is sufficient to disentangle the reaction channels in a

compound nucleus decay.

The DIAMANT array is packed in a small volume since it has to fit into the
reaction chamber. The reason why DIAMANT is small, is because we need the
array to be used inside compact Ge arrays with small detector-to-target distances.
The compact design of the DIAMANT array makes impossible to use the photo-
multiplier tubes with the scintillators, but photo-diodes are used instead. The
depth of one CsI(T1) scintillator is 3 mm. The scintillators are two types in terms

of their shape: square and triangular. The square scintillators have a 14.5 mm
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of the edge length and the triangular ones have 29 mm (see Fig. [5.11). The

geometrical shape of the array is called rhombicuboctahedron.

FiGure 5.11: DIAMANT detector array unrolled. The square and triangular
shaped scintillators are shown.

DIAMANT has 70% and 50% efficiency for proton and a-particles, respectively. It
can be used either particle veto mode or particle channel selection mode, coupled
to large 7-ray detection arrays, like EUROGAM and EXOGAM. Nevertheless,
considering such efficiencies for the particle detection, DIAMANT is not a good
veto detector. The Csl crystals are covered by a foil, which its material and
thickness -e.g. 5 pm Thallium in our experiment described in Chapter [} depends
on the beam material and energy, in order to avoid the damage of the Csl crystals
by irradiating with the beam. The particle detection efficiency of the array depends

also on the thickness and the material of the protective foil.

The signal processing is done with VXI based electronics. The DIAMANT elec-
tronics provide three output parameters: time, particle-type and energy. The
energy parameter is read-out after the amplifier and the stretcher by the ADCs.
The particle-type parameter is obtained using two pulse shape discrimination tech-
niques: the ballistic deficit method [65H67] and the zero-crossing method [68].
The zero-crossing method is better concerning the a-proton particle discrimina-
tion figure-of-merit. The VXI cards are integrated with the Euroball environment.
The data syncronization is done thgrough Fast Trigger and Validation generated
by Master Trigger. Each CsI channel the Local Trigger checks if the delayed sig-

nal is in coincidence with Fast Trigger and, in case, the channels are involved into



60 ~v-ray Spectroscopy with Segmented HPGe detectors and Ancillaries

particle-y coincidence. The control of the VXI cards are done through the MIDAS
interface, as it is in the EXOGAM case (see Sec. |5.1.3)).



Chapter 6

Experimental activity at GANIL
with EXOGAM, Neutron Wall
and DIAMANT

6.1 Introduction

The experiment has been done at GANIL in 2009, as a part of the EXOGAM -
Neutron Wall - DIAMANT campaign. The primary goal of this experiment was to
populate nuclei in the vicinity of N=Z in the region of *Ni. The preferable reaction
mechanism -with stable beams and targets- for the population of such nuclei is the
Fusion-Evaporation. In this reaction mechanism the accelerated projectile hits on
the stationary target. If the impact parameter is sufficiently small, the compound
nucleus might be formed and, in case it does not suffer fission, it will follow a de-
excitation process. The compound nucleus is in a highly excited state and thus,
shortly after the formation -in about 107! seconds- it will evaporate nucleons
and small fragments, as « particles. The particle evaporation is always competing
with the vy-ray emission during the cooling process, and when the resulting recoiling
product is close or below the threshold for particle emission, the de-excitation will

continue by emitting y-rays till the nucleus reaches the ground state.

As the interest moves to more exotic nuclei in the proton rich side of the Segre
chart, trying to improve the knowledge on the nuclear structure, the accurate

determination of the reaction channels became more important. In particular

61
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when the nuclei of interest are populated by Fusion-Evaporation reactions, those
involve one or more neutrons. In this context, highly efficient neutron detector
arrays, like Neutron wall and in the future NEDA are an effective tool to determine
the neutron multiplicity corresponding to a given reaction product. On the other
hand, it was mentioned already in Chapter 4 that the Neutron Wall is going to
be used together with NEDA in the initial phases of the project, and in the near
future AGATA campaign at GANIL with NEDA - Neutron Wall - DIAMANT. The
similarities between two neutron detector arrays make the Neutron Wall a unique
platform to understand the concept of neutron detection and the data analysis in
a real environment on the way to NEDA. Analysis of an experiment in which the
Neutron Wall is used has been a useful study of a case where a neutron detector

array is involved, in particular considering the work performed on the conceptual
design for NEDA.

6.2 Reaction Mechanism

The scattering of a projectile from a target in the framework of nuclear reactions is
visualized in Fig. The distance between the trajectory of a projectile and the
target is called the impact parameter (represented by “b” in Fig. . Smaller is
the impact parameter -compared with the sum of both nuclear radius- higher is the
probability that the projectile interacts with the target. In a Fusion-Evaporation
reaction both the projectile and target nuclei merge in a intermediate system
called the Compound Nucleus (CN). The energy of the reaction will be shared
among the nucleons of the new combined system. When the compound nucleus
is formed, it forgets the previous process, i.e. the fusion of projectile and target.
After possible pre-equilibrium phenomena, the CN thermalizes, the energy excess
is shared by the CN and in the de-excitation process it will behave as a single
system. The CN is unstable and undergoes a series of decays, it first evaporates
nucleons and/or a-particles then the final, but excited, reaction product nucleus

will start to de-excite emitting y-rays.

The decay probability depends only on the total energy given to the system. The
CN decays are governed primarily by statistical rules. Close to the stability, the
charged particle (protons and a-particles) evaporation is less probable than the
neutron evaporation due to the contribution of the Coulomb barrier. Further

the nuclei are on the proton-rich (neutron-deficient) side, the neutron separation
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FIGURE 6.1: Two nuclei scattering. The type of reaction depends on the impact
parameter, b. In the case of the present work, the impact parameter is small
enough that the nuclei interact with each other by the strong force.
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FIGURE 6.2: Visualization of the fusion-evaporation reaction. (a) Two nuclei

collide and (b) fuse together. Thermal equilibrium is occured and (c¢) a com-

pound nucleus is formed. This is an intermediate state and the CN forgets what

nuclei formed by. It is highly unstable and undergoes the evaporation of the

light particles. Finally, (d) it forms a daughter excited nucleus and suffers v-ray
emission until (e) it reaches to the ground state.
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energy increases. The residual nucleus will be even more neutron deficient and
then charged particle (mainly proton and alpha particles) evaporation will be-
come competitive. The maximum angular momentum of the residual nucleus is
related to the beam energy and to the maximum impact parameter that will allow
the formation of the CN at that energy. On average, it is considered that evapo-
ration of a nucleon (proton or neutron) decreases the angular momentum of the
compound nucleus by 1 to 2 h. Particle evaporation will continue until the excita-
tion energy is below the particle separation energy above the yrast line. Residual
nuclei formed after the evaporation of fewer particles will have higher angular mo-
mentum. Therefore, a reaction with limited number of evaporated particles -in
particular of neutrons- is preferable when the residual nucleus is to be studied at

high angular momentum.

6.3 Experiment

The experiment was done at Grand Accélérateur National d’Ions Lourds, Caen,
France (GANIL). The 32S beam accelerated at an energy of 79.8 MeV by the
Intermediate Energy Heavy Ion cyclotron accelerator CIME impinged a 2*Si target

with a thickness of 0.5 mg/cm? on a 8 mg/cm? “Zr backing.

The evaporated charged particles were detected by DIAMANT (see Sec. 5.2.3) and
the neutrons by the Neutron Wall (see Sec. [5.2.2]). These detectors were coupled

to the y-ray detector EXOGAM, an array of Clover composite HPGe detectors
described in Sec. E.1.3

The experiment was performed with two trigger conditions simultaneously, i.e.
gamma-neutron coincidence and gamma-gamma coincidence. The two conditions
were in "OR”. Higher fold in gamma multiplicity in coincidence with the neutrons

were not excluded.

The experiment was originally designed to study the structure of the *®Zn nucleus,
nevertheless even at an early stage of the experiment it was clear that the results
were compromised by the insufficient purity of the primary beam, that was con-
taminated at the level of 1% with “°Ar -with a charge state that provided the same
magnetic rigidity for the same energy-. Nevertheless, the energy of the beam was
selected to maximize the relative cross section of the most exotic nuclei possible

with such reaction, reducing as much as possible the beam energy to reduce the
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channels with several particles evaporated. The cross sections for such channels
have been calculated with the Statistical Model code HIVAP [69, [70]. As already
mentioned in Sec. [6.2] the beam energy is definitive on how many and what type
of particles will be evaporated and what will be the final angular momentum of
the residual nuclei after the compound nucleus is formed. The Coulomb barrier

for such a reaction is calculated as 36 MeV using the below formula [71],

. 62 ZBZT
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where Zp and Zr are the proton numbers of the beam and the target, respec-
tively, while Ap and A represent the mass numbers of the beam and the target,

respectively.

The relation between the beam energy and the excitation energy of the recoiled
compound system can be derived using the conservation of energy and momentum,

thus the center-of-mass energy of the system will be,

My
Eoy=FEg| —Lt ), 6.2
oM = =B (MB+MT) (6:2)

where Ep is the beam energy. Thus the needed beam energy just to be at the limit
of the Coulomb barrier would be Eg = 77.25 MeV, which is around 2.41 MeV /A.

The beam energy was selected as 2.5 MeV /A just above the Coulomb barrier, such
that the evaporation of charged particles is as small as possible and the relative

cross section of the “only-neutron” evaporation channels is maximized.

The beam intensity was selected 10 pnA and the target thickness was 500 pg cm =2,
and 8 mg cm 2 P°Zr backing was placed behind the target material to stop the recoil
nucleus, to avoid broadening of the y-rays due to the Doppler effect. The efficiency
for detecting two-neutron inside the Neutron Wall is around 1.4%, and particle
detection efficiencies of DIAMANT are of the order of 65% and 35% for protons
and a-particles, respectively. The gamma efficiency of the EXOGAM array for our
experimental configuration that includes Neutron Wall is expected to be around
10% for 1.3 MeV 4-rays.
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6.4 Analysis

As mentioned in previous paragraphs, we are dealing with a complex system of
detectors that will provide information on the evaporated particles in the reaction
as well as provide information on the y-ray cascade de-exciting the residual nucleus
after the evaporation. The information of all these detectors has to be sorted and
organize such that we can set conditions (gates) that will help to identify the
specific reaction channels and associated gamma-ray cascade. The first step on
the analysis of such complex instruments is the time alignment. One has to be sure
that all particles and y-rays are in time coincidence, i.e. belong -more likely- to the
same event. A correct time calibration and alignment maximizes the sensibility
of the detection system. There are four time-to-amplitude converters (TACs) and
three groups of TACs corresponding to each Neutron Wall, each DIAMANT and
each Ge detector in the setup to help defining the time coincidence windows. Their
configuration is shown in Table[6.1} One of them is particular since it is integrated
in the BARTEK module of the Neutron Wall detector system (see Sec. [5.2.2)).

TABLE 6.1: TAC configuration in the EXOGAM - Neutron Wall - DTAMANT
setup at GANIL. RF stands for the radio frequency which is the external time
reference coming from the accelerators. FT stands for the fast trigger (see Sec.
. CFD-OR is the OR of the CFD modules in the Neutron Wall. CFD n
represents the individual detectors of the Neutron Wall. CFD g represents the
individual EXOGAM detectors. “Time DI” represents the time reference of the
DIAMANT detectors. CFD p represents the individual DIAMANT detectors.

TAC START STOP

TAC 0 BaF RF
TAC 1 FT RF
TAC 2 FT CFD-OR

TAC 3 CFD-OR RF
ToF NW CFD-OR CFDn
Time Ge CFD g FT
Time DI  CFD p FT

The time calibration of the TACs was done by determining two calibration points.
First, 16 ns delay was added and then 10 ns removed in the RF signal. This
information is used to find ns calibration of the TAC channels. As explained in
Chapter 2, in order to maximize the neutron-y discrimination capability of the
neutron detector arrays, we use condition in two parameters, namely the Pulse

Shape Discrimination, provided by the liquid scintillator, and the Time-of-Flight,
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FIGURE 6.3: The TAC-0, -1, -2, -3 spectra listed in Table

provided by the good timing of the neutron detectors and a time reference, in

general given by the accelerator system or other detectors.

The performance of the ToF is best when it is referenced to a external time refer-
ence. In our case this time reference is the radio-frequency signal provided by the
accelerator (RF), that is synchronous with the acceleration of the ion packages in
the cyclotron. The evaluation of the ToF is done in two steps, first the individ-
ual electronics of the neutron detectors provides a TAC amplitude referenced to
the logical ”OR” of all the Neutron-Wall Constant Fraction Discriminator logical
signals (CFD-OR). In a second step and only when a trigger happens, a TAC
provides the measurement between the already mentioned CFD-OR and the ac-
celerator RF. In order to reference the time of the Neutron Wall detectors to the
RF signal, the information in the TAC' 3 is used (see Tab. [6.1]). If one multiplies
TAC 8 with -1 and adds to ToF NW, then the result will be CFD n - RF which
will provide the information on the ToF for each neutron signal taking as reference

the radio-frequency pulse of the accelerator.

[CFD n — CFD OR] — [RF — CFD OR] = CFD n — RF (6.3)
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3.25e+03

FIGURE 6.4: EXOGAM eenrgy vs. time after F'T correction (see Eq. . The

2D gate is shown. The horizontal axis represents the EXOGAM energy in keV.

The vertical axis represents the EXOGAM time after F'T correction in ns. The

~-rays in coincident with previous and next to the prompt peak are also visible,

are parallel, and are above and below the prompt peak selected with the 2D
gate.

The time information on the TAC of the EXOGAM detectors are treated in a
similar way to get proper timing. The TAC 1 is needed to be subtracted from the

Time Ge detectors to get the Ge detector signal time references the RF signal (see

Eq. .

[CFD g — FT] — [RF — FT] = CFD g — RF (6.4)

The time alignment of the EXOGAM detectors is important in order to request a
narrow time window for the ~-ray and particle coincidence. Once the alignment
is done, a 2-dimensional gate (see Fig. is set on the Energy vs. Time matrix
to the region that is in coincidence with the prompt v-peak in order to minimize

as much as possible the background events produced by random coincidences.

The time information of the DIAMANT detectors are processed in a very similar
way to the EXOGAM detectors. In the case of DIAMANT, the TAC 1 is needed
to be subtracted from the Time DI signal to get the particle time references to
the RF signal (see Eq. [6.5)). The alignment of the time signals of the DIAMANT
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FIGURE 6.5: An example to the 2-dimensional neutron selection gates on the

Neutron Wall data. Such matrix is produced for each Neutron Wall detector

with ToF and PSA parameters on the horizontal and vertical axes, respectively.
Units are arbitrary.

detectors has been done after such operation.

[CFD p — FT] — [RF — FT] = CFD p — RF (6.5)

As mentioned before, neutron-vy discrimination is done by combining two different
information from the neutron wall which has been explained in detail in Chapter
2. The 2-dimensional gates were determined for each Neutron Wall detector indi-
vidually (see Fig. [6.5]). The reader is referred to see Chapter 2 for more details.

The DIAMANT detector array is used for the light charged-particle detection.
The DIAMANT detectors built from Csl scintillator, provide the particle identifi-
cation as well via PSA. The 2-dimensional spectra of particle energy and particle
identification parameter for each DIAMANT detector are created. Particle identi-
fication parameter is determined by the pulse shape analysis. The technique used
in DIAMANT -similar to the one used in the Neutron-Wall BARTEK electronics-

is the called Zero Cross-Over (ZCO) technique. This technique measures the time
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FIGURE 6.6: The particle selection gates on the DIAMANT data. The matrices
are formed by the energy parameter on one axis and the PID parameter on the
other. Units are arbitrary.

difference between the time determined with the CFD and the time when a bipolar
signal -generated by differentiation with an appropriate time constant- crosses the
zero amplitude. The ZCO spectrum has different location for the different par-
ticles detected in DIAMANT. Drawing this spectrum in one axis and the energy
spectrum of the particles on the other axis, will produce a 2-dimensional parti-
cle discrimination matrix. Then 2-dimensional gates are defined to select proton
and « particles (see Fig. . It is important that the time of each DIAMANT
Csl crystal is aligned and calibrated. The calibration and the alignment are done
in the same way as the Neutron Wall time calibration and the EXOGAM time

alignment.

Energy and relative efficiency calibrations of EXOGAM were done with %2Eu
source and with the activity of *Co implanted during the measurement. The
152Eu source provides up to 1.4 MeV energy and together with the activity of *°Co,
which provides a data point at 2.6 MeV, and thus they are convenient to perform
such calibration. The energy calibration was done together and separately for the
two rings of EXOGAM, 6 = 90° and 6 = 135° with respect to the beam axis, taking
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TABLE 6.2: The final values of the parameters used in the HPGe efficiency
calibration fit function in Eq. (6.4)).

Parameter Overall 90° 135°
Ay 44.314+0.196 41.8440.3227  44.99+0.2032
A, -9.068+0.056 -4.3024+0.2048  -7.797+0.7398
As 0.7549+0.0096 -0.446840.05103 0.3408-+0.2016
Ay 4.87140.284 -2.6474+0.1042 1.005£0.825
As -5.32+0.27 1.91740.04774 -1.194+0.7572
Ag 1.753+£0.067 -0.09874+0.004934 0.611240.1844

as reference the downstream direction. The relative efficiency calibration was done
by fiting the data points to the second degree polynomial function described in
Ref. [72] (shown in Eq.(6.4)). The fit parameters after the successful fit are listed
in Table 6.2

2(Ay) + log(E,).As + [log(E,)]?. Ag
. Arctan(Q/)

where Q/(E,) = exp[A; + log(E,). Ay + [log(E,)]*.A3] (6.6)

Q(Ew) = exrp

Once all the energy and time calibrations are done and the time signals are aligned,
the single y-ray spectra and the -y matrices are created with different particle
detection conditions. The analysis of such an experiment requires to identify the ~-
rays with particle and neutron coincidences. The reaction channel selection of the
setup depends highly on the effective detection efficiency of the detector arrays.
The information -regarding the evaporated particles- is the number of particles
detected, no the ones emitted. The probability that a number "X’ of particles

from the total number "N” emitted is detected, follows a binomial distribution

(see Eq. [6.7).
n!

—)!x!px(l —p)"" (6.7)

P(x) =

(z) n—z
One can, in principle, calculate what will be the probability to detect, for exam-
ple, one-proton in a two-proton channel, or two-proton in a two-proton channel

depending on the proton detection efficiency using the binomial distribution.

In order to identify the new reaction channels by analyzing the y-ray spectra, it is

crucial to know the detection efficiency of the setup. It has been mentioned that the
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FIGURE 6.7: The fit curve and data points after successful fit.

probability to have the y-ray from a nucleus in coincidence with in a certain channel
is determined by the binomial distribution. Therefore, the determination of the
proper channel in which the v-ray is in coincidence with, is done by comparing
the intensities of the y-rays with different conditions. Let me remind the reader
that the proton detection efficiency was found 65% and the « detection efficiency
was found 35%.

The Neutron Wall efficiency, on the other hand, does not fulfill the binomial dis-
tribution due to the certain conditions applied to increase the accuracy of the
two-neutron selection, e.g. the AToF condition, which will be mentioned later in
this section. Before applying such conditions the one-neutron detection efficiency
can be calculated using the number of counts of the transitions that are in coinci-
dence with channels including one-neutron and two-neutron evaporation. For such
test, we have selected the 2577 keV and 191 keV peaks which are in coincidence
with one-neutron and two-neutron, respectively. The area of a peak from a nucleus

in coincidence with two-neutron channel in the two-neutron gated spectrum can
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TABLE 6.3: The areas of the 2577 keV and 191 keV peaks with one-neutron
and two-neutron coincidences to calculate the one-neutron detection efficiency.
See text for details.

Transition Detected neutron coincidence Area [counts]

191 keV In 149004700
191 keV 2n 4600430
2577 keV In 7900£600
2577 keV 2n 12004110

be deduced as:

A3t =Dy [Ew + {2 % CT x eyw x (1 —enw)} — (CT x ehy) — (CT? X exy)]
(6.8)
where I represents the intensity of the transition, eyy is the Neutron Wall one-

neutron detection efficiency, C'T represents the neutron-cross-talk factor which can

be deduced as:
Ao

in
Aln

OT = (6.9)

where the A" notation represents the area of a peak in the Yn gated spectrum
emitted from a nucleus in the Xn channel. On the other hand, the area of a peak
from a nucleus in coincidence with two-neutron channel in the one-neutron gated

spectrum can be deduced as:

A%Z = Ign [{2 X €NW(1 — ENW)} — {2 x CT x ENWw X (1 — €NW)}] (610)

The one-neutron detection efficiency than can be deduced using the Eq. and
Eq. [6.10] as:
2R9,1,(1 = CT) —2CT
£ =
MV (1= 3CT — CT?) = 2Ry 1 (CT — 1)

(6.11)

where,

Agn . ENW(l —3CT — CTQ) + 2CT
Ay, 2enyw(CT —1)+2—-2CT

The efficiency of the Neutron Wall can be calculated using the areas determined
from the related spectra and listed in Table [6.3, The one-neutron detection effi-
ciency has been deduced as 21.1(2.1)%.

As it has been mentioned in Chapter [3] it is possible to increase the 2n Neutron
Wall (or in the future NEDA) selectivity by applying AToF condition on the

neutron detection time. The ToF difference between two-neutron events is more
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FIGURE 6.8: The HIVAP estimations of the cross-sections of various channels
in 60Zn compound nucleus decay.

likely less than one-neutron event firing two detectors due to the neutron-cross-
talk. Nevertheless, at the time of the analysis we had only possibility to use the
neighbor canceling technique. In this technique, the neighboring detectors to the
detector that gives the signal are ignored thus the neutron-cross-talk events are

substantially reduced at the cost of efficiency.

6.5 Cross-section Predictions

The probabilities to populate the daughter nuclei after the compound nucleus for-
mation in a fusion-evaporation reaction can be predicted using HIVAP|[[69, [70]], for
different combinations of projectile and target, and different projectile energies.
The use of this code provides fair predictions, in general is used before the experi-
ment in order to choose the best combination of projectile and target and the best

energy for the population of the channel of interest.

The HIVAP estimations of the various channels in the compound nucleus decay
are seen in Fig. [6.8 It is foreseen that the 2pln channel will be dominant with

respect to the other channels for the selected beam energy.
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6.6 Angular Correlations of the vy-rays

Information of the multipolarity of the v-ray transitions is obtained using the
the angular distribution from oriented nuclei (i.e. ADO) ratios [80-82]. In this
technique, the v-ray intensities at different detection angles are compared to find
out if the ~ transition has a pure quadruple, a pure dipole character or has a
mixing of the two multipolarity. The EXOGAM array allows to perform such
measurement on the detected ~s since the array has three "rings” with polar
angles 6 = 90°, 135° and 145°. Therefore, the ADO ratios of the detected ys were

calculated as in Eq.
[145

RADO = # (613)
Y

In order to get proper results, the relative efficiency calibration of the EXOGAM
array has to be done separately for each angular ring, depending on the detector
solid angle coverage at given polar angle range. The efficiency calibrations of the
EXOGAM rings have been done using the %2Eu source and the decay of 9Co,
i.e. the same data set used to make efficiency calibration of the whole array (see
Sec. , except in this case, with ring conditions. The ADO ratios depend as
well on the degree of alignment obtained in the reaction and how the alignment is

preserved in the decay cascade. The alignment is frequently represented as o(J)/J.

6.7 Results

The ~-v coincidence matrices have been created with several different charged
particle and neutron detection conditions (see Fig. [6.9). The aim is to assign
~-ray transitions to the different reaction products. In the de-excitation process of
the reaction products, the gamma-ray emission drives the nucleus towards yrast
states -minimum excitation energy for a given angular momentum-, therefore,
low lying yrast transitions concentrate larger intensity than the ones happening at
larger excitation energy and /or angular momentum. Once the main transition have
been assigned to a reaction channel, a practical way to proceed is the identification
of the rest of transitions by analyzing the -y matrix and establishing coincidence
relationships. This procedure allows us to build the de-excitation level scheme with

the obtained information. In order to complete the information of the de-excitation
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FIGURE 6.9: ~-ray spectra with different charged particle and neutron condi-
tions.

level scheme, it is necessary to determine as well the relative intensities of the -
rays. The relative intensity is calculated by correcting the area of a peak with the
relative v-ray detection efficiency at its energy. The efficiency determination has

been discussed in the previous section.

The area of a transition in a spectrum with conditions in charged particles and
neutrons depend on several factors. First its intensity, then the probability that
the reaction channels product to which this transition belongs fulfills the conditions

in charge particles and neutrons.

It was mentioned before that the probability to have the ~-ray from a nucleus
in coincidence with in a certain detection particle multiplicities is determined by
the binomial distribution. Therefore, the determination of the proper channel in

which the y-ray coincidence with is done by comparing the intensities of the ~-rays
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with different conditions. Nevertheless, the discrepancy of the neutron detection

efficiencies with the binomial distribution are taken into account.

6.7.1 ~ — v coincidence analysis for 5'Ni

The level scheme of the 5"Ni nucleus was previously investigated by D. Rudolph

and collaborators, and published in Ref [83]. The first excited state in the yrast

band of this nucleus is %_ with the excitation energy of 2577 keV. The g_ decays
to the ground state level with an angular momentum and parity of %_. This
transition is clearly seen in the 7-ray spectrum in coincidence with 1n (see Fig.
. The peak is the most intense in the spectrum in coincidence with one-

neutron and one-proton. The spectrum in the bottom panel of Fig. is in
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coincidence with one-neutron and one-a-particle. In this spectrum, the peak has
disappeared, suggesting that the transition is not in coincidence with a-particles.
A detailed analysis can be done by gating on the transitions go down to the 3/2~
ground state, for example, on the 2577 keV peak and producing the v-ray spectrum

in coincidence with 5"Ni nucleus. The 2577 keV gated gamma spectrum can be

seen in Fig. [6.11]

The level scheme built with the current experimental information is shown in Fig.
6.141
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FIGURE 6.15: ADO ratios for several known transitions and the new transi-

tions. Transitions with quadrupole character shown in red. Purple represents

quadrupole/dipole mixing. Blue represents the transitions with dipole character
but probably with electric quadrupole mixing.

As it is possible to see in the level scheme of °'Ni, shown in Fig. I have iden-
tified three new transitions that are de-exciting three new levels in °’Ni. In order
to suggest the angular momentum and parity of the new states is is necessary first
to assign a multipolarity to the transitions. The ADO ratios of the new transitions
along with the ratio of the already known ones -to be used as calibration- have
been determined. The EXOGAM array, having the detectors relatively close to
the target, in order to gain efficiency, has a large angular coverage for each single
detector. In a theoretical calculation with the given angles, one would expect ADO
of about 0.5 for pure dipoles and larger than 1.5 for pure quadrupoles with a usual
o(J)/J ~0.3. The integration over broader angular ranges makes more practical
a calibration with transitions of known multipolarity. Such calibrations results on
a value of 0.3 for pure dipoles and larger than 0.9 for pure quadrupoles (see Fig.
[6.15). In Tab. [6.4] one can see the ADO ratios of the known E2 and M1/E2 tran-
sitions in °"Ni, together with the ones of the newly identified transitions. With
the present results we assigned M1/E2 character to the three new transitions. In

Tab. there is a summary of the observed transitions in “Ni.

The interpretation of the newly assigned levels to 5“Ni in the framework of the

Shell Model is ongoing.
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TABLE 6.4: The ADO ratios and the multipolarities of the known and the

newly identified transitions in ®"Ni. The known multipolarities have been taken

from Ref. [83]. Proposed multipolarities of the new transitions are shown in
parenthesis. See text for details.

E., [keV] E, [keV] I,s Rapo Multipolarity 17 [n] 17 [A]
768.7(2) 768.7(2) 15(1) 0.69(4) M1/E2 5/2-  3/2

2443(4)  2443(4) 1.6(1) M1/E2 5/2  3/2°

2577(1)  2577(1)  100(4) 0.93(3) E2 7/2-  3/2-

3188.1(2)  611.1(2) 3.6(3) 0.40(4)  (ML/E2) 0/2-  7/2"
3230(1)  3230(1) 2.0(3) 727 3/2°

3361(2)  2593(2)  1.0(2) 7/2- 52

3713(2)  483(1)  2.1(2) M1/E2 13/2- 11/2-

1136.2(2) 10.1(5) 0.66(3) M1/E2 9/2  T/2"

1270.1(4)  3.1(2) 9/2-  5/2"

3864.4(6) 1286.4(6) 32.2(3) 0.85(3) E2 11/2-  7/2
4025.7(8)  3257.2(7)  2.2(4) 9/2=  5/2
4068.6(6)  879.7(6) 1.9(2) 0.63(5)  (M1/E2)  11/2 9/2-
4168.3(4)  975.2(4)  20(2) 0.62(5)  (MI/E2)  11/2~ 9/2-
4500(2)  636.1(2)  3.5(1) 11/2- 11/2-

1139.3(3)  3.5(1) 11/2- 7/2

4040(4)  437.6(7)  1.1(1) M1/E2 13/2- 11/2

1075.1(3)  9.9(4) M1/E2 13/2- 11/2

1227.0(3)  13.1(5) E2 13/2=  9/2

5319.0(5) 1455.0(5) 8.1((7) 0.85(5) E2 15/2- 11/2-
5368(1)  1343(1)  0.8(2) 13/2-  9/2-

5513(2)  573.6(2)  2.4(2) M1/E2 15/2- 13/2

5661(1)  293.4(4)  2.1(3) M1/E2 15/2- 13/2-

1159.6(5)  6.2(5) E2 15/2~ 11/2-

6419(3)  905.9(3)  1.5(1) M1/E2 17/2 15/2°

1100.2(3)  9.7(8) 0.43(3) M1/E2 17/2 15/2°

6.7.2 ~ — 7 coincidence analysis for the Ga nucleus pro-
duced in the reaction with the “°Ar contamination in

the beam

Even if the °Ga is produced only in the fusion-evaporation reaction with the “°Ar
contamination of the beam (1%), nevertheless, the characteristic 190.8 keV peak
is one of the most intense peaks on the spectrum (see Fig. . The analysis of
the 190.8 keV peak shows that it is in coincidence with the 2nlp channel (see Tab.
. The 190.8 keV gated ~-ray coincidence spectrum shows that this transition is
in coincidence with 751, 1027, 1096, 1501 and 1526 keV transitions (see Fig. .

The ~-ray coincidence search within the region that is expected to be populated
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FIGURE 6.16: The spectra with various reaction channels gated. The 191 keV
peak disappears completely on the spectrum in coincidence with a-particles.

TABLE 6.5: The areas of the 190.81 keV peak with no-particle and one-proton
coincidences. The proton detection efficiency of the DIAMANT array can be
found as 65%.

Condition on Area Percentage

particle detection [counts] [%]
1nOp 2604 35
Inlp 4838 65

in the 3?S + 28Si reaction turned with no results. Extended search of the region

for the v — v coincidence database lead us to %°Ga.

In order to populate °*Ga as the daughter nucleus in 2nlp channel, the compound
nucleus should be %Ge. The only way to form %Ge as the compound nucleus, the
beam should have been contaminated with “°Ar. The *°Ar is due to the identical
rigidity of the 32S 4% beam with the contaminant *°Ar 5*. The presence of “°Ar
in the ion source was unknown to us during the experiment. The energies of both
the beam and the contaminant were about 2.5 MeV/u. The *°Ar contamination

in the beam was found 1%.
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FIGURE 6.17: The two regions of the 191 keV gated v —~y coincidence spectrum
showing some of the peaks of °Ga.

The level scheme of ®*Ga built with the data of the current work is shown in Fig.

[6.18 and Tab. [6.6]

6.7.3 Other nuclei observed in the present experiment in
the reactions *2S + 28Si and *°Ar + 28Si

In this section, the level schemes of the rest of nuclei that have been populated in
the experiment will be presented. The identification of the rest of the transitions
observed on the spectrum has been done by analyzing the v — v and ~-particle
coincidence matrices. The angular momentum and parity of the states were taken
from previous works, therefore the reader is advised to see the related publications
cited.
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TABLE 6.6: Transitions belonging to %Ga observed in the present experiment.
The level angular momentum and parity data have been taken from Ref. [84].

E.. [keV] E, [keV] La IT[n] I7 (7]
190.8(1)  190.8(1) 100(5) 5/2= 3/2°

1075.2(2)  884.2(3) 9.5(8) 7/27 5/2°
1287.1(1) 1096.1(1)  85(5) 9/2= 5/2~
2037.9(1)  750.9(1)  70(5) 9/2F 9/2~
2788.1(3) 1501.0(3)  15(1) 13/2= 9/2°
2812.6(6) 1525.8(4) 5.2(8) 11/2= 9/2-
3064.8(2) 1027.2(2)  60(3) 13/2t 9/2F
3732.9(2)  945.1(2)  14(1) 15/2%t 13/2-
4122.9(5) 1057.9(1)  50(3) 17/2+ 13/2*
4434.1(6)  311.2(4) 7.3(9) 17/2F 17/2*
4546.8(6)  813.7(3) 10.1(1) 19/2F 15/2*
5467(1) 1033.4(3)  6.8(2) 19/2— 17/2°F

1344.1(4)  4.5(4) 19/2— 17/2*

6295(1)  827.9(3)  14(2) 23/2~ 19/2

7363(1) 1068.1(2) 11.3(9) 27/2= 23/2

6.7.3.1 Reaction products populated by the compound nucleus *Zn

The nuclei with the higher population following the evaporation in the compound
nucleus %Zn in the experiment are presented in this section. The level schemes
of each nuclei are presented in the corresponding reaction channels listed in Tab.
[6.71 The intensities are relative to the most intense transition.

TABLE 6.7: The most populated nuclei by evaporation of the compound nucleus
607Zn. The level schemes can be seen in corresponding figures.

Channel Nucleus Level Scheme Reference

Inlp SCu Fig. [6.19 5
In3p %Co Fig. 16.20 [86]
2n4p *Fe Fig. [6.21 [87]
2n5p 3Mn Fig. 16.22 [88]

6.7.3.2 Reaction products populated by the compound nucleus ®Ge

The compound nucleus %Ge is produced due to the **Ar contamination in the
328 beam. The nuclei populated with large probability within different reaction
channels are listed in Tab. The level schemes of the populated nuclei are
presented in the corresponding figures listed in Tab. [6.8]
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FIGURE 6.19: Level scheme of ®®Cu as measured in the present work.
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FIGURE 6.20: Level scheme of Co as measured in the present work.
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FIGURE 6.21: Level scheme of **Fe as measured in the present work.
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FIGURE 6.22: Level scheme of ®**Mn as measured in the present work.
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TABLE 6.8: The mostly populated nuclei by evaporation of the compound
nucleus ®Ge. The level schemes can be seen in the corresponding figures.

Channel Nucleus Level Scheme Reference

In2p 057n Fig. 16.23 [89]
2n2p 647n Fig. 16.25t(a) [90]
2nla 027Zn Fig. 16.25t(b) [91]
Inlpla  %Cu Fig. 16.24 [92]
S

v %5Zn Level Scheme
= o

N

P

(@)

| -

Q

(- 9/2*

L i 7/2- 201

c

Q9

—

_'g O 5/2~

&)

X

LL
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6.7.4 Comparison of the experimental and calculated yields

The yields of the populated nuclei obtained experimentally for the 32S + 28Si and
40Ar 4 28Si reactions relative to the most intense detected reaction channel. The
theoretical cross-sections have been calculated using the HIVAP code, previously
mentioned in Sec. Since the experimental transition intensities have been
determined relatively, the calculated yields have also been normalized to the same

nucleus as in the experimental cross-sections (see Fig. and Fig. 6.27)).
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FIGURE 6.26: Relative intensities normalized to the cross-section of the ®"Ni
nucleus, experimental (a) and calculated (b).

rel.¢-cak. norm.

(a) (b)

FIGURE 6.27: Relative intensities normalized to the cross-section of the %°Ga
nucleus, experimental (a) and calculated (b).

The neutron detection has been requested by the single v trigger, thus reaction
channels emitting less or no neutrons will be suppressed with respect to the ones
emitting several neutrons. Some channels can be populated using more than one
reaction channel. For example, **Fe can be populated using either 2n4dp or 1la2p

channels. The discrepancy between the calculations and the measurements arises
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mainly due to only the fraction going through neutron channels will be represented

in the experiment.

6.8 Summary and Conclusions

The analysis of this experiment was useful to understand and practice on the use of
neutron and light charged-particle detectors for the selection of the reaction chan-
nels in fusion-evaporation reactions. The experience acquired has been applied to
the design of NEDA (see Chapter 3).

The beam contamination, even if small, prevented us to reach the initial goal of

this experiment.

The performance of the Neutron Wall was satisfactory in terms of one-neutron
detection efficiency, i.e. 21.1(2.1)%. Fifty segments of the Neutron Wall have
been active and working giving ~10% neutron cross talk probability, which is
expected (see Chapter 4). The Neutron Wall has been used in multiplicity filtering
mode and provided good channel selection. The two-neutron efficiency was found
~1.4%. The two-neutron efficiency depends on the neighbor canceling technique
to distinguish the event whether it is a real two-neutron event or a one-neutron
event fired two detectors (see Chapter [3). The efficiency of this technique depends
highly on the granularity of the array. This outcome has been one of the starting
points on the conceptual design of the NEDA array (see Sec. to make the

design in favor of the efficiency of multiple-neutron detection.

The level structures of the populated nuclei are in good agreement with previous
works. The new levels discovered in °"Ni nucleus and the multipolarities of the

new transitions have successfully been determined.






Chapter 7

Experimental activity at GSI

with AGATA-PreSPEC:
Collectivity in **Fe

7.1 Introduction

The experiment has been performed at the PreSPEC setup of the FRS in-flight
radioactive ion beam facility at GSI. GSI is one of the leading nuclear physics
laboratories in Europe providing in-flight Radioactive Ion Beams (RIBs) at rel-
ativistic energies. The importance of having this experiment performed at GSI
is that the production of secondary beams at highly relativistic energies, allows
a sizeable population of isomeric states [93], 04]. This in principle provides an
opportunity to study the collectivity in both the ground state and the isomeric
state simultaneously. The physics motivation of the experiment will be explained

in more detail in the next section.

After the physics motivation, this chapter will discuss: the reaction mechanism,
experimental setup, realistic Monte Carlo simulations, isomeric ratio determina-

tion, data analysis and results.
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7.2 Physics Background

In the last decade the 1f7/5-shell nuclei have become a very successful test-bench
for nuclear models and interactions. On one side, nuclear structure experiments in
the region have benefited from the use of the large v-arrays, on the other side there
was an impressive progress in the shell-model approach due to the appearance of
the large-scale shell-model (LSSM) calculations [95], [96]. Near the middle of the
shell, nuclei show collective properties similar to those observed in heavier nuclei,
such as rotational-like bands, band termination, and back-bending phenomena.
Presently this is the unique region where it is possible to describe deformed nuclei
within both the mean-field and the shell-model descriptions [96, 97]. The %*Fe
nucleus (N=Z=26), with two proton and two neutron valence holes in the doubly
magic %°Ni, has been a particular experimental challenge. Most of the known
excited states, observed in ( *He,n) [98-100] (a,2n) [101] and (p,t) [102] reactions
(see also ref. [I03]), were at relatively low spin (below 67). Many attempts to
extend the ®2Fe yrast structure to higher spins in fusion-evaporation reactions
induced by heavy ions have failed due to the presence of a 12" isomer, which acts
as a “trap” for the de-exciting v ray flux. In recent works [104], [105] with high
efficiency 7 ray detectors the level scheme of 2Fe was extended up to the 10%
state, thereby confirming the predicted inversion [106, 107] of the yrast 10" and
127 states and measuring the two E4 y-branches connecting the 127 state to two 8
states. Thus the long-lived yrast 127 state, with a measured half-life of 45.94+0.60
s [106], 107], was accurately placed at the excitation energy of 6493 keV. In one of
the previous in-beam works [104], lifetimes and excitation energies of several states
in °*Fe up to I = 8" were measured with the GASP spectrometer at LNL (INFN).
The B(E2) values, calculated with the code ANTOINE [109] and the KB3 [10§]
interaction were in rather good agreement with the experimental ones. The shell
model calculations also provided the spectroscopic quadrupole moments (Qg; large
negative values were obtained for the first two excited states. As already pointed
out in Ref. [I10], *?Fe behaves as a rotor below =6, consistently with a K=0
band. Using the rotational model prescription, an intrinsic quadrupole moment
Qo ~ 90 efm? was obtained for the lowest 27 and 4" states from both the theoretical
B(E2) values and the quadrupole moments. The deduced quadrupole deformation
parameter is rather large ~ 0.23. A recent measurement of the 27 —0" B(E2)
value in %?Fe, using Coulomb excitation techniques [IT1], is in excellent agreement

with the calculation performed in Ref. [104]. A drastic change is noticed at 1=6
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where (Jg changes sign and becomes very small. Such a behavior can be related,
in terms of a deformed Nilsson model, to a crossing between the ground state
K=0 band and an excited K=6 band. The K=0 band corresponds to an intrinsic
state obtained by filling the [330]5 ", [321]2 ", [312]2 "~ Nilsson orbitals with protons
and neutrons. The intrinsic state of the K=6 band is constructed by exciting one
proton or one neutron from the [312]2” to the [303]% orbital. This also explains
the presence of two 6% levels close in energy. The intraband transitions show
that the structure of the two rare 67 and 8" states is strongly mixed with the
K=0 ground state band so that we cannot speak of a pure intrinsic state but
only give an intuitive image. The LSSM calculations show that the structure of
the two K=0 and K=6 bands is largely dominated by a (f;/2)* configuration. In
a naive interpretation the change at I=6 might also be viewed as a termination
in the subspace of the protons or the neutrons as the spin 6 is the maximum
value that can be produced by two holes in the f7/, shell. The nucleons with
aligned spins gain energy as their residual interaction is stronger due to the large
overlap of their wave functions. This has the effect of lowering the energy of the
corresponding excited states that are usually associated with oblate deformation

and ‘single-particle’ rotation.

As shown in Fig. the change of regime at 1=6 is also reflected in the fractional
occupation numbers; the occupation of the ps/, orbit has a marked drop at this
point. It is well known that the development of quadrupole coherence giving rise
to rotational-like bands in the fp-shell comes from the mixing of the f7/, and ps/,
orbits [96, O7]. In the most deformed nuclei of the region, the pss, occupation
number stays almost constant at low spins while at the maximum spin that can
be constructed with the valence particles in the f7,5 shell, the ps/, f52 , and
P1/2 occupation numbers vanish for 4Ti (I=12) and become insignificant for *Cr
(I=16). The f7/, becomes the only relevant orbit in these cases where the fully
aligned band-terminating states are of non-collective character. The situation is
different in °2Fe, where above 1=6, all contributions remain almost constant and
different from zero as a function of spin even at =12, thus keeping a residual

collectivity predicted for the yrast trap.

The comparison with *4Ti is relevant in this sense. The N=Z **Ti nucleus has
2 protons and 2 neutrons in the f7/; shell being the self-conjugated partner of
the 52Fe at the other end of the shell. Its band termination at 127 has almost

purely f7/5 character and it leads to a lowering of the state’s excitation energy
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FIGURE 7.1: Calculated ocupation numbers as function of the angular mo-
mentum in *?Fe . The LSSM calculation has been performed with the KB3G
interaction and the code ANTOINE.

due to the gain in energy of the aligned configuration owing to the large overlap
of the wave functions but without going below the yrast 10* state. In 52Fe the
(fz/2 )* configuration accounts only for 60% of the structure of the terminating
state and the lowering of the state might be the result of the residual quadrupole
collectivity induced by the presence of the ps/o orbital. In **Fe [104] as well as in
2Mn [112], the observed 3~ state (lying at 4.4 MeV excitation energy in 5?Fe),
cannot be reproduced by the LSSM calculation including only orbitals from the
sd-shell. Already in this two works it is suggested that the contribution of the
go/2 intruder orbital could be an important factor. If this is the case it is very
likely to find an increase of collectivity in the high spin states of these nuclei
due to (gg/2)? configurations. Another clear fingerprint can be found in a high-
sensitivity experiment performed at Gammasphere in which a gg/» band in °'Mn
was identified [IT3] with the %Jr bandhead lying at 7296 keV excitation energy.
Recent experimental studies brought strong evidence for the role of the gg /5 orbital
at medium spins in Z=28 nuclei. In a recent work studying the structure of *Ni
it was pointed out that the contribution of the gy, orbital, in the configuration
of the yrast and first yrare 8" states, can justify the fact that LSSM calculations,
with state of the art interactions, do not succeed to describe their de-excitation
pattern [I14]. In ®!Ni has been recently identified the particle decay of the 10T
isomer by emitting a gg /o proton [115].

It also was reported by our group [105] the measurement of the E4 + de-excitation
of the 12% yrast trap in °?Fe to the two known 8¥ states. The experiment was

performed at the GSI on-line mass separator. The evaluated intensities reflect
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very low E4 transition probabilities: 4.6(17)x10* W.u. and 3.5(13)x10% W.u.
for the 127 — 8 and 127 — 8 transitions, respectively. If one compares the
?Fe data with the B(E4) observed in other f7/5 shell nuclei, to obtain the lowest
value, corresponding to 52Mn (0.138 W.u.), partial de-excitation branches that are
~300 and ~40 times higher than those observed for the 12+ — 8] and 127 — 85
transitions, respectively, would be required. In order to interpret these results cal-
culations in the shell model framework with the code ANTOINE [109] in the full pf
model space were performed. Three different residual interactions have been used,
namely the FPD6 [116], the KB3G [117], and the GXPF1 [I1§] interactions. All
calculations overestimate the experimental values. The best description is achieved
by the FPDG6 interaction while both the KB3G and GXPF1 calculations fail in re-
producing even the order of magnitude of the B(E4). The FPD6 calculation in
turn is not especially good calculating the *?Fe energy spectra, as it fails largely
to reproduce excitation energies and transition probabilities from the low-lying
states. The only reason to explain the huge difference and better agreement found
between the B(E4) calculated with FPD6 and the other two interactions is that
FPD6 predicts a more than 50% larger collectivity for the 12 state while KB3G
and GXPF1 predict comparable values for the f7/, occupation number. This fact
was also discussed by B. Castel and L. Zamick in Ref. [119], where it is mentioned
that hexadecapole of electric character show significant retardation with respect to
the corresponding shell model calculation in the pf-shell. In this work it is pointed
out that effect due to deformation can be very important, in particular the fact

that a quadrupole deformation will alter a hexadecapole moment.

A frequently employed method to investigate the collectivity of the states is the
measurement of the transition probabilities. Large B(E2) values are expected
in collective states. The first step to understand if such measurement can be
performed in the isomeric states of *2Fe is to calculate where the 127 and 14" yrast
or near-yrast states are predicted. In our case this has been achieved performing
LSSM calculations in the pf-shell model space, with the GXPF'1 interaction and
the code ANTOINE. The preliminary calculations limited to 8 particle excitation
(truncated calculation) and effective charges e, = 1.5, e, = 0.5. The resulting

states above the yrast 127, transitions and calculated B(E2) are shown in Tab.

1l

The structure of the 12* yrast trap in °?Fe is still largely not understood. The

investigation of this state by Coulomb excitation can provide excitation energies
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FIGURE 7.2: Calculated level scheme for the yrast and near yrast states in *2Fe

above the 127 yrast trap. The LSSM calculation has been performed with the

GXPF1 interaction and the code ANTOINE. Intensities are proportional to the
emission probability.

TABLE 7.1: Calculated B(E2) above the 127" yrast trap.

E. L E,__E, I, B(E2)
[keV] [h] [keV] [keV] [#] [e*fm?]
9758 125 2800 6958  12] 21
10658 14f 3700 6958  12] 27
10658 147 900 9758 125 53
12358 145 5400 6958  12f 6

of the higher-lying states beyond the 12% as well as transition probabilities. The
information gained will be a strong constraint for the LSSM calculations in the
full fp-shell and will contribute to the understanding of build-up of the collectiv-
ity and the role of the gg/, orbital in stabilizing the structure of the nuclei from
the upper half of the f7, shell in the vicinity of “°Ni. Additionally physics with
isomeric beams is still at an early stage of development. While the recent suc-
cess obtained at the REX-ISOLDE [120] ISOL-facility on producing and Coulomb
exciting a purified isomeric beam of %™Cu at low energy has opened new per-
spectives for the nuclear structure studies, isomeric beams have been very seldom
use at fragmentation facilities despite that in several occasions it was stressed the
importance of using such beams for nuclear structure experimental studies [121].

The *?Fe isomer with its high excitation energy of 6957 keV, high spin of 12A and
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long half-life of 45.94 s has characteristics that only multi-quasiparticle isomers
in the mass region 180-200 can offer. Our study will provide important informa-
tion on the population of high-spin/high excitation energy isomeric states and the

isomer-to-ground state ratio in fragmentation reactions.

7.3 Reaction mechanism

In the present study we aim to investigate the collectivity in the *?Fe states em-
ploying relativistic Coulomb excitation. In order to perform such reaction, the
radioactive 5?Fe beam has to be produced at relativistic energies. This has been
done at GSI where the primary 5*Ni ions are accelerated by the UNIversal Linear
ACcelerator (UNILAC) and Schwerlonen Synchrotron (SIS18) with 600 MeV /u.
The secondary RIBs are produced following the fragmentation of the primary beam
with 9Be target with a thickness of 4 g/cm?. A schematic view of the fragmentation
process can be seen in Fig. [7.3] Fragmentation reactions are peripheral nuclear

Vi =0 V

T

N

7

FIGURE 7.3: The schematic explanation of how the ®?Fe ion fragments were
produced at GSI.

collisions between heavy projectiles and light targets at relativistic energies. The
process could be described by using the abrasion - ablation model [122]. Frag-
mentation is done, as well, with a light target to keep lower angles in the forward
kinematic of the reaction. This particular primary reaction has been previously
studied at similar energy and the *?Fe production cross-section has been measured
to be about 2.1 mb (see Table 1 in Ref.[123]). After the primary reaction, the
secondary beam is selected in flight using the FRagment Separator (FRS). The

selection mechanisms and the components of the FRS will be discussed later in

this chapter (see Sec. [7.4.1]).
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FIGURE 7.4: The schematic explanation of the inelastic scattering of two nuclei.

The Coulomb excitation is an inelastic scattering reaction which allows energy
transfer through the electromagnetic field (see Fig. [7.4). This technique is used
to populate the excited states in exotic nuclei and to study the corresponding

electromagnetic transition matrix elements - B(EX) and B(MA).

Non-relativistic Coulomb excitation can be performed at energies below the Coulomb
barrier, such that the interactions of nuclear origin are suppressed. On the other
hand, in relativistic Coulomb excitation, the ions are at high energies (30-300
MeV /nucleon), and the energy of the projectiles are largely above the Coulomb
barrier, then the projectile and target might interact through the nuclear forces
in addition to the Coulomb one. In order to make sure that nuclear contributions
are small, one needs to keep the projectile and target nuclei separated during the
scattering process. The Sommerfeld parameter gives an approximate condition for

the classical behaviour in the scattering process:

212262
m002ﬁ2

n= %, where a = (7.1)
where o is half the distance of the closest apporach and X is the reduced wave-
length. Z;, A; and Z3, Ay are charge and mass numbers of projectile and target
nucleus, respectively. The Sommerfeld parameter, 7, ensures that one may form a
wavepacket containing several waves and still having a size which is small compared
to the dimensions of the classical trajectory with the condition 1 > 1 [124]. The
semi-classical approach is appropriate for a relatively heavy projectile scattered
on a heavy target, like in our case, a Au target, since the Sommerfeld parameter

is still > 1. The scattering angle of the projectile ions is related to the minimum
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distance between the projectile and the target (b,,;,) which becomes identical with

the maximum closest approach D:

2 D
b:\/m_& (7.2)

v

D(Our) = % x [1 + sin~! (92’”)} (7.3)

Larger angles will correspond to larger Coulomb force, thus smaller distance b.
In our case, we selected the impact parameter b = 18 fm, 6.3 fm larger than
the distance of the closest approach to be conservative. Thus the nuclear matter
distributions of the two interacting nuclei would not overlap at any time. This is

crucial for calculating the Coulomb excitation cross section accurately.

The relativistic Coulomb excitation cross section is a function of the electromag-
netic matrix elements B(EX) and B(MA). Thus, measuring the cross-sections via

Coulomb excitation the following basic nuclear structure properties are obtained:

e The excitation energy of a low lying excited state of a nucleus

e Electromagnetic transition matrix element B(u).

The relation between the Coulomb excitation cross section and the sum of the

allowed multipole matrix elements is explained in Ref. [I125] as:

Oiyf = Z Orr (7.4)
TA

where,

Z 2\ ? B(r\ A A=1"1 for A>2
aﬂkz(P‘e) (2,0 = >7TRZ{( )7 for Az (7.5)

he e2 % 2in(py/R) > for A=1

where p, denotes the impact parameter at which the adiabatic cutoff of the
Coulomb exciation process sets in. This occurs when the time of internal motion
in the nucleus h/E. equals the collision time p,/(vc3), where E, is the energy

of the excited state < f | relative to the initial state | ¢ >. Thus the maximum
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energy of final states that can be excited in collisions with impact parameter b is

of the order of;

Yhep
b

BT~ (7.6)
In our case, the maximum excitation energy is 6.5 MeV. The Coulomb excitation
cross-section as a function of the projectile energy is discussed by Glasmacher in
Ref. [126]. In Figure 1 of Ref. [126], it is shown how the cross-section of the
Coulomb excitation of the first excited state, the giant dipole resonance (GDR)
and the giant quadrupole resonance (GQR) changes with different °S projectile
energies. The Coulomb excitation of the first excited state is dominant below
the energy of the projectile of 100 MeV /nucleon, while for the giant resonances,

energies above 300 MeV /nucleon become ideal.

In short and on view to the previous discussion, the relativistic Coulomb excitation
will allow to excite low-lying states in °?Fe both above the ground and isomeric
state. The determination of the Coulomb excitation cross-section will allow to
deduce the electromagnetic transition matrix elements, thus gaining information

on the collectivity of the states.

7.4 Experiment

It was mentioned earlier in this chapter that the experiment has been performed
at GSI, the PreSPEC setup of the FRS. In Fig. a schematic drawing of the
GSI is shown. In this figure, the location of the ion sources, the linear accelerator,
the synchrotron and the FRS are indicated.

The 52Fe ions have been produced by the fragmentation of a **Ni primary SIS beam
at 600 MeV /u impinging on a 4 g/cm? ?Be primary FRS target. The primary beam
intensity was of the order of 10 ions per spill with spill-on and spill-off periods
of 3 and 2 seconds, respectively. The secondary beam after the fragmentation
reactions of the primary beam on the primary target, is simply a mixture of
radioactive isotopes, and the isotope of interest has to be separated, i.e. 52Fe in
this case. The selection is done by means of the FRS and after separation, the ions
of interest are impinging into the secondary target, i.e. in our case a 400 mg/cm?
197 Au target.
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The FRS uses the Bp - AE - Bp technique to separate the reaction products (see
Fig. . Change of direction of the velocity vector of a charged particle inside
a magnetic field is a known fact, the Lorentz force and widely used in similar

experiments and applications, like magnetic spectrometers or separators (see Eq.

7).

F=¢(E+v xB) (7.7)

Note that the charged particle would experience the Lorentz force only when it
is moving. The deviation from the initial trajectory of the moving ion inside a

magnetic field depends on its mass and charge,

([ A\ mgc
Bp = (é) .7.ﬁ’y (7.8)

where A is the mass number, @) is the charge state, m is the mass at rest, 57 is

the relativistic reduced momentum with f=v/c, being v the velocity.

Ring accelerator
SiIs18

Linear accelerator
UNILAC

lon sources

Fragment
separator FRS

Experimental
storage ring ESR

Main control room

Experimental hall | Experimental hall ||

FIGURE 7.5: A schematic drawing of the GSI accelerator facility.
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FIGURE 7.6: Illustration of the optic elements of the FRS for the ion separation

process. The secondary beam which consisted of the fragment residues of the

primary beam after the fragmentation reactions, is produced in the primary

target and then the ions are separated in flight. The settings of some of the
elements are given in Table @

\i‘)uadrupole magnet (horizontal focus)l

The fragment selection is done in two stages in FRS. The first stage includes all
optical elements from the entrance to the F2 focal plane shown in Fig. [7.6] The
velocity of the residual ions after the fragmentation reactions is largely preserved.
The magnetic fields and curvature radii of the dipoles D1 and D2 distribute the
secondary beam in F2 as a function of the magnetic rigidity Bps, that depends
largely on the A/Q ratio (see Eq. [7.8)).

The second stage of FRS goes from the F2 focal plane to the F4. A noticeable
amount of ions with A/Q ratio similar to the reference one are going through the
first stage with the selected ions. The energy distribution of the ions is modi-
fied using an Al wedge degrader. The ions distributed at S2 depending on their
magnetic rigidity, lose their energy in the wedge, therefore reduce their velocity,
depending on their trajectories, i.e. depending on the thickness of the section of
the wedge they go through (see Fig. [7.7)).

The FRS has been operated in the achromatic mode in the current experiment.
In this mode, the resulting transversal position of the ions at F4 is independent

from their momentum at the exit of the degrader.

The D2 and D4 dipoles are adjusted to fullfill Eq. [7.9]

)
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FIGURE 7.7: A schematic view of how the velocities of the ions are equalized
or spread in the energy loss process.

The MOCADI [127, 128] and LISE++ [129] simulations were done before the exper-
iment to determine the best possible settings for the FRS elements. LISE++ is a
powerful and user-friendly tool to simulate the transmission efficiency of the ions
at several different laboratories, like GSI, GANIL, RIKEN or NSCL. This tool al-
lows the user to use different blocks that represent the optical elements and matter
and to be able to define their settings and material composition. Such flexibility
makes possible to quickly optimise the setting for a particular fragment. LISE++
also provides tools to calculate and plot the energy loss of a beam before, inside
or after a material, time of flight between two given points, etc... The suggested
settings in the simulations to select the °?Fe ions with best accuracy can be seen in
Table[7.2l The counting rate was 1.7x10% at S2 area and 1.03x 10 at S4 with the
listed settings. On the other hand, the MOCADI Monte-Carlo code, more accurate
simulating the transmission through FRS, was used to obtain the settings of the

FRS magnetic elements.

7.4.1 The FRagment Separator (FRS) detectors

The FRS is divided into 4 areas which are separated by 4 dipole magnets after
the primary target, and are called S1, S2, S3 and S4. The FRS detectors are

distributed in two focal planes, S2 and S4 areas.

The FRS detectors consist of plastic scintillators for time-of-flight measurements,

time projection chambers for the position determination and ionization chambers
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TABLE 7.2: Settings of the FRS elements during the experiment. These settings

were determined with LISE++ simulations before the experiment. The horizontal

settings of the S2 slits were modified for this experiment, the reason for such
change will be given later.

FRS element Setting Material /Orientation
S1 Slits 420 mm Horizontal

S1 Degrader 2 g/cm? Aluminium

S2 Slits -10, +70 mm Horizontal

S2 Slits +100 mm Vertical

S2 Wedge 4 g/cm? Aluminium

S3 Slits -30, +10 mm Horizontal

S4 Slits 420 mm Horizontal

for the energy loss measurement. These detectors and their use in FRS will be

described in the following subsections.

7.4.1.1 Time Projection Chambers (TPCs)

The time projection chamber (TPC) is a position sensitive detector [130} 131]. It
has a vertical drift space with respect to the beam direction, it is filled with Ar
gas at atmospheric pressure and works at room temperature. The drift space has
cathode and anode in upper and lower ends, respectively. The structure of the
lower end of the drift space includes, a shielding grid (Frisch grid), anode and
four proportional counters with C-pad cathodes. The drift space is surrounded by
mylar strips of 20 pm thick which are coated with aluminium of 0.5 pgm thick. A
schematic drawing of the TPC could be found in its manual provided by GSI, and

can be seen in Fig.

ko
e e T T R Y
k Shielding grid
“ Anode
™, Delay line

FIGURE 7.8: Schematical view of the TPC.
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A high voltage is applied on the cathode to create electric field. The mylar strips
are connected to the voltage divider and a voltage up to 400 V/cm is applied
to the divider to form a uniform electric field. The proportional part is placed
underneath the drift space and is separated by a shielding grid which is kept at
negative potential (-80 V). The proportional part consists of four anode wires of
20 pm in diameter and placed inside C-shaped pad formed cathodes. Each C-pad

is connected to an integrated passive delay line.

The vertical position of an incident particle is proportional to the drift time of the
ionized electron. The horizontal position is determined by the measurement of the
time difference between the arrival of the signals at the left and at the right end of
the delay line. Another way to determine the y-coordinate is by the measurement
of the sum of the arrival time of the signals on both sides of the delay line. Then
the sum will consist of the length of the delay line and double of the drift time.

The TPC provides a two dimensional position measurement.

Four TPCs were placed during the experiment: Two of them at the S2 and the
others at the S4 focal plane. The TPC read-outs are acquired by conventional
TDCs.

7.4.1.2 MUIti Sampling Ionization Chambers (MUSICs)

The MUIti Sampling Ionization Chamber (MUSIC) is used to determine the energy
loss of the particles. The detector has a chamber which filled with pure CF4 gas
at atmospheric pressure (see Fig. . The chamber is covered with anode strips
at the top and cathode at the bottom. The gas is ionized as the charged particles
pass through and the electrons and ionized molecules give rise of the signals at the

anode strips and cathode, respectively.

The ions inside the beam are ideally striped off of their electrons, if the beam
consists of light nuclei like in our case, therefore they are positively charged ions.
As the beam passes through the gas, its Coulomb field will displace electrons from
the gas molecule, creating an ion-electron pair. The number of ions produced
is proportional to the energy loss and also is proportional to the charge of the
incoming ion. The mean energy loss per distance of an ion inside a material is
described by the Bethe formula [132]. According to the Bethe formula the energy

loss per distance is related to the square of the charge of the incoming ions, the
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Z number. Tons with different Z numbers will lose different amount of energy and
the energy spectrum will represent the Z number distribution of the ions inside

the beam.

The gas counters are quite efficient allowing to detect up to 90% of the ions. On
the other hand, they are relatively slow detectors, i.e. the electron collection in
a gas detector is of the order of several microseconds and the ion collection is of
the order of milliseconds. If the counting rate is too high, like in the case of the
current experiment, one could suffer from pile-up. This is partially overridden by
using digital read-outs with pile-up suppression capabilities. A comparison of two
energy loss spectra, one obtained using the pile-up module and the other with the

conventional module is shown in Fig. [7.10]

The pile-up counts of the conventional output of the MUSIC are most likely over-
flowed and are not within the ADC range. The digital read-out with pile-up

suppression is more efficient as seen on the same figure.

7.4.2 ToF detectors

Time-of-flight (ToF) of the ions are recorded in two ways in FRS, using two dif-
ferent detectors, standard and finger, in the S2 area and a standard detector in
the S4 area (see Fig. . The finger ToF detectors are better, on high counting
rate conditions, than the standard plastic scintillator detectors due to their seg-
mented structure (see Fig. [7.12}b). Therefore they are more useful in the current

experiment due to high counting rates at the S2 area.

anode strips

Frisch grid

beam CF4 float glass
—_— window

cathode

FIGURE 7.9: An artistic view of the MUSIC detector showing its parts. Drawing
taken from the technical manual of MUSIC.
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FIGURE 7.10: Comparison of pile-up suppressed and unsuppressed spectra of
the MUSIC detectors.
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FiGure 7.11: Illustration of the FRS. The drawing in Fig. is simplified to
focus on the ToF measurement.

Finger detectors are consisted of 15 segments, attached to 16 photomultiplier tubes
(PMTs) at the top and the bottom. While, the standard detectors have two PMT's
at their left and right sides (see Fig. a).

There are three more ToF detectors for measuring the times before and after the
secondary target, and they are located as; one in the S4 area, one inside the target
chamber, and the last one in LYCCA. Two of these detectors (see Fig. are
identical in size and material (BC-420), which are located in S4 and in LYCCA.
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FIGURE 7.12: Schematic views of the Standard (a) and Finger (b) detectors.

The thickness d in the standard scintillator is 2.765 mm and 3.15 mm for the S2

and S4 area ToF scintillators, respectively. The thickness of the finger detectors
is 4.4 mm.

The one inside the target chamber is made of the same material except its size is

smaller.

These detectors are also position sensitive. The position of the ion inside the
detector could be re-constructed using the time difference between the fired PMT's

for each event.

The high counting rates at S2, mentioned previously in Sec. [7.4] i.e. of the order
of 10° per spill, makes the standard S2 ToF scintillators to function with relatively
low performance. Since the Finger ToF scintillators show a better performance
(see Fig. , the determination of the ion velocities is done using the ToF
between S4 standard ToF scintillator and the S2 Finger scintillator.

The standard scintillators at S2 and S4 are attached to three TDC modules with
multihit capabilities on FRS, LYCCA and USER crates (see Sec. . The Start,
Target and Stop ToF detectors are connected to the multhit TDC modules on
the LYCCA crate. The Finger detector is connected to the multihit TDC on the
FINGER crate.
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FIGURE 7.13: The position sensitive ToF detectors. Two large detectors with

32 PMTs (a) are positioned in S4 area and 3712 mm away from the target

chamber in the beam downstream. The small detector with 12 PMTs (b) is
positioned inside the target chamber.

7.4.3 The LYCCA detectors

The Lund-York-Cologne CAlorimeter (LYCCA) detector system [134] is located
approximately 3.7 m away in the beam downstream after the target chamber, and
is composed of Double-Sided Si-Strip Detectors (DSSSD), Cesium-Iodide (CsI) de-
tectors and plastic scintillators for the ToF measurements. LYCCA can discrimi-
nate the ions using their total energy, energy loss and time-of-flight information.

A schematic overview of LYCCA together with the ToF detectors can be seen in

Fig.

One can see from the figure that the LYCCA detectors are not used only to detect
the released energy by the ions, but also to detect the scattering angles of each
event. The angle determination is done in two stages: first the trajectory of the
ions before hitting the secondary target is determined using the xy positions on
the TPC and Target-DSSSD detectors, and second the trajectories after hitting
the secondary target are calculated using the xy positions on Target-DSSSD and
wall-DSSSD detectors. Angular difference between two trajectories, i.e. before

and after the target, gives the scattering angle of the ions in the secondary target.
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7.4.3.1 Double-Sided Si-Strip Detector (DSSSD)

The DSSSDs are position sensitive detectors which determine the energy loss of
the ions. There are two types of DSSSDs used in LYCCA: Target DSSSD and
Wall DSSSD. Target DSSSD consisted of one single Double-Sided Silicon Strip
Detector which has 32 strips on each side. Considering that size of the detector
side is 58 mm, the Target DSSSD has 1.8 x 1.8 mm? accuracy in the position
determination. The Wall DSSSD system consisted of 16 modules with the same
size as in the Target DSSSD, but with 16 strips on each side. Thus it has 3.6 x
3.6 mm? position accuracy. The thickness of one DSSSD module is 303(3) pm.
The distance between the Target DSSSD and the Wall DSSSD was 3712 mm.

Target DSSSD Wall DSSSD
| \
u:/j
1.8 x 1.8 mm?
£
e =
P =
< o
] =
| v
-t 58.00 mm -
- 240 mm —————»
3.6 x 3.6 mm?

FIGURE 7.15: The two DSSSDs of LYCCA. The Target DSSSD consisted of
one module with 32 strips on each side. The whole Wall DSSSD array consisted
of 16 modules and each module has 16 strips on each side.
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7.4.3.2 Cesium-Iodide Detector (CsI)

The Csl detectors are used to measure the residual energy of the arriving ions.
They are square shaped and nine of them fit behind one of the Wall DSSSD mod-
ules. Their active size is 20 x 20 mm? with a wrapping of 0.25 mm VM2000/ESR
foil to improve surface light reflection properties. Their depth is 13 mm plus a 7
mm thick pyramidal light guide that adapts de dimension of the detector to 10 x
10 mm? for the coupling with the light-readout photodiode. The full CsI array is
built up 16 of nine-packed modules.

&

&
RN

- 58.50 mm

58_ 50 !"nm

FIGURE 7.16: The Csl detector array is made of 16 modules (right-hand side)
and each module is built up 9 CsI crystals (left-hand side). The CsI array fits
behind the DSSSD array in the beam downstream.

7.4.4 The AGATA configuration at GSI

The AGATA geometry has been described in Chapter 5. There were 19 AGATA
crystals operative by the moment that the experiment has been performed. It also
has been mentioned that the geometry of the AGATA array has been modified for
the FRS - PreSPEC setup at GSI. The diameter of the beam pipe at GSI is larger
than the gap in the AGATA geometry. In order to mount the beam pipe, it was
necessary to convert three triple clusters in to double clusters. There were also

one crystal inoperative and one crystal missing in two different triple clusters.
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In order to increase the v ray detection efficiency, the secondary target has been
located at 158 mm forward position in the beam downstream axis. This increased
the AGATA solid angle coverage by factor of 2. Another advantage of the use
of such close geometry to increase the efficiency is to make use of the angular
distribution of the v rays. The angular distribution of the quadrupole transitions
in 52Fe is forward focused with respect to the beam downstream axis (see Sec.
[7.10). Such distribution has been calculated using DWEIKO [I33] and Monte-Carlo
simulations have been done to obtain the increment in efficiency. The contribution
due to the anisotropic angular distribution of v rays to the AGATA efficiency is

found to be an increase of 22(2)%.

7.5 Data Treatment

7.5.1 Signal Processsing and Data Acquisition System (DAQ)

The Signal Processing and Data Acquisition System is in charge of processing the
analogue signals provided by the detectors, converting them into the digital format
and finally storing them for subsequent data analysis. The DAQ is important for
recording the events from tens of detectors in a synchronized way. The setup of
the current experiment consists of three main instruments: FRS, PreSPEC and
AGATA (also the HECTOR detector array was present but it was of no use for our
measurement ). Therefore the systems to acquire the data from the two mentioned

instruments are;

e MBS (Multi Branch System) for FRS and PreSPEC

e The AGATA sampling electronics and NARVAL (Nouvelle Acquisition temps
Réel Version 1.2 Avec Linux) for AGATA

7.5.1.1 Multi Branch System (MBS)

The MBS is responsible for recording the data coming from the FRS, LYCCA and
HECTOR detectors. In addition, it is also responsible for acquiring an analogue
version of the AGATA detector timing. The MBS consisted of 11 branches, and

each branch corresponds to a VME crate. Each crate has a trigger module which
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are interconnected and ensure the system to run synchronously on an event by

event basis [135]. The MBS can be divided into three subsystems:

e RS
o LYCCA

e GAMMA

Four of the eleven branches (crates) of the MBS are dedicated to the FRS sub-
system. For a description of how FRS works the reader can refer to Sec. [7.4.1]
These crates are; USER, FRS, TPC and FINGER. The USER crate is of use in
case of higher beam intensities or in case of inhomogeneous spill structure. It has
a flash ADC based module (SIS3301) with pile-up disentanglement capabilities for
the readout of one of the two MUSIC detectors (see Sec. [7.4.1.2). Likewise, the
TDC modules in this crate have multi-hit capabilities, allowing to have all timing
signals (TPCs, S2/S4 scintillators, etc.) with pile-up determination support which

makes the system to recover the data loss as much as possible.

The time-to-digital converters (TDC) with multi-hit (MH) capabilities were fed
with four reference signals; left and right signals of S2 and S4 standard ToF scin-
tillators. The clock of MH-TDCs was synchronised with two BuTis timing system
[136].

The LYCCA subsystem is composed of four crates. The LYCCA-time crate hous-
ing 3 MH-TDC modules, which are acquiring the signals from 32 PMTs of the
Start ToF, 16 PMTs of the Target ToF and 32 PMTs of the Stop ToF scintillators
(see Sec. [7.4.3), and are synchronised with one of the FINGER crate via BuTis
[136].

The GAMMA subsystem has two ADCs, one TDC and one MH-TDC modules,
which the two ADCs and one TDC are engaged to the HECTOR crate, and one
MH-TDC is the AGATA crate. The HECTOR crate modules are connected to the
eight LaBrs detectors which record the high energy v rays, energy and time, and to
eight BaF, detectors which record two time components (slow and fast) in order to
use their good intrinsic time resolution. Nevertheless, HECTOR is not used in the
present experiment, because the angular distribution of the quadrupole transitions
of interest (see Section[7.10.1]) foresees extremely small effective detection efficiency
for the HECTOR detector position in the setup.
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MBS—crate map
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FIGURE 7.17: Schematic view of the MBS crate map at AGATA-PreSPEC
campaign at GSI. Courtesy of Ref. [139]

The AGATA crate module has a MH-TDC and a scaler module which record the
data from each Ge core signal after a Timing Filter Amplifier (TFA) and CFD

stage.

Apart from these subsystems, there is one more crate which is called TRLO crate.
It performs synchronous read-out of all crates with a given Master Trigger. The
Master Trigger is generated by a TRigger LOgic (TRLO) module that assures
the dead-time locking and read-out decision made according to the user defined

scheme.

Coupling of the VME-based system to AGATA and the GTS time-stamp informa-
tion for any MBS event, the AGAta Vme Adaptateur (AGAVA) is used. AGAVA
is inside the TRLO crate.

The AGATA data processing and the triggering mechanism in AGATA have been
described in Chapter 5.
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7.5.1.2 Nouvelle Acquisition temps Réel Version 1.2 Avec Linux (NAR-
VAL)

The NARVAL system works differently from the MBS. The coming signals after
sampling by the Digitizer and pre-processing on the AGATA pre-processing elec-
tronics are sent to the computing farm following the GTS validation and with the
energy information, time-stamp and short traces from the core and 36 segments
of each crystal. The signals are processed by actors and each actor represents a
different step. The signals are read by the Producer actor, and then sent to the
Preprocessing actor. The data are calibrated and aligned in this step. Then the
data are sent to Pulse Shape Analysis (PSA) actor where a grid-search algorithm
is used to extract the position information of the ~ ray from the pulse shapes
[137]. The data are then sent to the tracking actor in order to reconstruct the
~ ray energy by tracking the interaction points inside the crystal following the
Compton scattering formula [I38]. The NARVAL system process the data with
Event Builder and Merger actors after the Tracking actor. The data are gathered
together from all crystals by the Event Builder actor, and then are merged with

the ancillary data by the Merger actor.

The data could be written at any step by the Consumer actor. In our case, the
data were written after the PSA actor in addition to the raw traces. Moreover,
since the trajectory information is needed in the tracking procedure the merging

with the FRS data is performed at an early stage in the off-line analysis.

7.6 Realistic Simulations

The realistic simualtions of the experiment have been done in the GEANT4 envi-
ronment, using the Agata Simulation Package with the realistic geometry of the
array and the target chamber (see Fig. [7.18). These simulations aim mainly to
the understanding of the experimental observations and to optimize the results of
the data analysis. The events were produced using the dedicated code inside the
package. When producing the events, a Gaussian distribution was considered for
the distribution of the beam hits in the secondary target, in agreement with the
FRS beam structure at GSI. The velocity and the intensity distributions of the

secondary ions were tuned to reproduce the experimental conditions.
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(b)

FIGURE 7.18: Realistic geometry used in the simulations from different points
of view. Turquoise and ligth grey structures represent the target chamber at
GSI. Dark grey structure represents AGATA.

In Figure[7.2] the expected transitions from the high angular momentum states of
»2Fe for the pure Shell Model calculations are shown around 4 MeV. Therefore, in
the simulations, a hyptothetical state at 4 MeV emitted by an ion traveling at a

velocity of 0.51c was considered.

Regarding simulations, two main tasks have been performed: 7) determination of
the ratio of the recovered events due to pair-production for high energy ~ rays,

and i) determination of the expected resolution of the transitions of **Fe.

Additionally, in order to evaluate the efficiency of detection in the event of a pair

production, we have used a code which tests the interaction points in the AGATA
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array for pair-production events, developed by our collaborators from INFN and
University of Milano [I40]. The code finds the interaction point with maximum
energy deposited at each event, and assumes a hypothetical sphere with growing
radius at every iteration, then sum up the recorded energies of the interaction
points inside the sphere. Then, the code creates spectra for each iteration of
the radius and make possible to judge which radius maximize the efficiency for
the reconstruction of the v ray, minimizing the double escape and single escape
peaks. A simple macro has been written to process the simulated data in the
root environment, since the pair-production recovery code uses the root interface.
The interaction points in the simulated data were clustered reproducing what is
observed in reality, i.e. in the data acquisition of AGATA after PSA. Therefore,
the interaction points were grouped in each segment of each crystal, considering
the interaction type and the time. The position of each cluster determined as the
barycenter and the time determined as the first interaction point. Then the sum
energy has been written with the corresponding position and time information in

the root tree.

The ~ ray spectrum for the summing radius of 9 cm - optimized for the recon-
struction efficiency of such simulation - is shown in Fig. [7.19) Even with the
optimization on the analysis, the number of recovered events amounted to about
8% of the peak area, to be compared with the standard reconstruction of pair-

production events included in MGT that amounted to 4%.

Our final decision considering this meager gain, was not to proceed with a par-
ticular analysis of such events, that would have make much more complicated the

data processing of the experiment.

The second batch of simulations were performed to help us on understanding and

improving the response of the setup to our particular experimental conditions.

The simulations were performed for the line shape and Doppler shift of the 2 —
0" transition in *?Fe, the only transition with sufficient experimental statistics to
be able to compare with simulations with different angular conditions. The simula-
tions have been done taking into account the excitation and de-excitation through
the target and the decay curve previously determined by Yurkewicz, et al. [I11]
with half-life of 7.8 ps. In the analysis of the simulated data, the smearing in the
v ray detection positions in AGATA (FWHM: 5 mm) is considered. In addition,

the v ray emission positions in the beam downstream axis is considered as the
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Simulated hypothetical 4 MeV transition from **Fe
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FIGURE 7.19: A simulated hypothetical 4 MeV transition in *2Fe (Doppler
corrected). The recovered events due to pair production are shown.

surface of the target, which is another constraint in the experimental conditions.
The simulated v ray spectrum is found to be as in Fig.
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FIGURE 7.20: Simulation of the 27 — 07 transition in **Fe.

The overall result of this simulation is that for the 2] — 0™ transition, the expected
FWHM, considering the best possible conditions, is 30 keV.
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7.7 Data Analysis

In this section, the data analysis procedure will be described. The particles are
tracked starting soon after the production in the primary target in FRS all way
down until are finally stopped in the LYCCA wall. In the following sections, the
secondary beam separation in FRS and the identification of the secondary reaction
products in LYCCA will be described.

7.7.1 'Trigger configurations

The triggering at AGATA-PreSPEC setup was crucial since the counting rate at
S4 was of the order of 10° particles per second (as S4 Standard ToF scintillator)
and it was not possible to record every event. The complexity of the setup requires
a complex trigger system where different detectors contributed. The trigger con-
figuration at the AGATA-PreSPEC setup is shown in Tab. [7.3] Trigger condition

TABLE 7.3: The trigger configuration and reduction rates at the AGATA-
PreSPEC setup.

Trigger number Detector systems included Reduction factor

3 AGATA (calibration) 210
8 FRS + HECTOR + LYCCA -
9 FRS + AGATA + LYCCA -
10 FRS (Scintillator S4) 210

3 has been used for the energy and efficiency calibration of the Ge crystals. The
trigger conditions 8, 9 and 10 have been used during the experiment. A reduction
factor of 2% has been applied to Trigger condition 10 due to the high counting
rate at the focal plane of S4.

7.7.2 Production, separation and identification of the sec-

ondary beam in FRS

The detectors located in the FRS allow us to determine the energy loss, velocity
and position of the ions as described in Section [7.4.1] The determination of the
mass to charge ratio using the FRS is described in Sec. [7.4l The FRS uses the Bp
- AE - Bp technique to distinguish the reaction products after the fragmentation
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reaction of primary ion (°®Ni) with the primary target (*Be). The selection of
secondary beam is done using the magnetic rigidity B, (see Eq. as well as
by the trajectory selection elements in FRS. The first stage of the ion selection in
FRS is done using the transmission through the magnetic elements (see Fig. [7.6]).
The horizontal position of the beam depends on the magnetic rigidity and the
beam is selected through its x-position using slits. Therefore the magnetic field at
the first stage of the FRS determines the acceptance on magnetic rigidity of the
fragments. In the second stage of the FRS, the deviation of the ion trajectories
due to the magnetic field depends on the energy distribution of the ions. This

deviation is corrected by the wedge.

The ion identification in FRS, i.e. determination of their charge (Q) and mass (A),
is done by measuring their velocity, position and charge (or atomic number). In
order to determine the velocity, the ToF of the ions should be measured. The ToF
measurement, has been done between focal planes S2 and S4, using the S4 ToF

plastic scintillator and S2 Finger ToF detectors. Then the velocity is calculated

using Eq [7.10} i

ToF
As already mentioned in Sec. the TPCs allow the position determination

of the ions. Once the positions are determined, the magnetic rigidity can be

(7.10)

v
8 =—; where v=
c

calculated using;

x
Bps = (Bpo)2 (1 + 32) (7.11)
2
and v
Ty — T
Bpy = (Bpo)s (1 + 4D—42) (7.12)

where (Bpg)2 and (Bpg)s are magnetic rigidities of the fragments at focal planes
S2 and S4, respectively. The dispersion Dy and D4 are for S2 and S4, respectively,
and M stands for the magnification between two focal planes. If we replace (Bp)
and 8 in Equation [7.8] the mass to charge ratio (A/Q) of the ions are:

A Bpe
Q  Pryeu

(7.13)

where u is the mass unit. Once we have the FRS data, the selection of the ions of
interest among all arriving to the focal plane of FRS is performed with the help of
the FRS detectors described in the previous sections. We have chosen the Atomic

Number (Z) identification as starting point. The energy loss of a charged particle
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inside a matter is defined by the Bethe-Bloch equation [141]:

dE

%:

f(B)22, (7.14)

where Z the atomic number and f(/3) a function defined of the beam velocity.
According to the Bethe-Bloch equation, the energy (AE) released in the MUSIC

detectors is proportional to the square of the ion atomic number Z:

Z == (7.15)

The high counting rate required in the present experiment and MUSIC detectors

provided poor Z resolution and efficiency.

The separation of different ions can be done by applying condition on a 2D plot
of Z vs. A/Q, as in Fig. [7.21

*:102

FIGURE 7.21: A/Q vs. Z separation in the FRS with trigger condition 10, i.e.
not requiring coincidence with v rays.

The separation between ions seen on Fig. [7.21]is relatively poor due to the pile-up
in the MUSIC detectors, even if we include all the trajectory corrections to the
energy losses in the detectors. Nevertheless, the separation capabilities of FRS is

sufficient in the region of interest. In addition the purity of 2Fe at S4 is of 99%.
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FIGURE 7.22: Total kinetic energy vs. energy loss matrix produced with the
DSSSD and the Csl arrays at the LYCCA-wall with trigger condition 10, i.e.
not requiring coincidence with v rays.

The efficiency loss due to the high rate in the MUSIC detectors has been found of
the order of 30%.

7.7.3 Identification of the secondary reaction products in
LYCCA

Once the secondary beam exits from FRS, it might still suffer reactions with the
active and passive materials placed in S4 and in the PreSPEC setup. This includes
the ToF scintillators, DSSSD detectors and the target materials. Our goal is to
identify the 52Fe ions that might have suffered relativistic Coulomb excitation in

the secondary *7Au target.

The identification of the secondary reaction products is performed with the LY-
CCA setup, described in Sec.

The Wall DSSSD and the CsI detector array of the LYCCA detector system allows
us to measure the energy loss and total energy of the incoming ions. The DSSSD

detectors are thin and the ions deposit a part of their energy. On the other hand,
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FIGURE 7.23: Angular distribution of the ions after scattering due to the sec-
ondary target, measured with both DSSSD detector systems of LYCCA with
trigger 9.

the Csl detectors are thick enough to stop the ions and provide the total kinetic
energy of the ions. The matrix of the energy loss in the DSSSD array and the total
kinetic energy deposited in the Csl array provide AE-E discrimination allowing to
identify the different Z of the ions arriving to LYCCA (see Fig. .

The LYCCA detector system allows us to determine particle positions in zy-plane
via the DSSSD detectors both at the reaction chamber, close to the secondary
target position, and at about 3.7 meters away from the reaction chamber in the
beam downstream direction (see Fig. [7.14). The DSSSD information allows to
calculate the trajectories of the ions after the secondary target, distinguishing the
ones suffering scattering. This information is necessary to perform the Doppler
correction (see Sec. and to determine reaction cross-section (see Sec. [7.3).
The distribution of the scattering angles of the excited ions, selecting the ones
on Trigger 9 with ~ rays in coincidence, can be seen in Fig. [7.23] In order to
select the Coulomb excitation and suppress the nuclear reaction events the impact
parameter is selected b = 18 fm (distance of the closest approach + 6.3 fm) which
is translated to 1.28° in the ion scattering angles in the laboratory system. This

allows us to have a calculated nuclear contribution of ~0.17 mb.
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The energy loss of the secondary beam inside the target is found to be 7%. There-

fore, the average ion velocity after the target is v/c = 0.51.

It is possible to see from the hit map of the DSSSD’s shown in Fig. [7.24] that
the secondary beam is centered in the target and with a FWHM of about 28 mm.
Nevertheless, one can point out that the beam center is shifted few mm in the -z
axis, and this might be due to the settings of the slits (see Tab. to higher
momentum transfer -in the primary reaction- part of the secondary beam. The
reason to select a part of the beam is to increase the probability to have the *?Fe

ions at the isomeric state [04], as it will be explained in Sec. .

Target DSSSD - y pos. [mm]

160

100

Wall DSSSD - x pos. [mm]

-100

RSE

(b) Wall DSSSD - y pos. [mm]

FIGURE 7.24: Hit positions on the target DSSSD (a) and the wall DSSSD (b)
arrays of LYCCA.
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7.7.4 Particle-y time

The « ray background in experiments like this one has a sizable contribution from
the atomic background due to the interaction of the relativistic ions, the annihi-
lation radiation peak, the de-excitation of the target and the naturally occuring
radioactivity, like the decay of “°K. The background suppression is usually done

by putting a tight condition on the time difference between the ions and v rays.

e

Ey vs. MHTDC time |

t, -ty [ns]

t, - ty [ns]

Ey [keV]

FIGURE 7.25: Particle-y ray time coincidence as a function of ~ ray energy
plots. See text for details.

In the case of the present work, there are two methods to calculate the time
between ~ rays and ions. The particle-y time spectrum shown in the lower panel
of Fig. [7.25| is produced by the time difference between the AGAVA accepted
trigger time-stamp and the AGATA core time-stamp with walk correction [139].
The other method to generate the time is done with the TDCs with multi-hit
capabilities, where the START is the FRS scintillator Sci4.1 (see Sec. and
the STOP is the Ge time determined as well with TDCs from the inspection signals
of the AGATA Digitizers. In the upper panel of Fig. the former timing

method is shown in the form of the particle-y time coincidence as a function of
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FIGURE 7.26: Particle-vy ray time coincidence plot with a condition on the 850
keV peak with background subtracted. Red marked area represents the time
window which is 30 ns.

the v ray energy after Doppler correction. It is worth to note that the plots are
very similar, meaning that the v times determined by the digital methods following
the sampling of the signal and the ones determined with conventional methods are
in good agreement. The time condition to be set is in principle arbitrary and
the cross-section determined will depend highly on the timing condition -which
events will be rejected with the background and which will be accepted-. In order
to determine the time window with high accuracy and make sure that no good
events are lost, we have done a reverse investigation on timing, in such a way that
three conditions have been determined in the energy axis, first covering the 850 keV
peak and the others to cover the background having the same number of channels
as the first condition has. In this way, one can produce a background subtracted
time spectrum where the limits of the prompt peak are easier to assign. This time
spectrum and 30 ns time window are shown in Fig. [7.26, We have determined

that a minimum of 95.3(7)% of the counts are within our time window.

7.8 Doppler correction

It was mentioned in the previous sections that the velocity of the ions are relativis-
tic and the target is placed in the forward position about 95 mm from the front

of the closer detectors, therefore, the Doppler correction is of utmost importance.
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FIGURE 7.27: Schematic view of the reconstruction of the ions and ~ ray tra-
jectories. The detectors and positions have been rescaled to fit the drawing.

We need the velocity vectors of each ion fully determined, before and after hitting
the secondary target. In order to determine the velocity vector of each ion, one
needs its trajectory in 3-dimensional space and its speed. The trajectory is recon-
structed using the xy positions of the TPC and DSSSD detectors, as it has been
already mentioned, and the z positions are fixed for each detector and shown in
Fig. [7.14 The y-position of the TPC read-out from the TDCs was problematic
since the time gates were wrongly set during this run. But, this parameter can be
recovered with the alternative way of measuring the drift times from the delay line,
as it was already mentioned in Sec. [7.4.1.1] Thus, the y position was calculated
by the sum of the two ends of the delay line and calibrated.

The particle trajectory has to be known to calculate the velocity vector precisely
and also to calculate the v ray emission angle. Therefore, a correction is needed for
the actual hit position on the target since it is almost 21 cm away from the nearest
position sensitive detector, i.e. Target DSSSD, and this distance considerably long
for the proper calculation of the scattering angles. Thus, the corrected positions
have been calculated for each trajectory (2's, 32, 2’2 in Fig. and applied on
the distance between the two ToF detectors according to the ion positions in the

zy-plane in the calculation of the particle velocity.

7.9 Isomeric Ratio

The isomeric ratio is the probability to produce ions in their isomeric state with
respect to the total production of this nucleus in a given reaction. The production
and the selection of the radioactive beam using FRS have been mentioned in Sec.
[7.4 In table the FRS settings have been listed where the 52 slits can be seen
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opened asymmetricaly, i.e. -10, +70 mm. The reason to select the righter-most
part of the beam is to select more energetic **Fe ions, thus to select the *?Fe ions
excited in higher spin states [94, [142]. This will increase the probability of the >2Fe
nucleus to be produced in the isomeric state (I" = 12%1), and therefore increase

the isomeric ratio.

In our case the isomeric ratio was measured experimentally by implanting the
"2Fe jons in a 1 cm plastic thick stopper in the close-up position. In order to
measure the isomeric ratio, two separate runs were performed since the lifetimes
of the isomeric state and ground state are very different, i.e. 45.9 s and 8.3 h,
respectively. The implantation of the isomeric state was done for 2 minutes of
beam implantation and 2 minutes of decay cycles for 30 minutes. On the other
hand, the implantation of the ground state was done for 2 hours of beam and 2.5
hours of decay. The S-decay of the two states have unique patterns in such a way
that the isomeric state and the ground state decays into higher and lower spin
states of ®*Mn, thus the the most intense 7 ray transitions are 929.5 keV (see Ref.
[144]) and 168 keV (see Ref. [143]), respectively.

In order to calculate the isomeric ratio experimentally, several corrections have to

be applied to the areas of the v ray peaks to find normalized intensities, such as:

e Probability of the ions to decay within a given time
e Absolute v ray detection efficiency at given energy range

e Dead-time of the setup

Probability of the ions to decay within a given time can be calculated following the
exponential decay law. Number of surviving ions after the decay of a radioactive

sample consisting of initially Ny ions and with the decay constant A\ within a given
time ¢ is determined basically using Eq. [7.16]

N(t) = Noe ™ (7.16)

In the current case, one has to take into account the growing activity along with
the exponential decay. If we assume the production rate of a radioactive ion in a
reaction as I, number of nuclei that are formed as a result of the reaction as NV;

and the decay constant of the production nuclei as Ay, then:
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and the solution of this equation is given by:

Ni(t) = =(1 — e M) (7.18)

>~

Using the combination of the two decay conditions mentioned above, one can
determine how many ions decayed in both runs. These were determined to be

90% and 16% for the isomeric and the ground state decays, respectively.

The absolute ~ ray detection efficiency was measured using a '®>Eu source. The
152Fy source is convenient since it emits v rays that are in a wide range, i.e. from
121.8 keV to 1408 keV. There were two calibration runs with the ?Eu source
that in one the source was positioned at nominal position of the target and in
the other the source was positioned at the forward position of the target. The
reason of the two measurements was to determine the efficiency decrease due to
the plastic stopper. Comparing the two calibration runs, the efficiency decrease
due to the plastic stopper found to be 30% and 1% at 122 keV and 964 keV
energies, respectively. Thus, the absolute efficiency of AGATA with the plastic
stopper was found to be 4.21(13)% and 2.75(8)% at 168.7 keV and 929.5 keV ~

energies, respectively.

The dead-time of the setup was different when the beam is on and off. The dead-
time is as high as 90% when the beam is on and is as low as 20% when the beam is
off. This is because, during the spill is on, the trigger request is FRS and AGATA,
thus the dead-time of the setup is given by FRS and AGATA detectors together.
While, during the spill is off, the trigger request is only AGATA, and the dead-time
of the setup is determined only by AGATA. The dead-time of the implantation
period, i.e. 2 minutes of beam-on and 2 minutes of beam-off, is averaged 60%.
The dead-time of the setup determined the measurement periods, in order to
take full advantage of the low dead-time during the beam is off, especially in
the isomeric state decay measurements. In order to collect enough statistics of
the isomeric state decay, it was needed to run the beam for 15 minutes. But,
the first implanted ions at the isomeric state would decay at the level of 99%
within 5 minutes, and many of these events would be lost due to the high dead-

time of the setup. Therefore, the optimum implantation and decay measurement
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times were decided to be about 2 times of the mean life-time, thus 2 minutes of
implantation and 2 minutes of decay. In case of the ground state decay, there is
no such constraint, therefore 2 hours of implantation was enough to have sufficient
implanted ions. Then the beam has been turned off to collect the decay data with
low dead-time for 2.5 hours.

TABLE 7.4: Summary of the parameters needed for the isomeric ratio calcula-
tion. See text for details.

E, Area Decayed Live-time Ey Implanted ions

9295 keV  1760(190)  0.902(12)  0.40(5)  0.0275(8) 20.02x 10°
168.7 keV  50880(3560) 0.17267(16)  0.80(5)  0.0421(13)  160.86x 10

Then the intensities of the two transitions from the isomeric and the ground states
can be calculated by taking into account the normalization coefficients shown in

Table [7.4l The isomeric ratio then can ben calculated as:

_ Implanted ions at the isomeric state

R

14(2 7.19
Total ions implanted (2)%; ( )

where R is the isomeric ratio.

7.10 Results

7.10.1 ~ ray Angular Distribution

The angular distribution of the 0T — 2 v rays has been calculated with DWEIKO
[146]. This is important to know prior to the cross-section determination since it
will bring a correction factor to the ~ ray intensities. We tested the coherency
of the calculations with the experimental results by determining the experimen-
tal angular distribution normalizing the detected 7 ray in the units of solid angle
normalized to the detector solid angle. Such comparison is shown in Fig. [7.29]
the red line represents the DWEIKO calculations and the blue data points represent
the experimental data. It is shown that the calculated angular distribution is in
very good agreement until 42 degrees with the experimental data. Due to the
close geometry of the setup, i.e. the secondary target at the forward position,

the anisotropic distribution, and the relativistic kinematics the ~ ray detection
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FIGURE 7.28: ~ ray angular distribution in the laboratory reference system,
calculated with DWEIKO (red line) and with the experimental data (blue dots).

efficiency is increased by 22% with respect to the measured for an isotropic distri-

bution.

7.10.2 Experimental cross-sections

The v ray spectrum has been generated selecting 5*Fe in the FRS detectors and
the LYCCA arrays, with a 30 ns. time window. The 7 ray spectrum shown in Fig.
7.29|is also corrected for the Doppler effect event-by-event. The area of the 2 —
0% transition in the raw spectrum is 3380(200) with the condition of 1.28° in the

laboratory reference system in the ion scattering angles.

The relativistic Coulomb excitation cross-section of the ground state to the first 2
(0" — 27) is calculated by considering the corresponding v ray intensity corrected
by the efficiency (e,) for the energies at the given detection angles (Cy) normalized

to the number of °?Fe ions on the ground state arriving to the target and to
LYCCA.

One of the key ingredients to determine the experimental cross-section is the inten-
sity of the beam arriving to the target. The ion identification at FRS provides the
intensity of the beam at the scintillator position in S4, that is as well the trigger

detector for FRS. After the incoming ion identification, there are several elements
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FIGURE 7.29: Doppler corrected ~ ray spectrum for the 07 — QT transition in
2Fe.

(detector material) on the trajectory of the ions, that modifies the composition of
the beam. We are not interested, in the present work, on the ions different from
»Fe arriving to the target, and, regarding possible reactions on elements after
the target, we exclude on both, the Coulomb excitation evaluation and the beam
intensity evaluation, the ions suffering nuclear reactions leading to a product dif-
ferent from 52Fe. Thus, excluding the reactions on the target, the beam intensity
is evaluated to be 8.88222(3)x10%, when placing a condition in FRS in *?Fe and
in LYCCA as well in *?Fe. The calculated total cross-sections show that reactions
in the target will only contribute a maximum of 0.6% to the uncertainty in the

intensity of the beam.

Since the beam velocity was relativistic (i.e. the average v/c = 0.51 at the end of
the target) the 7 rays emitted from the de-excited ions suffer a large Doppler effect.
The Doppler shifted energy of the « rays, for instance for the 2§ — 0T transition
is spread over a region with 600 keV range depending on the AGATA detection
angles (see Fig. . Therefore the detection efficiency for the transition will
vary depending on the angle that it was detected. Such calibration has been done
using the 2Eu source considering the real detection energy at each detection angle
and effective detection efficiency has been deduced for the 849.5 keV transition as
0.0377(4).
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with the 2;“ — 07 transition is gated with background subtraction. The Doppler

shifted energy of this transition is at around 1200 keV at small angles (i.e. 6

= 16) and is at around 600 keV at large angles (i.e. # = 60) producing varied
detection efficiency.

The total intensity of the 2] — 07 849.5 keV transition has been evaluated con-
sidering the effective efficiency, the effect of the angular distribution (Cy), the
isomeric ratio (Cy,) and the feeding ratio (Cr) of 25 — 27, see Tab. The
cross-section is deduced with the v ray intensity normalized to the number of ions

arrived to the target and the number of atoms in the target as 129(9) mb (see
Tab. [7.7).

TABLE 7.5: Correction factors applied for the 849.5 keV transition determined

for AGATA. Cy, C;s0 and Cp represent the angular distribution correction, the

isomeric ratio correction and the feeding correction, respectively. See text for
details.

Isotope I, —» I, [A] E, [keV] Area, €y Cy Ciso Cr Intensity
52Fe 27 — 0T 849.5 (1.4) 3380(200) 0.0377(4) 1.22(1) 0.86(2) 1.029(1) 85400(5100)

The transitions observed in the high-energy region of the Doppler corrected v ray
spectrum are shown in Fig. [7.31l The spectrum has large oscillations due to
the differential nonlinearity of the AGATA digitizers which are large enough to
hide broad v ray peaks produced by the velocity losses in the target in transitions

from short lifetime states. Just in order to make more clear the identification
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FIGURE 7.31: The high energy range of the Doppler corrected ~ ray spectrum.

of the candidate transitions, the background oscillations have been reduced by
subtracting the spectrum which has been determined with a condition excluding
the °?Fe reaction channel in LYCCA. Such spectrum is shown in Fig. In
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FIGURE 7.32: The high energy range of the Doppler corrected v ray spectrum
with oscillations due to the differential nonlinearity reduced. See text for details.

this spectrum, the 25 — 07 and 25 — 2] transitions at 1.9 MeV and 2.7 MeV,
respectively, and a candidate for the 147 — 121 at 3588 keV have been assigned.
Nevertheless, the intensities of the transitions have been determined with the
original spectrum, obtaining the region of the peaks with the help of the suppressed

spectrum. The assignment of the 3588 detected transition as candidate for the 14
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— 12" de-excitation is based on the expected transition energy, estimated by the
LSSM calculations. The areas of 23 — 07 transition and the candidate for the 14+
— 127 transition (see Tab. are 400(180) and 120(80) counts, respectively. In
Tab. [.6] the intensities are shown for these transitions.
TABLE 7.6: Summary of the parameters used for the intensity determination
with the correction factors applied for the transitions in ®?Fe. Cy, C;s and Cp

represent the angular distribution correction, the isomeric ratio correction and
the branching ratio correction, respectively. See text for details.

Isotope I, — I; [A] E, [keV] Area €y Cy Ciso Cp Intensity
52Fe 2; — 0 2770 (5) 400(180) 0.029(4) 1.22(1) 0.86(2) 0.758(22) 17500(7600)
2Fe  (14% — 12%) 3588 (4) 120(80) 0.025(3) 1.22(1) 0.14(2) 1 28100(19200)

The energy of the 25 is known at 2759.8(9) keV with a halflife of 0.2872 ps in Ref.
[T43, [145]. In our experiment, the energy of this level has been positioned wrong
due to the fact that the fast ions, i.e. v/c = 0.51, emitting v rays as they slow
down through the target. In such conditions, the position of the emission point is
not correct for the 23 level, and the Doppler correction provides a wrong energy.
Such phenomenon has also been observed in the Monte-Carlo simulations with the
realistic conditions. Nevertheless, the calculated half-lives of 2] and 14" states
are on the same order, allowing us to do an internal calibration and assign a more

approximate energy at 3575(4) keV for the suggested 147 — 127 transition.

The Coulomb excitation cross-sections of the °?Fe states deduced in this work are

summarized in Tab. [Z.7.

TABLE 7.7: Cross-sections of the transitions in ®?Fe deduced in this work. The
energies in the brackets are after the internal calibration. See text for details.

Isotope I, — I [A] E, [keV] o [mb]
e 0F > 27  8495(14) 79(5)
52Fe 0t = 2f 2770 [2760]  16(7)
RPe (127 — 147) 3588 [3575]  26(18)

The Doppler corrected « ray energy spectrum has a distribution of counts around
1.4 MeV, spread along 500 keV. These counts have a partial contribution from
the wrongly Doppler corrected 2 — 07 transition due to the inelastic scattering
of ®Fe on %Si of the Target-DSSSD and on the Target-TOF scintillator. This
contribution has been investigated by calculating the Doppler correction assuming
the « ray emission point as the Target-DSSSD position (see Fig. . There is
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FIGURE 7.33: Doppler correction has been done for the Target-DSSSD posi-
tion to explain the bump at around 1.4 MeV in the Doppler corrected energy
spectrum for the '97Au target. The 849.5 keV peak has a double structure in
the spectrum Doppler corrected for the Target-DSSSD position which caused
by the inelastic scattering on Target-DSSSD and on Target-TOF detectors.

also a contribution from the background peaks due to the natural radiation and

sources present in the experimental area.

7.10.3 ¥7Au target excitation

As the 5%Fe ions hit to 97Au target and suffer Coulomb excitation, the *TAu
nuclei can suffer Coulomb excitation as well. The recoiled ”Au nuclei, for the
scattering angles we are considering, have energies of the order of tens of keV /u,
not enough energy to exit the target and de-excite almost fully stopped. The
corresponding transition can be observed in the v ray energy spectrum without
Doppler correction. The Coulomb excitation of 1%“Au is well known and the %+ —
%Jr transition de-excited from the Coulomb excited nuclei occurred with 0.924
branching ratio with an energy transition of 547.5 keV [I50]. The area of this
transition has been found to be 470(90) with the same 30 ns time window applied
for the *?Fe. The deduced cross-section of the target coulomb excitation is shown
in Tab. The correction factor for the angular distribution has been determined
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TABLE 7.8: Correction factors applied for the 547.5 keV transition determined
for AGATA. See text for details.

Isotope I, — I; [i] E, [keV]  Area €y Cy Cis Intensity o [mb]
AW 3T 5T 547.6(1) 470(90) 0.0453(5) 1 1 11600(2200) 10.8(2.0)

Tt _, 37t

1 since the angular distribution of the 3 5

the DWEIKO calculations.

is almost isotropic according to

7.10.4 Comparison of the experimental cross-sections with

the calculations

The cross-sections have been calculated using DWEIKO [I33]. DWEIKO calculates
elastic scattering differential cross sections, probabilities, and cross sections for
inelastic scattering in nuclear collisions at intermediate and high energies. A
coupled-channels method together with the optical potentials are used for cal-

culating the inelastic amplitude. [133].

The code accepts the optical model potential parameters [147], the matrix ele-
ments and nuclear deformation parameters as the input ingredients. The real and
imaginary parts of the optical potential were obtained for our reaction using the
Global Optical Potential by T. Furumoto (see Fig. [7.34). The output of the

o0 /
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-800 /

-1000

Optical potential [MeV]

-1200
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FIGURE 7.34: The real (blue line) and imaginary (red line) parts of the optical
model potential obtained using Global Optical Potential by T. Furumoto [147].
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code contains the Coulomb excitation cross sections, angular distributions of
rays, elastic and inelastic scattering cross sections. The integrated elastic scat-
tering cross section for the scattering angles larger than 3° is 215 mb. The total
nuclear reaction cross section has been calculated as 4553 mb. Considering this
cross section, only 5.6%¢ of the 5?Fe beam suffer nuclear reactions. Limiting the
impact parameter by, = 18 fm, which translates to 1.28° scattering angle in the

laboratory system, the total nuclear cross section becomes 0.17 mb.

The relativistic Coulomb excitation cross-section calculations have also been per-
formed by C. Bertulani using a semi-classical method [148], [149]. The calculated
cross sections, together with the experimentally determined ones, are presented in
Tab. The B(E2) value for the 0t — 2] cross section calculation has been
taken from the work of K.L. Yurkewicz and collaborators [IT1] and was determined
in an intermediate energy Coulomb excitation experiment performed at NSCL. We
TABLE 7.9: Comparison of the calculated cross-sections with known matrix

elements using the DWEIKO code, the ones calculated by C. Bertulani, and the
experimental ones. The energy in brackets is after the internal calibration.

Isotope I, = I; [h] E, [keV] oLWEFIEO [mb] ofertwant [mb] o,,, [mb]

BTAw 3T 17 547.5 40.1 28.0 10.8(2.0)
2Fe 0t — 2f 849.5 69.8 46.9 79(5)
PFe 0 — 27 2770 [2760] 11 7.8 16(7)

would like to point out the discrepancies between the experimental and calculated

cross sections, in particular for the 52Fe 0% — 21 Coulomb excitation process.

7.10.5 Large Scale Shell Model calculations using ANTOINE

The interpretation of the data has been done in the framework of the large scale
shell model calculations in the full pf-shell space using the code ANTOINE [109].
Two well known interactions, the KB3G [I17] and the GXPF1A [I15] have been
used to calculate excitation energies and transition probabilities. With both in-
teractions, the calculations have been performed considering the core polarization
and quadrupole properties by using effective charges e, = 1.31, e, = 0.46 and e,
= 1.5, e, = 0.5, respectively. The estimated quadrupole transition probabilities
and v ray energies compared to the experimental result are shown in Tab. [7.10

The calculation with the GXPF1A interaction gives an excitation energy of the
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TABLE 7.10: Comparison of the experimental results with LSSM calculations
with the KB3G and GXPF1A interactions. The energy in brackets is after the
internal calibration.

Interaction I, — I; [h] AE [keV] B(E2) [e’fm’]

KB3G 12T — 14% 4391 21.6
GXPF1A 127 — 14* 3753 34.3
Experiment (127 — 147) 3588 [3575] 410(210)

14% above the yrast trap, closer to the experimental candidate. Also the calcula-
tion with GXPF1A, together with the corresponding effective charges, provides a
B(E2) value larger than the one obtained with the KB3G. Nevertheless, the results
indicate that the experimental B(E2) is about 10 times larger than the results of
the LSSM calculations, suggesting a larger degree of collectivity in the involved

states.

The calculations have also been done for the 23 state using the same effective
charges and results compared to the experimental ones are listed in Tab. [7.11]

The results are in good agreement with the KB3G interaction in terms of the

TABLE 7.11: Results compared calculations using KB3G and GXPF1A interac-
tions, and experiment. The energy in brackets is after the internal calibration.
The B(E2) value has been deduced with more accuracy in the current work.

Interaction I, - I; [h] AE [keV] B(E2) [e*fm?]

KB3G 0t — 25 3109 180.65

GXPF1A 0+ — 2F 2669 211.95

Previous experiment 0% — 27 2760 130155 [143, [145]
Current experiment 0T — 25 2770 [2760] 182(80)

reduced transition probability, on the other hand the GXPF1 interaction predicts

better the excitation energy.

The calculations have been done for the 2] state using the same effective charges

and the results are compared to the experimental ones in Tab. [7.12] The reduced

TABLE 7.12: Results compared calculations using KB3G and GXPF1A inter-
actions, and experiment for the 0T — 2?

Interaction I, > I; [h)] AE [keV] B(E2) [e’fm’]
KB3G 0t — 27 928 846.8

GXPF1A 0t — 2f 883 863.3

Previous experiment 0% — 2 849.5 817(102) [T11]

Current experiment 07 — 27 849.5 945(60)
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transition probability to the first excited state has been found around 15% larger

than the previous measurement in Ref. [I11].

7.11 Summary and conclusions

In this experiment, the collectivity in 52Fe has been studied using relativistic
Coulomb excitation. This reaction mechanism allowed us to determine the re-
duced matrix elements by measuring the cross sections. The unstable *?Fe beam
has been produced with an isomeric ratio of 14(2)%. Extensive Monte-Carlo sim-
ulations of the setup with GEANT4 and Agata Simulation Package, relativistic
Coulomb excitation cross section calculations with DWEIKO and Shell Model cal-
culations with the ANTOINE code and the KB3G and GXPF1A interaction have
been done and compared with the experimental results. The relativistic Coulomb
excitation cross-section calculations show discrepancies that will require further
analysis and calculations. A candidate for the high spin 141 state above the iso-
meric 127 state has been suggested for the first time. The proposed state has been
found more collective than the predictions done with the LSSM calculation with

both mentioned interactions, in the full pf-space.

Regarding to the 2], the comparison of the measured cross-section with the
DWEIKO calculations foresee a B(E2) that is about 15% times higher than the
value previously determined in Ref. [I11] and as well as the shell model estimates.

The investigation on this discrepancy is still ongoing.

The energy resolution of the 27 — 07 transition has been found experimentally
worse than the simulated predictions. The reason is due to the uncertainty on the
geometry of the setup, which has two sources, the first is the uncertainty on the
position of the Ge crystals in the set-up, the other is the poorly stretched target
foil, making its surface rather curvy, which changes the target position of the order
of the millimeter along the beam spot. Our extensive study with Monte-Carlo
simulations and with the experimental data showed that our position sensitivity
in AGATA deduced from the Doppler correction is of the order of 1000 pm.






Chapter 8

Resumen en castellano

8.1 Introduccion

Este trabajo doctoral estda compuesto de dos partes:

i) un trabajo de instrumental relacionado con el sistema de deteccién de neutrones

NEDA, incluido el disenio de los detectores por medio de simulaciones Monte-Carlo.

ii) experimentacién sobre la estructura nuclear con los sistemas de deteccién basado
a los detectores semiconductores de germanio. En este segunda parte, se presen-
taran dos actividades experimentales realizadas con las técnicas de espectroscopia
rayo-v, desde la fase de preparacién hasta la terminacién del anélisis de datos con

debate de los resultados.

La primera parte esta dedicada al desarrollo de los detectores de neutrones de
nueva generacion con la eficiencia alta, basados en centelladores liquidos, que se
utilizaran como trigger o instrumentaciéon complementaria en los experimentos
de la estructura nuclear de alta resolucion. He estado participando activamente
en un proyecto Europeo que su objetivo es construir tal instrumento, llamado
NEutron Detector Array (NEDA) acoplado al multi-detector del rayo-vy de la alta
pureza, como AGATA [I], EXOGAM2 [2]. NEDA esta actualmente en la fase de
produccién, es una obra cooperativa de unos paises Europeos, incluidos Espana,
Turquia, Italia, Francia, Polonia, Gran Bretana y Suecia. Nuestro objectivo con
NEDA es construir un multi-detector de alta eficiencia para cumplir las necesi-

dades de los experimentos contemporaneos, que se investiga la estructura de los

147
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nicleos exoticos que se encuentran lejos de la valle de la estabilidad #. Uno de
los métodos mas exitosos para producir tales nicleos exéticos es utilizar las reac-
ciones fusion-evaporacion con haces estables o radioactivos y blancos estables. Los
nucleos mas exoticos deficientes neutrones se producen en los canales muy débiles
de reaccién despues de la emision de dos o mas neutrones del nicleos compound.
Para realizar una espectroscopia-y de alta resolucién de tales sistemas exdticos,
por ejemplo como en el caso de %?Pd [3], se requiere la identificacién de canales de
reaccion, adicionalmente a la eficiencia alta y selectividad, y la determinacién de

la multiplicidad de neutrones.

En la parte instrumental de esta tesis, se explicara el diseno conceptual temprano
del multi-detector de NEDA. Antes de explicar el diseno se introducira el mecan-
ismo de deteccion de neutrones utilizando centelladores liquidos. Durante la fase
de desarrollo de NEDA, se ha creado un banco de pruebas en los “Laboratori
Nazionali di Legnaro” (LNL - INFN). Las pruebas se hicieron utilizando cuatro
detectores de prototipo con tamanos idénticos y dos centelladores diferentes: el
centellador de liquido convencional y el centellador de liquido deuterado. Uno de
los detectores de centelladores de liquidos convencionales fue adquirido y montado
por nosotros en IFIC-Valencia. Con estas pruebas, nos propusimos caracterizar
los prototipos y probar su funcionalidad con la electronica de digital sampling.
De particular interés fueron la determinacion de la eficiencia relativa de los dos
centellador (G. Jaworski), la resolucién en tiempo (V. Modamio) [4], la evaluacién
de neutron-cross-section (T. Hiiyiik) y las pruebas de las placas rapidas analog-

to-digital (J. Egea y M. Jasztrab) [5H7].

La segunda parte de esta tesis se dedica a la descripcién de la preparacion, real-
izacion, andlisis y discusién de los resultados de dos experimentos. Sera precedida
por una breve introduccion a los detectores semiconductores de germanio de alta
pureza y los sistemas de trigger / detector complementario. El primer experimento
se realizo con la instalacién EXOGAM - Neutron Wall - DIAMANT en GANIL.
El analisis de este experimento me permitié ganar experiencia en una instalacién
que involucra a los detectores de neutrones. El multi-detector de Neutron Wall es
el ancestro de NEDA. Mas detalles sobre este experimento se dardn en la seccion
8.6.

El segundo experimento se realizé en la instalacion GSI Fragment Separator con
la configuracion AGATA - PreSPEC. Este experimento se realizé para estudiar la

colectividad en 52Fe por encima del estado isomérico 12+. Con el fin de poblar los
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estados baja altitud por encima del estado isomerico, produjimos el haz inestable
»2Fe a energfas relativistas y realizamos excitacién de Coulomb por el blanco pe-
sado de TAu. La motivacién fisica, se discutirdn el mecanismo de reaccién y el

analisis del experimento junto con los resultados y su evaluacion.

8.2 NEutron Detector Array - NEDA

NEDA es un multi-detector que se utilizara en los experimentos de la estructura
nuclear acoplado a los detectores basados en germanio (e.g. AGATA, EXOGAM2).
Con el fin de realizar estudios de espectroscopia de rayosy de alta resolucion de
nucleos exdticos que se encuentran lejos del valle de estabilidad, la identificacién
del canal de reaccién requiere simultaneamente una alta eficiencia y capacidad
para determinar la multiplicidad de neutrones. Se utilizara en diferentes estudios
de estructura nuclear tanto de nicleos ricos en neutrones como nicleos deficiente
en neutrones. NEDA presentara una alta eficiencia de deteccién para eventos de

uno, dos y tres neutrones con una buena discriminacién neutrén-gamma.

En detectores de neutrones como NEDA, uno de los problemas criticos en la de-
terminacién de la multiplicidad de neutrones es que la dispersion de los neutrones
puede hacer que un unico neutron sea detectado en diferentes detectores del sis-
tema, es el llama “cross-talk” de neutrones. Un objetivo importante en el diseno de
nuevos filtros de deteccién de neutrones, tales como NEDA, es minimizar “cross-
talk” neutrones y la sensibilidad para detectar 2 o 3 neutrones, realmente emiti-
dos, en comparacion con sistemas de detectores ya existentes, por ejemplo Neutron
Wall [16, 17] y Neutron Shell [18]. Ademds, NEDA utilizard la electrénica digi-
tal y el procesamiento de senal digital de tecnologia mas avanzada basado en las
tarjetas NUMEXO2 [5, 6]. Teniendo esto en cuenta, un esfuerzo considerable se
ha invertido recientemente en el estudio de sincronizacién digital [4], tarjetas de
adquisicién répida de datos digitales [7] y la discriminacién digital forma pulso
(19, 20].
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8.2.1 El diseno de los detectores de NEDA

NEDA estd disenado conceptualmente como un multi-detector flexible con unidades
de deteccién idénticas capaces de adaptarse a diferentes configuraciones experimen-
tales. Se eligié un hexdgono regular como punto de partida para el diseno de la
geometria NEDA, ya que es el poligono més adecuado sea para el agrupamiento de
los detectores en geometrias compactas, como para el acoplamiento del contenedor
de centellador liquido al tubo fotomultiplicador (PMT) de forma circular, mini-
mizando el area descubierta por el PMT. La longitud lateral del hexagono es de
84 mm, adecuada para los tubos fotomultiplicadores méas grandes disponibles nor-
malmente con 5 pulgadas de didmetro (véase Fig. 3.1). El volumen de centellador
liquido en el detector es de 3,23 litros. Se utiliza un contenedor de aluminio con
un grosor de 3 mm para proporcionar suficiente estabilidad mecanica al detector.

A parte de la modularidad, los criterios de disenio de NEDA incluyen:

e Eficiencia: maximizada dentro de la cobertura geometrica

e Distancia de blanco a detector: lo suficientemente grande para la discrimi-

nacion de neutron-vy por tiempo de vuelo (TOF)

e Granularidad: maximizar la eficiencia de discriminaciéon de los canales de

reaccion con una multiplicidad de neutrones mayor que 1.

8.2.2 Simulaciones de Monte-Carlo

El objetivo principal de las simulaciones es evaluar el rendimiento de la primera im-
plementacion de NEDA combinado con Neutron Wall y AGATA. Las simulaciones
Monte Carlo presentadas en este capitulo se realizaron utilizando Geant4 [23] y el
paquete de simulacion AGATA (ASP) [1, 24]. El rendimiento del sistema prop-
uesto se ha simulado para una fuente de 22Cf que emite neutrones isotrépicamente
y para la reaccién de fusién-evaporaciéon 8Ni + *6Fe en el que los neutrones se

distribuyen segtn la cinematica de reaccion.

8.2.2.1 Generadores de eventos

Para simular el rendimiento de los detectores, se han utilizado dos generadores de

eventos diferentes para producir neutrones, uno correspondiente a una fuente de
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22Cf y otro que reproduce realisticamente la emisién de neutrones en una reaccién
de fusion-evaporacién. La distribucién de energia de los neutrones de una fuente
de 2°2Cf se produce el generador de eventos incorporado de Geant4 usando la
expresion utilizada en la Ref. [25]. En cuanto a los eventos de reaccién de fusién-
evaporacion realistas, el cédigo de Monte-Carlo Hauser-Feshbach LILITA_N97 [26]
se ha utilizado para calcular los parametros fisicos de la emisién de neutrones

evento por evento.

8.2.2.2 Verificacion del generador de eventos de reaccién

fusién-evaporacion

Para validar nuestras simulaciones, se ha verificado el generador de eventos com-
parando una medicién con el instrumento Neutron Wall con una simulacion de
la misma configuracion. Se utilizaron datos medidos con el instrumento Neutron
Wall en los que se utilizaron un haz de *®Ni a 220 MeV que incidia sobre un
blanco de *°Fe con un espesor de 10 mg/cm?. La eleccién de esta reaccién fue mo-
tivada por la existencia de datos utilizados anteriormente para la caracterizacién
de Neutron Wall [17]. Ademas, las caracteristicas de esta reaccién son bastante
similares a las que pretendemos utilizar en futuros experimentos con NEDA. Para
validar el generador de eventos se realizd una comparacion de las distribuciones
experimentales de TOF medidas en el experimento mencionado para los diferentes
angulos polares de Neutron Wall con las simulaciones de Geant4. La Figura [3.4
muestra los espectros TOF medidos y simulados para los seis dngulos 6 de Neu-
tron Wall. Los datos experimentales se recogieron utilizando un ”Common Stop”
para los detectores de neutrones, por lo tanto el eje del tiempo tiene los tiempos
de vuelo mas largos a la izquierda. El centro de la distribucién de se ha tomado
como referencia de tiempo (t = 0 ns en los espectros). La renormalizacién entre
datos experimentales y simulados se realizé utilizando la relacién entre el nimero
total de neutrones en los espectros experimentales y simulados TOF. Con el fin
de mejorar el acuerdo de los datos simulados y experimentales, la energia de cen-
tro de masa de las particulas de luz evaporada tuvo que ser incrementada en 800
keV en LILITA_N97. Esta energia fue substraida de la energia de excitacion del
nicleo después de cada emisién de neutrones, con el fin de mantener la competen-
cia correcta entre los diferentes canales de decaimiento. Como se ve en la figura,

el acuerdo es bastante bueno después de anadir energia de 800 keV y, por lo tanto,
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concluimos que el generador de eventos puede usarse para determinar las cifras de

rendimiento de NEDA para la reacciéon de fusién-evaporacion.

8.2.2.3 Evaluacién del “Cross-Talk” de neutrones

En un multi-detector de neutrones con una geometria compacta, como NEDA,
la probabilidad de interferencia de neutrones entre detectores es bastante grande.
Para el multi-detector de Neutron Wall, la simulacion de neutron cross-talk se
estima en un 12% en un acuerdo justo con las estimaciones anteriores [16, 17].
Esto conduce a una ambigiiedad con respecto al nimero real de neutrones que
interactian en el sistema. Con el fin de disminuir esta ambigiiedad y optimizar
la eficiencia de discriminacion en el caso de emisién de dos y tres neutrones, se
ha incluido una condicién en la correlacién entre la distancia entre los centroides
del detector (Ar) y la diferencia de TOF (At) de dos detectores que han generado

senal.

8.2.3 Implementacién primaria de NEDA para acoplar con

AGATA: Diseno y resultados de las simulaciones

Se han propuesto dos configuraciones para la implementaciéon de NEDA, junto con
el Neutron Wall, que se utilizara con AGATA en GANIL (véase Fig. 3.8). En la
configuraciéon mostrada en la Fig. 3.8-a, Neutron Wall a 180 mm de su posicién
nominal en la direcciéon del haz, es decir, las caras delanteras de los detectores
pentagonales estan a 690 mm de la posicién del blanco. Los 50 detectores NEDA
se colocan a 510 mm, 17 unidades a 60.5°, 16 unidades a 74° y 17 unidades a 87.5°
con respecto a la direccién del haz, para cubrir un angulo sélido mayor en dicha
direccién. En la configuracién mostrada en la Fig. 3.8-b, las unidades hexagonales
de Neutron Wall se colocan en angulos 6 entre 60° y 90°. La distancia de blanco a
detector de Neutron Wall se mantiene su posicién original, es decir, 510 mm. Las
51 células unitarias NEDA se sitian entre § = 0° y 6 = 60°, cubriendo un angulo
solido de aproximadamente 2 = 0,77 s.r. en la posicién hacia delante. La unidad
central de deteccion de NEDA se coloca a 570 mm de la posicion de blanco. Los
resultados de las simulaciones del sistema descrito, se presentan en la tabla y

8.2
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TABLE 8.1: Las eficiencias de deteccién de un, dos y tres neutrones obtenidas
de simulaciones de una fuente 2°2Cf para las diferentes configuraciones descritas
en el texto. Los errores son estadisticos.

Geometria E1n [%0] Ean [%0] E3n [%0]
Neutron Wall (NW) 881 (6) _ 0.50 (4) 0.021 (43)
NW + NEDA 13.55 (5) 1.371 (23) 0.125 (12)
NW-ring + NEDA  14.68 (5) 1.743 (21) 0.182 (11)

TABLE 8.2: Las eficiencias de deteccién de un, dos y tres neutrones obtenidas
de simulaciones de la reaccién 9®Ni + °°Fe para las diferentes configuraciones
descritas en el texto. Los errores son estadisticos.

Geometria E1n [%0) Eon [T0]  e3n [%0]
Neutron Wall (NW) 26.00 (5) 3.93 (10) 0.55 (14)
NW + NEDA 28.70 (5) 6.37 (11) 1.66 (12)

NW-ring + NEDA  31.30 (5) 7.62 (11) 1.89 (11)

8.3 Pruebas con detectores de neutrones

En la fase de preparacién de NEDA se adquirieron prototipos conteniendo cen-
tellador liquido, con las que se consturyeron igual numero de detectores y, en el
contexto de éste trabajo doctoral se hicieron las pruebas para caracterizar sus
rendimientos de neutron-cross-talk. El banco de pruebas se instal6 en el Laborato-
rio “Laboratori Nazinoali di Legnaro”, incluyendo la electréonica de procesamiento
de senales y el sistema de adquisicién de datos. El procesamiento de senales se
ha realizado de dos maneras: digital y analdgico. El sistema analégico fue igual
al utilizado en el caso de la Neutron Wall y sistema digital ha sido desarrollado
especialmente para EXOGAM2 y NEDA con una interfaz que es compatible con
AGATA usando FADC de alta fecuencia y numero efectivo de bits.

Con el fin de descubrir las caracteristicas de neutron cross-talk de los detectores
prototipo, se ha realizado una medicién en dos fases. La medicién se basa en
una idea simple, en la obtencion de los resultados de cross-talk de neutrones,
con la substraccién de dos espectros TOF, uno de los eventos reales y el otro de
los eventos real + cross-talk. El primer espectro se ha adquirido colocando los
dos detectores de neutrones enfrentados y alejados. El segundo se ha obtenido
colocando los detectores uno junto al otro a igual distancia de la fuente (véase
la figura 4.3). Los resultados experimentales sugieren un 15.51% de eventos de
neutron cross-talk sobre el nimero de neutrones detectados. Con el fin de evaluar

mejor este resultado, se han realizado las simulaciones Monte-Carlo de las pruebas
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de cross-talk. Los neutrones que han sufrido “cross-talk” se determinan de la
misma manera que en el banco de prueba, es decir, se sustraen los espectros de
ToF de las dos configuraciones. La probabilidad de la deteccion de los neutrones
en ambos detectores con solo un neutrén emitido, se encontré que el 15.58% de
todos los neutrones detectados en las simulaciones. Los resultados de la simulacién

estan en buen acuerdo con los resultados experimentales.

8.4 Detectores de espectroscopia v y auxiliares

En las ultimas décadas, la espectroscopia de rayos-vy utilizando multi-detectores
de Ge se ha convertido en una herramienta esencial en los estudios experimentales
de estructura nuclear. Sin embargo, la produccién disminuye a medida que los
nicleos de interés se vuelven mas exdticos, la investigacion de tales nicleos sera
mas dificil, lo que conlleva la necesidad de contar con detectores mas eficientes y
con mayor sensibilidad. Para responder a estas necesidades se estan construyendo
nuevos detectores, sensibles a la posicién, basados en el andlisis de la forma del
pulso (PSA) y el trazado (tracking), cubriendo 47 s.r. &ngulo sélido con alta
granularidad. Los métodos de supresion de fondo Anti-Compton convencionales
[38-41] ya no serdn necesarios gracias a estas técnicas y la cobertura geometrica
con los detectores de Ge puede ser tan elevada como el 80% [1]. En esta seccidn, se
presentaran dos de los ampliamente conocidos sistemas de detectores segmentados
Europeos, basados en detectores semiconductores de Ge hiperpuro: EXOGAM y
AGATA. Estos detectores se utilizaron también en los experimentos presentados

en esta tesis.

8.4.1 AGATA

AGATA es un sistema de detectores semiconductores coaxiales de Ge Hiperpuro
de tipo-n altamente segmentados y encapsulados, con capacidad de PSA y de
trazado. AGATA tenrd 180 detectores cuando se complete (ver Fig. 5.1). Los
cristales se agrupan en tres para formar clusters (AGATA triple cluster - ATC)
y cada grupo se mantiene a temparatura criogenica a traves de un criostato que
evapora nitrogeno liquido. enfria por un criostato. El radio interior de AGATA
es de 225 mm y el radio exterior es de 315 mm. Cada uno de los cristales tiene

el contacto exterior dividido en 36 segmentos, que junto con el contacto interior
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que dispone de dos pre-amplificadores con ganancias distintas, proporcionan 38

senales eléctricas independientes.

La primera fase del detector, conocida como Demostrador de AGATA o AGATA
Demonstrator (5 clusters) (Fig. 5.3) fue instalada y utilizada satisfactoriamente
en los Laboratori Nazionali di Legnaro (LNL) hasta el afio 2011. Posteriormente,
se trasladé al GSI de Darmstadt en Alemania en 2012 para ser acoplado con
los detectores de PreSPEC, como fase previa a FAIR/NUSTAR, Separador de
Fragmentos (FRS - FRagment Separator) hasta 2014. Tres clisteres AGATA
doble y cinco clisteres triples AGATA (19 cristales) estuvieron operativos durante
la campana GSI en 2012. AGATA se trasladé a GANIL en la segunda mitad de
2014. En GANIL, AGATA se ha utilizado acoplada al espectrometro magnetico
VAMOS y se encuentran en preparacion las campanas de medida con AGATA
acoplada a los detectores NEDA y DIAMANT en 2018 y muy probablemente en
2019 se utlizara con haces radioactivas acoplada a detectores de particulas cargadas
ligeras. Actualmente, hay 35 detectores operativos de AGATA en GANIL.

8.4.2 EXOGAM

El multi-detector EXOGAM se encuentra en GANIL y se utiliza para realizar ex-
perimentos con haces tanto estables como radioactivos, de las instalaciones GANIL
y SPIRAL. El sistema consta de detectores segmentados tipo Clover [57] en una
distribucion espacial que permite tener una cobertura maximizada en angulo sélido
(véase la figura 5.6-a). Los detectores Clover se encuentran rodeados el escudo
Anti-Compton, formado por detectores de centelleo de BGO, y que nos permiten
reducir los eventos de fondo y aumentar la relacién Pico-Total (P / T), que llega a
ser del 47%. La eficiencia de detectores compuestos, como son los detectores tipo
Clover, se puede incrementar en el proceso llamado “Add-back”, en el que senales
producidas simultaneamente por cristales adyantes, se suman, recuperando par-
cialmente los rayos-v que solo depositan una parte de su energia y escapan despues
de una interaccion Compton. Incluyendo este proceso, se sabe que la eficiencia
de EXOGAM puede llegar a ser del 20% pra multiplicidad de rayos-y = 1. La
eficiencia absoluta de EXOGAM en la configuraciéon junto con Neutron Wall y
DIAMANT es superior al 10%.

El multi-detector EXOGAM utiliza VXI (VME eXtension for Instrumentation)

Médulos para la adquisicién y para transferir los datos.
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El sistema de decisién “trigger” de EXOGAM tiene dos niveles. El primer nivel
proporciona una decisién réapida que permite iniciar la conversion. El segundo
nivel, llamada de validacién, toma la decisién final sobre la lectura o el rechazo del
evento. El sistema de adquisicién de datos (DAQ) de EXOGAM estéd basado en
MIDAS (Sistema de Adquisicién de Datos de Instancia Multiple) que se desarrolld
inicialmente para EUROGAM y EUROBALL [63].

8.4.3 Neutron Wall

Neutron Wall es un conjunto de detectores de neutrones que se utiliza princi-
palmente para seleccionar e identificar los canales de reaccién, asociados con la
emisién de neutrones, mediante la deteccion de los neutrones de las reacciones de
fusién-evaporacion. Neutron Wall consta de 15 hexdgonos y 1 pentagono en forma
de bloques de deteccién y cubre 17 s.r. angulo sélido a 510 mm desde la posicién
de blanco hasta las superficies del detector (véase la figura 5.8). Los bloques de
detectores hexagonales se subdividen en 3 detectores y cada uno contiene aprox-
imadamente 3.2 litros de centellador liquido, mientras que el bloque pentagonal
se subdivide en 5 detectores y cada uno contiene aproximadamente 1,1 litros de
centellador liquido. Por lo tanto, el sistema completo consta de 50 detectores y el

volumen total del escintilador es de aproximadamente 150 litros.

Los detectores de neutrones son sensibles tanto a los rayos gamma como a los
neutrones, que pueden ser discriminados por PSA. El mecanismo de deteccion de
los neutrones nos permite procesar la forma de las senales de los detectores, que
dependen del tipo de la particula detectada, y se explica por los mecanismos de
Forster y Dexter [13,15]. Junto con el PSA| el TOF se utiliza para la discriminacién

neutrén-vy que puede verse en la Fig. 2.6.

8.4.4 DIAMANT

DIAMANT es un multi-detector de particulas ligeras de carga que consiste en 80
detectores centelladores de Csl (T1) de 3 mm de espesor y leidos por fotodiodos,
cubriendo el 90% de 47 s.r. en dngulo sélido (vease Fig. 5.10). La resolucién de
energia es del 2% a 5.5 MeV para las particulas en interes. DIAMANT tiene 70%
y 50% de eficiencia para protones y particulas , respectivamente. Los cristales

Csl estan cubiertos por una ldmina, que su material y espesor depende de la
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composicion y de la energia del haz, con el fin de evitar el dafio de los cristales Csl

causado por irradiacién con el haz. En nuestro caso se utilizaron 5 ym de Talio.

El procesamiento de la senal de los detectores de DIAMANT se realiza a traves
de electronica basada en VXI. La electronica de DIAMANT proporciona tres
parametros de salida: tiempo, tipo de particula y energia. El pardmetro de tipo de
particulas se obtiene utilizando técnicas de discriminacion de forma de impulsos
[65 - 68]. La identificacién de las particulas se realiza por medio de las matrices
PID-Energy (vease Fig. 6.6).

8.5 Actividad experimental en GANIL con
EXOGAM y detectores complementarios

El experimento se realizé en GANIL con el haz 32S, acelerado a una energfa de
79.8 MeV con una intensidad de 10 pnA por el acelerador CIME, incidiendo sobre
un blanco de ?8Si con un espesor de 0,500 mg/cm? sobre un soporte de 8 mg/cm?
907y llamado “backing”. Este experimento, ha sido relevante para conocer el fun-
cionamiento y el analisis de datos del instrumento Neutron-Wall, durante la fase
de diseno NEDA. El objetivo principal de este experimento era poblar nticleos en
la vecindad de N = Z en la regién de °Ni. El mecanismo de reaccién preferible
-con haces y blancos estables- para la poblacion de tales nicleos es la fusién-
evaporacion. En este mecanismo de reaccion, el haz acelerado golpea el blanco
estacionario, y si el parametro de impacto es suficientemente pequeno, el nicleo
compuesto puede formarse y, en caso de no sufrir fision, seguird un proceso de
desexcitacién (vease Fig. 6.1). El niicleo compuesto estd en un estado muy ex-

19 segundos-

citado, por lo tanto, poco después de la formacién -en unos 10
evaporara nucleones y pequenos fragmentos, como particulas «. La evaporacién
de las particulas estd siempre compitiendo con la emisién de rayos-v durante el
proceso de enfriamiento y cuando el nucleo producto de la reaccién se encuentra
en un estado cercano o por debajo barrera para la emision de particulas, la de-
sexcitaciéon continuara con la emision de rayos-vy hasta que el ntcleo alcance el
estado fundamental (vease Fig. 6.2). El sistema de detectores incluia, DIAMANT
para las particulas cargadas ligeras, Neutron Wall para los neutrones y finalmente

EXOGAM para la deteccién de los rayos-v.



158 Resumen en castellano

El experimento fue disenado originalmente para estudiar la estructura del nucleo
%87n, sin embargo, incluso en la etapa temprana del experimento estaba claro que
los resultados estaban comprometidos por la pureza insuficiente del haz, que estaba
contaminado al nivel del 1% con “°Ar - en un estado de carga que proporcionaba
la misma rigidez magnética para la misma energia. Sin embargo, se seleccion6 la
energia del haz para maximizar la seccion eficaz relativa de los niicleos més exoticos
posibles con tal reaccién, reduciendo tanto como sea posible la energia del haz para
reducir los canales con varias particulas evaporadas. Las secciones eficaz de dichos
canales se han calculado con el cédigo de modelo estadistico HIVAP [69] [70] (vease
figura 6.8). La barrera Columbiana se calculé como 36 MeV utilizando la ecuacion
6.1, siendo R la distancia maxima entre dos nucleos, a su vez se puede calcular con
la ecucacion 6.2. La relacion entre la energia del haz y la energia de excitaciéon del
nucleo compuesto se deriva utilizando la conservacién de la energia y momento y
se calcula la energia del centro de masas del sistema como en la ecuacion 6.3. Asi,
se deduci6 el limite de barrera Columbiana, en el sistema de laboratorio, como 2.41
MeV/A para nuestro proyectil, como 2.41 MeV /A, y la energia del haz se elegi6
como 2.5 MeV /A siendo superior de la barrera. Con esta energia, la secciéon eficaz
de la evaporacién de neutrones estd maximizada y la evaporacion de particulas

cargadas reducida el méximo posible.

El analisis de los datos inicia con las calibraciones y alineado tanto de los datos
de tiempo como de energia. La alineacion del tiempo es muy importante en el
analisis de tales instrumentos complejos, de tal manera que todas las particulas y
rayos-7y tienen que estar en coincidencia de tiempo. Los datos de todos detectores
tienen que ser ordenados y organizados de tal manera que podamos establecer
condiciones que nos ayuden a identificar los canales de reaccién especificos y la

cascada de rayos-vy asociada.

Una vez se realizan las calibraciones y alineaciones, se crean los espectros sencillos
de rayos-v y matrices de coincidencia v - 7 bajo diferentes condiciones en las
particulas cargadas y neutrones detectados. El area de una transicién rayo-v en
un espectro sencillo con condiciones en particulas cargadas y neutrones depende
de varios factores. En primer lugar de su intensidad, también la probabilidad de
que los canales de reaccion del producto al que pertenece esta transiciéon cumplan
las condiciones en particulas cargadas y neutrones. La probabilidad de tener el
rayo-y de un ntcleo en coincidencia con un canal de particulas, se determina por la

probilidad de la deteccién de “X” particulas cuando se emiten “N” particulas, que
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TABLE 8.3: Las eficiencias de deteccién de particulas obtenidas en este experi-

mento.
Detector Particula Eficiencia [%)]
Neutron Wall 1n 21.1
Neutron Wall 2n 1.4
DIAMANT 1p 65
DIAMANT lo 35

sigue la distribucién binomial (vease ecuacion 6.7). Se han utilizado los rayos-y
conocidos para encontrar la eficiencia de deteccion de particulas comparando las
areas correspondientes a una transicion con diversas condiciones, por ejemplo, de
cero-protones y un-proton. Una vez se determina la la eficiencia de deteccién de
un proton, se puede predecir el canal de reaccién de una transicién desconocida
utilizando la distribucién binomial. Sin embargo, la probabilidad de canales que
incluyen neutrones no siguen la distribuciéon binomial debido a las condiciones
aplicadas para incrementar precision de identificacién de nimero de neutrones
(vease Seccién 8.2). En este experimento, las eficiencias de deteccién de protones,
particulas-a, un-neutrén y de dos-neutrones se meustran en tabla[8.3] Se muestran
los espectros con diferentes condiciones de particulas cargadas y neutrones en la
figura 6.9. La evolucién de las areas de las transiciones con diferentes condiciones
es evidente. Se muestra el caso de la transicion 7/27 — 3/27 (2577 keV) del °'Ni
en la figura 6.10. El nucleo se puebla en el canal de reaccién 1n2p. En este caso,
en el espectro con condicién de coincidencia de Inla que el pico desaparece, lo

que indica que el canal de este nucleo no incluye particula-c.

Se realizd el andlisis de los espectros de coincidencia de ~-v para construir los
esquemas de niveles de los niicleos. Con el fin de construirlos, es necesario deter-
minar las intensidades relativas de los rayos-y dado que la eficiencia de deteccién
depende de su energia. La calibracion de eficiencia relativa de EXOGAM se realizé

utilizando la fuente *2Eu y la actividad de **Co que se producié en la reaccién.

Por ejemplo, se generé el espectro de transiciones en coincidencia con la transicién
7/27 — 3/27 (2577 keV) del 5"Ni imponiendo un condicién en el pico correspon-
diente a 2577 keV en la matriz de coincidencias (vease figura 6.11). Encontramos
tres transiciones nuevas en dicho espectro a las energias de 611 keV, 880 keV y
975 keV. Se muestran los espectros de coincidencia con dichos picos en las figura

6.12 y 6.13. Se construié el esquema de niveles de 5'Ni (vease fig. 6.14) analizando
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los espectros de coincidencia. Las multipolaridades de nuevas transiciones se obte-
nieron utilizando la distribucion angular del nucleo orientado, i.e. los cocientes
ADO [80-82] (vease tab. 6.4). En ésta tecnica se comparan las intensidades de
rayos-7y en distitos angulos de deteccién. El multi-detector EXOGAM nos permite
hacer la comparacion a los angulos polares 90, 135 y 145 grados. Entonces se
comparan los cocientes de ADO para tanto los rayos-vy conocidos como los nuevos
(vease fig. 6.15). El analisis de ADO nos permitié proponer las multipolaridades
de las nuevas transiciones como dipolos con una mezcla de cuadrupolo, excepto
quizas para la transicion de 611 keV que parece un dipolo menos mezclado o sin

mezcla.

Ademas, el analisis de coincidencia de y-v nos permitié construir el esquema de
niveles de otros nucleos poblados. Por ejemplo, el esquema de ®*Ga se muestra en

la figura 6.18 indica que no se han observado nuevas transiciones.

En este experimento, se observaron tres nuevas transiciones en °’Ni y se pro-
pusieron cuyas multipolaridades. Los esquemas de niveles de otros nucleos pobla-

dos estan de acuerdos con los trabajos existentes.

8.6 Actividad Experimental en GSI con AGATA-
PreSPEC: Colectividad en °?Fe

El experimento se realizé en las instalaciones GSI donde es posible acelerar haces
de nucleos radioactivos, en este caso el 2Fe a energfas relativistas para estudiar
la colectividad tanto en el estado ismoerico 127 como en el estado fundamental,

midiendo la seccion eficaz de la excitacion Coulombiana relativista.

En la dltima década, los nicleos de la capa 1f;/, han llegado a ser un banco de
pruebas importante para los modelos nucleares y las interacciones. Cerca del centro
de la capa, los niicleos muestran propiedades colectivas similares a las observadas
en nucleos mas pesados, tales como bandas de tipo rotacional, terminacién de
banda y fenémenos de “back-bending”. En las tltimas dos decadas, gracias al
advenimiento de los multidetectores de Ge de alta eficiencia, el conocimiento de la
estructura del 52Fe se extendid hasta el estado 10%, confirmando asf la inversién
prevista [106, [107] de los estados yrast 10* y 12%. Entre otras, se han medido

las dos transiciones v E4 que conectan el estado 121 a dos 8" estados. Como ya
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se ha senalado en la Ref. [110], °>Fe se comporta como un rotor por debajo de
[=6, consistentemente con una banda K=0. Utilizando la prescripcion del modelo
de rotacién, se obtuvo un momento intrinseco cuadrupolar Q o ~ 90 efm? para
los estados 27 y 47 mds bajos a partir de los valores teoricos de la B(E2). Un
cambio drastico se observa en [=6 donde el momento espectroscopico cuadrupolar
Qs cambia de signo y se vuelve muy pequeno. Los cédlculos LSSM muestran que
la estructura de las dos bandas K = 0 y K = 6 estd en gran parte dominada por
una configuracién (f7/5)*. Como se muestra en la Fig. 7.1 el cambio de régimen
en [=6 también se refleja en los niimeros de ocupacién; la ocupacién de la érbita
p3/2 tiene una caida marcada en este punto. Es bien sabido que el desarrollo
de la coherencia cuadrupolar que da lugar a bandas de tipo rotatorio en la capa
fp proviene de la mezcla de las 6rbitas f7/5 y pso [96, 97]. En los nicleos maés
deformados de la region, el nimero de ocupacién pz/; permanece casi constante a
frecuencia de rotacion, mientras que en el spin maximo que se puede construir con
las particulas de valencia en la capa f7 /2, los nimeros de ocupacion pss, f5/2 ¥ P12
desaparecen para ¥Ti (I = 12) y se vuelven insignificantes para **Cr (I = 16). El
f7/2 se convierte en la tinica orbita relevante en estos casos en los que los estados de
terminacién de banda completamente alineados son de caracter no colectivo. La
situacion es diferente en *?Fe, donde por encima de I = 6, todas las contribuciones
permanecen casi constantes y diferentes de cero en funcién de spin incluso en I =
12, manteniendo asi una colectividad residual que se ha considerado fundamental

para explicar las caracteristicas del estado isomerico 121 “Yrast-trap” del 52Fe..

Nuestro grupo también publicé [105] la medida de la desexcitacién v E4 de la
trampa yrast 127 en 52Fe a los dos conocidos estados 8. Las intensidades evalu-
adas reflejan probabilidades de transicion E4 muy bajas, si se comparan los datos
de %*Fe con los B(E4) observados en otros nticleos de capa. Para interpretar estos
resultados se realizaron calculos en el modelo de capa con el cédigo ANTOINE
[109] en el espacio completo del modelo pf. Se han utilizado tres interacciones resid-
uales diferentes, a saber, las interacciones FPD6 [116], KB3G [117] y GXPF1 [11§].
Todos los célculos sobrestiman los valores experimentales para las probilidades re-
ducidas de transicion. La mejor descripcién se logra mediante la interaccion FPD6,
ya que FPDG6 predice una colectividad 50% mayor que las otras interacciones. Un
método frecuentemente empleado para investigar la colectividad de los estados es
la medicion de las probabilidades de transicion. En general, valores elevados de la

B(E2) en conexién con estados colectivos.
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Un método de obtencién de los valores de B(E2) es poblar los estados sobre el
estado isomerico utilizando la excitacion Coulombiana relativista, dado que su
seccion eficaz estd relacionada con los valores de B(E2) [125, 126]. Para realizar
dicha medida, se ha producido un haz radiactivo de *’Fe con una relacién isomerica
de 14(2)% con la ayuda del separador magnético FRagment Separator (FRS -
vease Fig. 7.2) y utilizando un blanco de %"Au de 400 mg/cm?. El FRS es un
espectrémetro de alta resolucién capaz de identificar en vuelo el cociente A/Q de

cada nucleo, donde A representa el nimero mésico y Q la carga efectiva del ién.

El haz procedente del FRS y a energias relativistas (156 MeV.A) interacciona con
el blanco ya mencionado y posteriormente entra en el calorimetro de Lund-York-
Cologne (LYYCA). LYCCA es capaz de distinguir los productos de reaccién, sus
velocidades y el angulo de dispersion para hacer la correccion Doppler y obtener

la seccidn eficaz.

Una vez realizadas todas las calibraciones, tanto de energia como de tiempo de
los detectores de FRS, LYCCA y AGATA, es posible establecer condiciones tanto
para el nucleo del haz secundario, procedente del FRS, como para el nticleo pro-
ducto de la reaccién, en nuestro caso, en ambos se selecioné el ?Fe. Despues de
dicha seleccién, es posible generar espectros de las transiciones gamma con las en-
ergias corregidas por el efecto Dopler producido por la velocidad y trajectoria del
producto de la reaccién. La correccién Doppler se optimizé para la transicién 27
— 0% dada su intensidad muy elevada. Se observaron tres transiciones del **Fe a
las energias 849.5 keV, 2721 keV y 3586 keV (véase las figuras 7.29 y 7.32), siendo
la de 849.5 keV es de la 27 — 0. El esquema de niveles del *?Fe se conoce bien
hasta el estado isomerico 12%. Asf que la transicién de 2770 keV corresponde a la
desexcitacién del estado 25 al estado fundamental 0, que se observé previamente
a la energfa de 2760 keV [145]. En nuestro experimento la transicién se encuentra a
una energia desplazada del valor conocido en la litertatura a causa de la correcién

Dopler.

La correcion Dopler a estas energias es muy sensible a la vida media del estado,
a causa del desplazamiento del punto de emision del rayo-gamma. La transicién
a la energfa de 3588 keV es nuestro candidato para la transicion 147 — 12, A
causa de su elevada energia, el comportamiento de esta transicion se espera muy
similar a la de 25 — 07, se puede realizar una calibracion internal para posicionar

los picos a la energia correcta.
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En la tabla Tab. se muestran las secciones eficaz que se encuentran en este

experimento con las energias corregidas en paréntesis.

TABLE 8.4: Las secciones eficaz deducidas en este trabajo. Las energias cali-
bradas se muestran en paréntesis.

Isotopio I, — Iy [i] E, [keV] o [mb]
TRe 0" - 27 849.5(1.4)  79(5)
2Fe 0t —2f 2770 [2760]  16(7)
2Fe 127 — 14+ 3588 [3575]  26(18)

YTAw 3T T 576.6(1)  10.8(2.0)

Se muestra en la Tabla [8.5] una comparacién de los resultados de la seccion efi-
caz experimentales para las transiciones conocidas con los de calculos que re-
alizaron utilizando codigo DWEIKO [133] y los que realizaron por C. Bertulani

[148, [149]. El resultado correspondiente a la transicion 0T — 23 se encuentran en

TABLE 8.5: Comparacién de los resultados de la seccion eficaz experimentales
para las transiciones conocidas con los de calculados con DWEIKO.

Isotope I, — Iy [h] E, keV] oDWEIKO mp|  ghertulant [mb] Oezp [Mb]

WTAw 3T T 547.5 40.1 28.0 10.8(2.0)
PPe 0t - 2f 849.5 69.8 46.9 79(5)
PFe  0f = 2f 2770 [2760] 11 7.8 16(7)

buen acuerdo con el calculo de seccién eficaz realizado con la B(E2) obtenida en

una medida previa [145]. Por otro lado, los resultados de 07 — 21 del ®?Fe y de

§+
2

las B(E2) conocidas.

+ , ., )
— g del ¥7Au no concuerdan con los calculos de seccién eficaz realizados con

Por 1ultimo, con el fin de interpretar los resultados, nuestra colaboradora teorica
Prof. Silvia Lenzi de La Universidad e INFN de Padova Italia, realizé los calculos
del modelo de capa a gran escala (LSSM) utilizando ANTOINE [109] y las in-
teracciones KB3G [117] y GXPF1A [115] considerando los efectos de polarizacién
del core y las propiedades quadrupolares, usando cargas efectivas e, = 1.31, e,
= 0.46 y e, = 1.5, ¢, = 0.5, respectivamente (vease Tabla . Segtn los resul-
tados, la interaccién GXPF1A predice mejor que la interacciéon KB3G la energia
de excitacién de nuestro candidato para el estado 147. Los resultados indican en
cualquier caso que la B(E2) experimental es aproximadamente 10 veces mayor que
los resultados de los calculos LSSM, lo que sugiere un mayor grado de colectividad

en los estados involucrados.
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TABLE 8.6: Comparacién del resultado experimental y los de calculos de LSSM
con las interacciones KB3G y GXPF1A.

Interacciéon I, — I; [hi] AE [keV] B(E2) [e’fm?]

KB3G 127 — 14* 4391 21.6
GXPF1A 12+ — 14% 3753 34.3
Experiment 127 — 147 3588 [3575] 410(210)

Los célculos se han hecho también para el estado 235 usando las mismas cargas
efectivas y la comparacion de los resultados con el experimental se muestran en
Tab. La interaccion KB3G predice mejor el valor de B(E2) mientras la

TABLE 8.7: Comparacién de los resultados calculados utilizando las interac-
ciones KB3G y GXPF1A con el de experimento.

Interaccién I, — I; [h] AE [keV] B(E2) [e’fm"]

KB3G 0" — 25 3100 180.65
GXPF1A 0t — 25 2669 211.95
Experiment 07 — 25 2770 [2760] 182(80)

interaccion GXPF1A predice mejor la energia de excitacién.
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