The cover shows the set-up and the key results of the element Z = 115 experiment conducted at GSI’s gas-filled recoil separator T ASCA. The α -photon coincidence spectroscopy set-up TASISpec consist s of a box of pixelated Si-detectors with surrounding composite G e-detectors (schematic representation top right). This setup allows de tecting superheavy nuclei via their implantation and subsequent nucl ear decay and their direct identification by measuring characteristi c X rays. For the experiment an intense^{48} Ca beam provided by the UNILAC accelerator impinged on a radioactive^{243} Am target wheel placed at the entrance to TASCA (photo bottom left). 30 correlated α -decay chains, assigned to element 115, were registered in TASISpe c within three weeks. Twenty-two of them originated from the isotope with mass number 288 (average values given in the displayed chain at the diagonal). Observed α -photon coincidences (black histograms, upper left) include two K X -ray candidates along the decay chain, the energies of which are compatible with the assignment of the cha ins to element Z = 115. Further coincidences led for the first time to detailed decay schemes (lower right) of superheavy elements near the predicted ’Island of Stability’. The E 1 γ rays in^{276} Mt give rise to significant constraints on nuclear structure models. A complex, but in p arts still tentative, decay scheme of^{272} Bh can explain the emission of the two K X -ray candidates. Detailed GEANT4 Monte-Carlo simulations (see TASISpec scheme, top right) were employed for the first time i n an experiment on such superheavy nuclei. They allow for a cruci al selfconsistency check of the interpretation (decay schemes, bo ttom right) of the measured data (spectra, green curves, top left). This experiment was selected by the American Physics Societ y as one of the top ten ’Physics Newsmakers of the Year 2013’.

Cover design: B. Schausten, TASCA photograph G. Otto.

GSI Scientific Report 2013

GSI Report 2014-1

< http://www.gsi.de/library/GSI-Report-2014-1/ > DOI:10.15120/GR-2014-1

ISSN: 0174-0814 and GSI Report 2014-1

Publisher: GSI Helmholtzzentrum für Schwerionenforschu ng GmbH, Planckstr. 1, 64291 Darmstadt, Germany, < http://www.gsi.de > GSI is a member of the Helmholtz association of national rese arch centres < http://www.helmholtz.de > . E-only-edition: < http://www.gsi.de/library/GSI-Report-2014-1/ > DOI:10.15120/GR-2014-1

Editor: Katrin Große, Contact: gsilibrary@gsi.de, phone: +496159 712610, fax: + 496159 713049. Cover design: B. Schausten. Publication date: October 2014

Copyright © 2014 by GSI Darmstadt, all rights reserved.

For the production of this report templates and scripts of th e JACoW collaboration (Joint Accelerator Conferences on Web < http://www.jacow.org > ) were used.

Foreword

The year 2013 has been exceptional - in two extreme ways. On one hand, we witnessed important progress in the technolo gical developments for the accelerator and detector components for FAI R, the Facility for Antiproton and Ion Research, the future project of GSI an d the international science community in the fields of hadron and nuclea r sciences as well as for many applications in atomic and biophysics and ma terial research. Several Technical Design reports have been concluded in 201 3 (i.e. CBM Silicon Tracking Stations). From the Manne-Siegbahn-Laborato ry in Stockholm the CRYRING storage ring has been delivered to the future FAI R accelerator facility. This storage ring will be assembled first at the exi sting GSI facility to conduct experiments and machine tests. Elaborate altera tions of GSI’s large ring accelerator SIS18 have been concluded end of 2013 after one year of work which included in particular the installation of a ne w accelerator cavity.

On the other hand, the necessary focussing of GSI on the FAIR p roject came with a price: no beam time at GSI and financial support in t he research department at the bare minimum. Despite these less th an optimal conditions, my colleagues in the research department have r eached many scientific firsts, based on experiments performed in earlier yea rs or outside of GSI and very often supported by collaborations with the Helm holtz Institutes in Jena and Mainz or within the HIC4FAIR excellence ini tiative and the Helmholtz Alliance ’Cosmic Matter in the Laboratory’. T his report summarizes the achieved scientific highlights and the path take n by the research department towards FAIR.

I am grateful to my colleagues for not having lost the motivat ion accepting the severe cuts in the ongoing research activities and maint aining their drive for our joint goal in 2020: to open up an unprecedented scienc e program at the international FAIR facility in Darmstadt.

Karlheinz Langanke

Contents

Foreword . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii Contents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . v

Division CBM / NQM (Nuclear and Quark Gluon Matter) 1 Department HADES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 NQM-HADES-01 – Investigations on two-particle correlations in p +^{93} Nb collisions at E_{kin} = 3.5 GeV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 NQM-HADES-02 – Kaon in-medium potential probed in proton-nucleus reactions . . . . . . . . 2 NQM-HADES-03 – Search for a ” ppK^− ” bound state in p +p collisions . . . . . . . . . . . . . . . . 3 NQM-HADES-04 – A new upper limit on the rare decay η → e^+e^− . . . . . . . . . . . . . . . . . . 4 NQM-HADES-05 – Searching a Dark Photon with HADES . . . . . . . . . . . . . . . . . . . . . . 5 NQM-HADES-06 – Hunting for K^{∗+} in pp and pNb reactions . . . . . . . . . . . . . . . . . . . . . 6 NQM-HADES-07 – Electron identification in Au +Au collisions at 1.23 GeV /u in HADES using multivariate analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 NQM-HADES-08 – π^0 reconstruction via conversion method in Au +Au at 1.23AGeV with HADES 8 NQM-HADES-09 – The HADES alignment strategy . . . . . . . . . . . . . . . . . . . . . . . . . . 9 NQM-HADES-10 – Integration of the Pion-Beam Tracker into the HADES DAQ . . . . . . . . . . 10 NQM-HADES-11 – Diamond detector preparation for high intensity beam monitoring and high precision T0 determination . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11 NQM-HADES-12 – Test of the HADES Electromagnetic Calorimeter modules on photon beam . 12 NQM-HADES-13 – A Precise Multi-Channel QDC FEE utilizing FPGAs as Discriminators and Delay Elements Based on the TRB3 as TDC and Readout Platform . . . . . . . . . . . . . 13 Department CBM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 NQM-CBM-01 – Status of the Compressed Baryonic Matter (CBM) experiment at FAIR . . . . . . 15 NQM-CBM-02 – Quench calculation for the CBM Dipole magnet . . . . . . . . . . . . . . . . . . 17 NQM-CBM-03 – Quench detection and protection system for the CBM dipole magnet . . . . . . 18 NQM-CBM-04 – Quality assessment of ultra-thin CMOS sensors for the Micro Vertex Detector of the CBM experiment at FAIR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 NQM-CBM-05 – The next generation of CBM MVD read-out electronics . . . . . . . . . . . . . . 20 NQM-CBM-06 – The layout of the CBM Silicon Tracking System . . . . . . . . . . . . . . . . . . . 21 NQM-CBM-07 – Silicon strip sensor layout for the CBM Silicon Tracking System . . . . . . . . . 22 NQM-CBM-08 – Performance of neutron irradiated prototype sensors for the CBM Silicon Tracking System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 NQM-CBM-09 – Measurement of coupling and interstrip capacitances in silicon microstrip sensors for the CBM experiment at FAIR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 NQM-CBM-10 – In-beam test of prototype modules for the CBM Silicon Tracking System . . . . 25 NQM-CBM-11 – Full-size prototype microstrip sensors for the CBM Silicon Tracking System . . 26 NQM-CBM-12 – First mock-up of the CBM STS module based on a new assembly concept . . . . 27 NQM-CBM-13 – Low and high voltage power supply for STS detector electronics . . . . . . . . . 28 NQM-CBM-14 – Calibration of a laser scanning system for quality assurance of CBM prototype silicon microstrip sensors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 NQM-CBM-15 – Automized quality assurance of sensors for the CBM Silicon Tracking System . 30 NQM-CBM-16 – Application of the CBM Silicon Tracking System CAD model for integration studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 NQM-CBM-17 – An improved detector response simulation for the Silicon Tracking System . . . 33

GSI SCIENTIFIC REPORT 2013

NQM-CBM-18 – A front-end electronics board to test the assembly procedure of modules for the CBM Silicon Tracking System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 NQM-CBM-19 – A mechanical model of an STS station for the study of cable routing . . . . . . . 35 NQM-CBM-20 – A setup for adjustment of process parameters for CBM module production . . 36 NQM-CBM-21 – Development of a CO_2 cooling prototype for the CBM Silicon Tracking System 37 NQM-CBM-22 – Cherenkov photon detection with WLS coated MAPMTs . . . . . . . . . . . . . 38 NQM-CBM-23 – Ronchi test for measurements for the mirror surface of the CBM-RICH detector 39 NQM-CBM-24 – Characterization of the GET4 v1.0 TDC ASIC with detector signals . . . . . . . 40 NQM-CBM-25 – Event based unpacker and digitizer for the CBM TOF in CBMROOT . . . . . . 41 NQM-CBM-26 – High counting rate test of the basic structure for the inner zone of the CBM RPC-TOF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 NQM-CBM-27 – 100 Ohm transmision line multi-strip multi-gap high counting rate RPC prototype 43 NQM-CBM-28 – RPC prototype test with cosmic irradiation . . . . . . . . . . . . . . . . . . . . . 44 NQM-CBM-29 – CBM TRD radiator simulation in CbmRoot . . . . . . . . . . . . . . . . . . . . . 45 NQM-CBM-30 – Construction and first performance studies of a CBM TRD prototype with alternating wires developed in Frankfurt . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 NQM-CBM-31 – Development of an online feature extraction pre-processing stage for TRD based on SPADIC 1.0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47 NQM-CBM-32 – e/π Discrimination and position resolution of a real size CBM-TRD prototype . 48 NQM-CBM-33 – Design of new SPADIC front-end boards for TRD readout . . . . . . . . . . . . 49 NQM-CBM-34 – Commissioning of the SPADIC 1.0 Amplifier / Digitizer Chip . . . . . . . . . . . 50 NQM-CBM-35 – Testing of 31 cm× 31cm GEM Chamber at COSY . . . . . . . . . . . . . . . . . . 51 NQM-CBM-36 – CBM First-level Event Selector Data Management Developments . . . . . . . . 52 NQM-CBM-37 – Status of the CBMnet based FEE DAQ readout . . . . . . . . . . . . . . . . . . . 53 NQM-CBM-38 – A Monte Carlo feasibility study of the CBM event reconstruction at high interaction rates based on time information . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 NQM-CBM-39 – Employing the CBM Micro Vertex Detector for Background Rejection in Dilepton Analyses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 NQM-CBM-40 – Production of hyperons at FAIR energies . . . . . . . . . . . . . . . . . . . . . . 56 NQM-CBM-41 – Reaction plane reconstruction in the CBM experiment . . . . . . . . . . . . . . . 57 NQM-CBM-42 – The di-muon measurements with CBM at SIS100 . . . . . . . . . . . . . . . . . . 58 Department FOPI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 NQM-FOPI-01 – Constraining the nuclear matter equation of state around twice saturation density 59 NQM-FOPI-02 – Di fferences in population of the phase space for K^± -mesons produced in πinduced reactions with heavy and light targets . . . . . . . . . . . . . . . . . . . . . . . . . 60 NQM-FOPI-03 – Status of the pkΛ Analysis in pp Collisions with the FOPI Spectrometer . . . . . 61 NQM-FOPI-04 – Cluster Error of the FOPI TPC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62 NQM-FOPI-05 – Discharge probability studies with GEM detectors . . . . . . . . . . . . . . . . . 63 NQM-FOPI-06 – Ion backflow studies with a triple GEM detector . . . . . . . . . . . . . . . . . . 64 Department ALICE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65 NQM-ALICE-01 – Performance of the ALICE Experiment during the LHC Run 1 . . . . . . . . . 65 NQM-ALICE-02 – Multiplicity dependence of the average transverse momentum in pp, p-Pb, and Pb-Pb collisions at the LHC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 NQM-ALICE-03 – Nuclear Modification Factor and Centrality Determination in p-Pb Collisions at ALICE . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 NQM-ALICE-04 – Measurement of charged jets in p-Pb collisions with ALICE . . . . . . . . . . . 68 NQM-ALICE-05 – Measurement of electrons from charm and beauty-hadron decays in p-Pb collisions at √ s_{NN} = 5.02,TeV with ALICE at the LHC . . . . . . . . . . . . . . . . . . . . . 69 NQM-ALICE-06 – J /ψ production in p-Pb collisions measured with ALICE at the LHC . . . . . . 70 NQM-ALICE-07 – J /ψ production in Pb-Pb collisions measured with ALICE . . . . . . . . . . . . 71 NQM-ALICE-08 – Azimuthal correlation measurements with ALICE at the LHC . . . . . . . . . 72 NQM-ALICE-09 – Deuteron production in Pb-Pb collisions measured with ALICE at the LHC . 73 NQM-ALICE-10 – Validation of Bayesian PID in ALICE, for the channel D^0 → K^− π^+ in pp at √ s = 7 TeV . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74 NQM-ALICE-11 – Study of Higher Order Net-Particle Fluctuations at LHC Energies . . . . . . . 75

GSI SCIENTIFIC REPORT 2013

Division PANDA / HSD (Hadron Structure and Dynamics) 77 Departments Hadron Physis I and Hadron Physics II . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 HSD-01 – Collaboration report PANDA progress in 2013 . . . . . . . . . . . . . . . . . . . . . . . 77 HSD-02 – Invariant mass reconstruction of^3_Λ H and^4_Λ H . . . . . . . . . . . . . . . . . . . . . . . . 78 HSD-03 – Breakthrough in the Lifetime of Microchannel Plate PMTs . . . . . . . . . . . . . . . . . 79 HSD-04 – In-Beam Tests of Double-Sided Silicon Microstrip Sensors Employing Flex-PCB Readout for the PANDA MVD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 HSD-05 – Quality assurance for large-scale GEM-foils . . . . . . . . . . . . . . . . . . . . . . . . . 81 HSD-06 – The PANDA GEM-Tracker Prototype ’GEM2D’, Simulations and Pad-Plane design . . 82 HSD-07 – Time-based reconstruction in the GEM Tracker . . . . . . . . . . . . . . . . . . . . . . . 83 HSD-08 – Comparison of Radiation Damage E ffects in PWO Under Proton Irradiation at 150 MeV and 24 GeV Energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 HSD-09 – Quality of PbWO_4 Crystals Manufactured at SICCAS . . . . . . . . . . . . . . . . . . . 86 HSD-10 – Dark count measurements of SiPM detectors . . . . . . . . . . . . . . . . . . . . . . . . 88 HSD-11 – Further Development of Lattice-FPGA based TDC and Its Implementation on di fferent Platforms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 HSD-12 – Study of PANDA Barrel DIRC design options . . . . . . . . . . . . . . . . . . . . . . . . 90 HSD-13 – Study of a PANDA Barrel DIRC design based on radiator plates . . . . . . . . . . . . . 91 HSD-14 – Study of the timing resolution of a PANDA Barrel DIRC prototype . . . . . . . . . . . 93

Division NuSTAR / ENNA (Nuclear Structue, Astrophysics and Reactions) 95 Department FRS / SFRS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 NUSTAR-FRS-01 – Collaboration report NUSTAR progress in 2013 . . . . . . . . . . . . . . . . . 95 NUSTAR-FRS-02 – Progress on the Super-FRS Experimental Program . . . . . . . . . . . . . . . . 98 NUSTAR-FRS-03 – Spectroscopy of η^′-mesic nuclei at FRS and Super-FRS . . . . . . . . . . . . . 100 NUSTAR-FRS-04 – Experimental Setup for hypernuclear study at the Super-FRS . . . . . . . . . 101 NUSTAR-FRS-05 – Measurement of β-delayed neutrons around the third r-process peak . . . . . 102 NUSTAR-FRS-06 – A Cherenkov detector as a possible TOF detector for the Super-FRS . . . . . . 103 NUSTAR-FRS-07 – Performance of the Prototype Cryogenic Stopping Cell for the Low-Energy Branch of the Super-FRS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104 NUSTAR-FRS-08 – Recent Technical Improvements for the Multiple-Reflection A Laser Ablation Carbon Cluster Ion Source and an RFQ-based Switchyard for the FRS Ion Catcher . . . . 105 NUSTAR-FRS-09 – Conceptual Design of A Next-Generation Cryogenic Stopping Cell for the Low-Energy Branch of the Super-FRS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 NUSTAR-FRS-10 – Recent Technical Improvements for the Multiple-Reflection Time-of-Flight Mass Spectrometer at the FRS Ion Catcher . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 NUSTAR-FRS-11 – Experimental Investigations and Technical Design for The Time-OF-Flight Detectors in the CR at FAIR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108 NUSTAR-FRS-12 – Effi ciency calibration of the neutron detector BELEN-48 with (p,n) and ( α,n) reactions at the PTB Braunschweig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 NUSTAR-FRS-13 – Tests of scintillation Fibers for the compact neutron Detector NeuRad . . . . 110 NUSTAR-FRS-14 – Atomic Mass Compilations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111 Department Gamma Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 NUSTAR-GS-01 – Status of PreSPEC Commissionning Data Analysis . . . . . . . . . . . . . . . . 113 NUSTAR-GS-02 – Automatic Self-consistent Gain-Matching of DSSSD Detector Channels . . . . 115 NUSTAR-GS-03 – Development and test of a segmented Time-of-Flight plastic detector . . . . . 117 NUSTAR-GS-04 – In-beam γ-ray spectroscopy with AGATA@PreSPEC: Development of new experimental tools for HISPEC@FAIR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 NUSTAR-GS-05 – Simulations for DEGAS detectors at FAIR . . . . . . . . . . . . . . . . . . . . . 121 NUSTAR-GS-06 – Simulations for position-sensitive tracking of γ rays in scintillators Approach for source reconstruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123 Departements SHE Physics and SHE Chemistry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 NUSTAR-SHE-01 – Study of the^{48}Ca+^{249}Bkfusion reaction leading to element Z = 117: long-lived α-decaying^{270}Db and discovery of^{266}Lr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125 NUSTAR-SHE-02 – Element 115 studied with TASISpec . . . . . . . . . . . . . . . . . . . . . . . . 126 NUSTAR-SHE-03 – Neutron Shell Strengths at N = 152 and towards N = 162 . . . . . . . . . . . 127 NUSTAR-SHE-04 – Decay of^{201−203}Ra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

GSI SCIENTIFIC REPORT 2013

NUSTAR-SHE-05 – Decay of^{200,201}Fr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 NUSTAR-SHE-06 – Compound nucleus spin distribution for^{64}Ni +^{100} Mo . . . . . . . . . . . . . 130 NUSTAR-SHE-07 – Diamond dE-E-ToF-telescope for heavy ion reactions at the Coulomb barrier 131 NUSTAR-SHE-08 – Electronic Structure, Properties and Volatility of Chlorides and Oxychlorides of Group-4 Elements Zr, Hf, and Element 104, Rf . . . . . . . . . . . . . . . . . . . . . . . . 132 NUSTAR-SHE-09 – Relativistic coupled cluster study of the MAu and M_2 dimers of Hg, Cn, and Fl 133 Department Nuclear Reaktions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 NUSTAR-KR-01 – Measurement of the Dipole Polarizability of^{68}Ni . . . . . . . . . . . . . . . . . 135 NUSTAR-KR-02 – Observation of Unbound States in^{16}Ne/^{15}Ne via 1n- / 2n-Knockout on^{17}Ne . . 136 NUSTAR-KR-03 – Study of the^{14}BeContinuum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137 NUSTAR-KR-04 – Coulomb Dissociation of^{17}Ne . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138 NUSTAR-KR-05 – Coulomb Dissociation of^{27}P . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 NUSTAR-KR-06 – Fewbody theoretical studies of Quasi Free Scattering reactions . . . . . . . . . 140 NUSTAR-KR-07 – Total Fission Cross Sections for Proton-Induced Fission of^{208}Pb . . . . . . . . 142 NUSTAR-KR-08 – Identification and Reconstruction of Fission Fragments for Proton-Induced Fission of^{208}Pb at 500 MeV in Inverse Kinematics . . . . . . . . . . . . . . . . . . . . . . . 143 NUSTAR-KR-09 – Progress report of the CALIFA /R^3Bcalorimeter . . . . . . . . . . . . . . . . . . 144 NUSTAR-KR-10 – Heavy-ion tracking detectors for the R^3Bsetup . . . . . . . . . . . . . . . . . . 147 NUSTAR-KR-11 – Tests of timing silicon photomultipliers for NeuLAND . . . . . . . . . . . . . . 150 NUSTAR-KR-12 – Application of Calorimetric Low Temperature Detectors (CLTD’s) for Precise Stopping Power Measurements of Heavy Ions in Matter . . . . . . . . . . . . . . . . . . . 151 NUSTAR-KR-13 – Effi ciency calibration of the neutron detector BELEN-48 with (p,n) and ( α,n) reactions at the PTB Braunschweig . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152 NUSTAR-KR-14 – SOFIARoot: Simulation of the SOFIA /ANDES Setup . . . . . . . . . . . . . . . 153 NUSTAR-KR-15 – GGLAND - command line simulations . . . . . . . . . . . . . . . . . . . . . . . 154

Division APPA / PNI (Atomic, Plasma Physics and Applications) 155 Department Atomic Physics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155 PNI-AP-01 – FOCAL - precision x-ray spectroscopy for extreme fields in high-z ions . . . . . . . 155 PNI-AP-02 – Forward-angle electron spectroscopy in ion-atom collisions studied at the ESR . . . 157 PNI-AP-03 – The E ffect of the Breit-Interaction Studied for the Emission Characteristics of 1s2s^22p_{1/2} Decay in Be-like Uranium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158 PNI-AP-04 – Innovative Concepts for Collision Studies at GSI’s and FAIR’s Storage Rings . . . . 160 PNI-AP-05 – High-resolution measurement of the time-modulated orbital electron-capture and of the β^+ decay of hydrogen-like^{142}Pm^{60+} ions . . . . . . . . . . . . . . . . . . . . . . . . . 161 PNI-AP-06 – Further insight into Bayesian and Akaike information criteria of the EC-decay rate oscillations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163 PNI-AP-07 – Increased lifetime of hydrogen-like^{192m}Os observed in the ESR . . . . . . . . . . . . 164 PNI-AP-08 – Odd-Even Staggering in Fragment Yields from^{78}Kr + BeReactions . . . . . . . . . . 165 PNI-AP-09 – A study of Coulomb displacement energies for nuclides with A around 67 . . . . . 166 PNI-AP-10 – Angular di fferential measurement of linear polarization of elastically scattered hard x-rays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167 PNI-AP-11 – Demonstrator: Electronic Readout for a Si(Li) - Compton - Polarimeter . . . . . . . 168 PNI-AP-12 – Dominant secondary nuclear photoexcitation with the XFEL . . . . . . . . . . . . . 169 PNI-AP-13 – The HILITE Penning trap and first tests at the HILITE setup . . . . . . . . . . . . . 170 PNI-AP-14 – Highly charged ions at SpecTrap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171 PNI-AP-15 – In-trap production of highly charged ions at ARTEMIS . . . . . . . . . . . . . . . . 172 PNI-AP-16 – New approach for the induced charge calculation for cylindrical electrodes . . . . . 173 PNI-AP-17 – Polarization transfer in elastic Rayleigh scattering . . . . . . . . . . . . . . . . . . . 174 PNI-AP-18 – Development of the HITRAP experimental facility . . . . . . . . . . . . . . . . . . . 175 PNI-AP-19 – SPARC at Storage Rings of FAIR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176 Department Materials Research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177 PNI-MF-01 – Swift heavy ion induced radiation damage in EuPO_4 . . . . . . . . . . . . . . . . . . 177 PNI-MF-02 – New approach to investigate irradiated calcite crystals - UV Raman and Photoluminiscence with UV excitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178 PNI-MF-03 – Spectroscopic study on ion irradiated calcites and gypsum . . . . . . . . . . . . . . 179

GSI SCIENTIFIC REPORT 2013

PNI-MF-04 – High Aspect Ratio Nanotubes fabricated by Ion-Track Technology and Atomic Layer Deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180 Department Plasma Physics / PHELIX . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181 PNI-PP-01 – Generation of Physical Conditions Similar to Interior of Superearth Extrasolar Planets by Imploding Solid Iron in LAPLAS Experiments at FAIR . . . . . . . . . . . . . . 181 PNI-PP-02 – Operation and Improvements of PHELIX . . . . . . . . . . . . . . . . . . . . . . . . . 182 PNI-PP-03 – Upgrade of the PHELIX Target Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184 PNI-PP-04 – Preplasma characterization at PHELIX . . . . . . . . . . . . . . . . . . . . . . . . . . 185 PNI-PP-05 – Energy loss measurements of heavy ions in dense weakly coupled plasma generated by volumetric heating with hohlraum generated x-rays . . . . . . . . . . . . . . . . . . . . 186 PNI-PP-06 – Theoretical investigation of the charge transfer processes of heavy ions at intermediate energies interacting with a plasma . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187 PNI-PP-07 – Radiation-hydrodynamic simulations of foils heated by hohlraum radiation . . . . 188 PNI-PP-08 – Ion energy loss at maximum stopping power in a laser-generated plasma . . . . . . 189 PNI-PP-09 – A laser-driven proton beamline at GSI . . . . . . . . . . . . . . . . . . . . . . . . . . 190 PNI-PP-10 – Laser-driven ion acceleration with a hollow beam at PHELIX . . . . . . . . . . . . . 191 PNI-PP-11 – Laser-driven Ion Acceleration with Cryogenic Hydrogen Targets . . . . . . . . . . . 192 PNI-PP-12 – Coloration quenching of radiochromic films irradiated with proton energies close to maximum energy loss . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193 PNI-PP-13 – Electron beam based space charge measurement of intense ion beams . . . . . . . . 194 PNI-PP-14 – Target development for Warm Dense Matter research . . . . . . . . . . . . . . . . . . 195 PNI-PP-15 – Simulations of a conical target for Warm Dense Matter-experiments . . . . . . . . . 196 PNI-PP-16 – Experimental Studies and Theoretical Interpretation of Hydrodynamic Tunneling of SPS Protons in Solid Targets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197 PNI-PP-17 – Numerical Simulations of Hydrodynamic Tunneling Experiments Performed at HiRadMat Facility Using SPS Proton Beam . . . . . . . . . . . . . . . . . . . . . . . . . . . 198 PNI-PP-18 – Laser acceleration of small projectiles for hypervelocity impact experiments . . . . 199 PNI-PP-19 – Radiation protection related x-ray spectrometry at PHELIX . . . . . . . . . . . . . . 200

Division Biophysics 201 BIOPHYSICS-01 – Report of the biophysics department . . . . . . . . . . . . . . . . . . . . . . . . 201 BIOPHYSICS-02 – Species conserved response at heterochromatic DNA damage . . . . . . . . . 204 BIOPHYSICS-03 – Visualization of DNA double-strand breaks induced by high LET particles and X-rays in murine bones and soft tissues . . . . . . . . . . . . . . . . . . . . . . . . . . 205 BIOPHYSICS-04 – Formation of 5hmC following exposure to Ionizing Radiation . . . . . . . . . 206 BIOPHYSICS-05 – A discontinuous detection of phospho-histone H2AX in endothelial cells following low-dose irradiation is mediated by reactive oxygen species (ROS) . . . . . . . 207 BIOPHYSICS-06 – X-rays advance osteoblast di fferentiation probably involving the cholinergic system in vitro . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 208 BIOPHYSICS-07 – The radiation-induced G2 cell cycle delay is comparable in human hematopoietic stem- and progenitor cells and mature lymphocytes . . . . . . . . . . . . . . . . . . . 209 BIOPHYSICS-08 – Response of bone marrow progenitor cells to ionizing irradiation . . . . . . . 210 BIOPHYSICS-09 – Purified cultures of mouse embryonic stem cell-derived cardiomyocytes for electrophysiological studies with ionising radiation . . . . . . . . . . . . . . . . . . . . . . 211 BIOPHYSICS-10 – Interaction of endothelial cells and lymphocytes after X-ray exposure . . . . . 212 BIOPHYSICS-11 – Inflammatory cytokine release by vascular cells after X-irradiation . . . . . . 213 BIOPHYSICS-12 – Inflammation-related response to irradiation in di fferent human skin culture systems . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214 BIOPHYSICS-13 – Immune system activation through Carbon ion irradiation (Ab-scopal e ffect) 215 BIOPHYSICS-14 – Image segmentation of alveolar macrophages reveals chronic inflammation in carbon ion irradiated rat lungs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 216 BIOPHYSICS-15 – Human embryonic stem cells: an ideal model for the risk assessment of ionizing radiation during early embryo development . . . . . . . . . . . . . . . . . . . . . 217 BIOPHYSICS-16 – Electrophysiological E ffects of Ionising Radiation on Cortical Rat Neurons in vitro . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 218 BIOPHYSICS-17 – Effects of X-rays and titanium ions on cardiomyocyte cultures . . . . . . . . . 219

GSI SCIENTIFIC REPORT 2013

BIOPHYSICS-18 – Effects of X-rays and carbon ions on pluripotency maintenance and di fferentiation capacity of mouse embryonic stem cells . . . . . . . . . . . . . . . . . . . . . . . . . 220 BIOPHYSICS-19 – Effect of hypoxia on the growth of glioma-initiating cells . . . . . . . . . . . . 221 BIOPHYSICS-20 – Cellular radiation response of mouse embryonic stem cell derived cardiomyocytes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222 BIOPHYSICS-21 – Carbon ion induced vascular damage in the rat lung . . . . . . . . . . . . . . . 223 BIOPHYSICS-22 – Time course of radiation induced chromosome aberrations in mouse bone marrow cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224 BIOPHYSICS-23 – Radioresistant subpopulation in a culture of glioma-initiating cells . . . . . . 225 BIOPHYSICS-24 – Preparatory experiments to investigate the radiosensitivity of human embryonic stem cells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226 BIOPHYSICS-25 – Adaptive cell killing for ion beam treatment planning of hypoxic tumors . . . 227 BIOPHYSICS-26 – An in silico Trial of X-rays vs Carbon Ions in Lung Cancer Radiosurgery . . . 228 BIOPHYSICS-27 – Auger electrons emitted from metallic nanoparticles under proton irradiation 229 BIOPHYSICS-28 – Application of a LEM based DNA DSB kinetic rejoining model to the analysis of dose dependence after photon irradiation . . . . . . . . . . . . . . . . . . . . . . . . . . 230 BIOPHYSICS-29 – Comparison between di fferent dose calculation algorithms available in TRiP98 and between the beam model of HIT and GSI . . . . . . . . . . . . . . . . . . . . . . . . . 231 BIOPHYSICS-30 – Comparison of the beam mixing models proposed by Lam and Zaider & Rossi and a derived Dt extension for the Zaider & Rossi model . . . . . . . . . . . . . . . . . . . 232 BIOPHYSICS-31 – Fast 4D dose calculation with TRiP4D . . . . . . . . . . . . . . . . . . . . . . . 233 BIOPHYSICS-32 – Influence of the distal fall-o ff on the biological e ffective proton range . . . . . 234 BIOPHYSICS-33 – Oxygen enhancement ratio of heavy ions in partial hypoxic conditions . . . . 235 BIOPHYSICS-34 – Irradiation with α-particles causes rapid activation of K^+ channels in A549 cells 236 BIOPHYSICS-35 – Purified cultures of mouse embryonic stem cell-derived cardiomyocytes for A sensitivity analysis of the Giant LOop Binary LEsion model . . . . . . . . . . . . . . . . 237 BIOPHYSICS-36 – Robust 4D-optimized treatment plans in scanned carbon ion beam therapy for intrafractionally moving lung cancer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238 BIOPHYSICS-37 – Studying inter- and intrafraction motion mitigation with sequential 4DCTs of NSCLC patients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239 BIOPHYSICS-38 – Towards helium ions for radiotherapy . . . . . . . . . . . . . . . . . . . . . . . 240 BIOPHYSICS-39 – TLD Effi ciency calculation for heavy ions: a new approach . . . . . . . . . . . 241 BIOPHYSICS-40 – Construction of a X-Ray Cabinet for Live Cell Experiments . . . . . . . . . . . 242 BIOPHYSICS-41 – Construction of an alpha-irradiation-setup for cells . . . . . . . . . . . . . . . 243 BIOPHYSICS-42 – Detector setup for Heavy Ion Computed Tomography . . . . . . . . . . . . . . 244 BIOPHYSICS-43 – Development of an automatic counting system for cell spheroids in suspension 245 BIOPHYSICS-44 – Prototype of a rasterscan control system for BIOMAT@FAIR . . . . . . . . . . 246 BIOPHYSICS-45 – Radon exposure setup for cells and small animals . . . . . . . . . . . . . . . . 247 BIOPHYSICS-46 – The ROSSINI project at GSI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248 BIOPHYSICS-47 – Heart beat modelling in a water and anthropomorphic phantom . . . . . . . . 249 BIOPHYSICS-48 – Heavy Ion Beam Irradiation of a Langendor ff Heart . . . . . . . . . . . . . . . 250 BIOPHYSICS-49 – Influence of cardiac motion on porcine AV node for the non-invasive treatment of atrial fibrillation with a scanned carbon ion beam . . . . . . . . . . . . . . . . . . . . . . 251 BIOPHYSICS-50 – Online Bragg Peak monitoring for radiotherapy with ions using pixel sensors 252

Department Theory 253 THEORY-01 – A phase-space representation of nucleon-nucleon potentials . . . . . . . . . . . . . 253 THEORY-02 – The^{12}C continuum in a microscopic coupled channel calculation . . . . . . . . . . 254 THEORY-03 – Theory of Nuclear Excitation and their Astrophysical Relevance . . . . . . . . . . 255 THEORY-04 – Charged-current interactions for muon neutrinos in supernova . . . . . . . . . . . 256 THEORY-05 – Finite temperature pasta matter with the TDHF approximation . . . . . . . . . . . 257 THEORY-06 – Symmetry energy of nuclear matter with liquid-gas phase transition and cluster formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258 THEORY-07 – The chiral condensate in neutron matter . . . . . . . . . . . . . . . . . . . . . . . . 259 THEORY-08 – A low-energy e ffective model for quantum chromodynamics . . . . . . . . . . . . 260 THEORY-09 – Probing deconfinement with Polyakov loop susceptibilities . . . . . . . . . . . . . 261 THEORY-10 – QCD phase structure and conserved charge fluctuations in a chiral e ffective model 262

GSI SCIENTIFIC REPORT 2013

THEORY-11 – The role of fluctuations in the phase diagram of two color QCD . . . . . . . . . . . 263 THEORY-12 – Higher order quark-mesonic scattering processes and the phase structure of QCD 264 THEORY-13 – Inhomogeneous condensation in nuclear matter . . . . . . . . . . . . . . . . . . . . 265 THEORY-14 – Pions in a strong magnetic background . . . . . . . . . . . . . . . . . . . . . . . . . 266 THEORY-15 – Investigating the Transition Between Hydrodynamics and Transport . . . . . . . . 267 THEORY-16 – Collision Energy Evolution of Elliptic and Triangular Flow in a Hybrid Model . . 268 THEORY-17 – Initial conditions, hadronization and transport coe ffi cients in heavy-ion collisions 269 THEORY-18 – On- and o ff-shell heavy quark transport properties in the quark-gluon plasma . . 270 THEORY-19 – Studies of jet quenching within a partonic transport model . . . . . . . . . . . . . 271 THEORY-20 – Strange and heavy mesons in hot and dense nuclear matter: hadronic models and transport simulations for a road to FAIR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 272 THEORY-21 – Heavy Quarks in Strongly Coupled Plasmas with Chemical Potential . . . . . . . 273 THEORY-22 – Off-equilibrium photon production in heavy-ion collisions . . . . . . . . . . . . . . 274 THEORY-23 – On finite volume e ffects in the chiral extrapolation of baryon masses . . . . . . . . 275 THEORY-24 – The salar-isovector sector in the extended Linear Sigma Model . . . . . . . . . . . 276 THEORY-25 – In-Medium strangeness dynamics at PANDA . . . . . . . . . . . . . . . . . . . . . 277 THEORY-26 – Charmonium production in p̄A reactions at threshold . . . . . . . . . . . . . . . . . 278

Departments High Performance Computing, Experiment Systems and Base IT 279 IT-01 – Lustre in WAN Environment and Development . . . . . . . . . . . . . . . . . . . . . . . . 279 IT-02 – Improving the logging infrastructure of HPC and Linux services . . . . . . . . . . . . . . 280 IT-03 – Status of the FairRoot framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281 IT-04 – ALFA: A new Framework for ALICE and FAIR experiments . . . . . . . . . . . . . . . . . 282 IT-05 – Streaming data processing with FairMQ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 283 IT-06 – DDS: A new Dynamic Distribution System . . . . . . . . . . . . . . . . . . . . . . . . . . . 284 IT-07 – Event building in FairRoot . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 285 IT-08 – New software for the R^3Bcalorimeter CALIFA within FairRoot . . . . . . . . . . . . . . . 286 IT-09 – Remote Event Client Implementation in FairRoot Framework . . . . . . . . . . . . . . . . 287 IT-10 – FairDB: The FairRoot Virtual Database . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288 IT-11 – Time Based Version Management with FairDB . . . . . . . . . . . . . . . . . . . . . . . . . 289 IT-12 – FairDB SQL Persistency Scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 290 IT-13 – E-Science Activities at GSI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 291 IT-14 – High-Level Data Flow Description of FPGA Firmware Components for Online Data Preprocessing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 292 IT-15 – gStore - the GSI Archive Storage for Experiment Data . . . . . . . . . . . . . . . . . . . . . 293

Division FAIR @GSI 295 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295 FG-GENERAL-01 – FAIR@GSI progress in 2013 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295 Machine UNILAC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297 FG-UNILAC-01 – UNILAC Status Report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297 FG-UNILAC-02 – Status of the Compact LEBT Project . . . . . . . . . . . . . . . . . . . . . . . . . 298 FG-UNILAC-03 – Investigation of the Compact LEBT Design Prerequisites . . . . . . . . . . . . . 299 FG-UNILAC-04 – Investigation of beam brilliance of high current Ta-beam on HOSTI in the frame of compact-LEBT project . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 300 FG-UNILAC-05 – Collimation and decoupling of ECR source beams for brilliance optimization . 301 FG-UNILAC-06 – Research and Development on ECR Ion Sources . . . . . . . . . . . . . . . . . . 302 FG-UNILAC-07 – Status of the EMittance Transfer EXperiment EMTEX . . . . . . . . . . . . . . . 303 FG-UNILAC-08 – Upgrade preparation for the 1.4 MeV /u gas stripper system for FAIR . . . . . 304 FG-UNILAC-09 – Thermal Simulations of Thin Solid Carbon Foils for Charge Stripping of High Current Uranium Ion Beams at New GSI Heavy-Ion Linac . . . . . . . . . . . . . . . . . . 305 FG-UNILAC-10 – The Status of the High-Energy Linac Project at GSI . . . . . . . . . . . . . . . . 306 FG-UNILAC-11 – CUPID: New System for Scintillating Screen based Diagnostics . . . . . . . . . 307 FG-UNILAC-12 – REMBRANDT - The REMote Beam instRumentation And Network Diagnosis Tool . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 308 FG-UNILAC-13 – Retrofitting of a non-invasive Bunch Shape Monitor for GSI LINACs . . . . . 309 FG-UNILAC-14 – Direct measurement of mechanical vibrations of the 4-rod RFQ at the HLI . . 310

GSI SCIENTIFIC REPORT 2013

FG-UNILAC-15 – Calculation of the quadrupole moment σ^2_x − σ^2_y for an asymmetrical Pick-up . 311 FG-UNILAC-16 – Progress of the 325 MHz sc CH Cavity . . . . . . . . . . . . . . . . . . . . . . . 312 Machine SIS18 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 313 FG-SIS18-01 – Controlled beam loss experiment at SIS18 . . . . . . . . . . . . . . . . . . . . . . . 313 FG-SIS18-02 – Beam Phase Feedback for Dual-Harmonic Operation of RF Cavity Systems . . . . 314 FG-SIS18-03 – Measurement of the magnetic properties of the Ferroxcube 8C12m material . . . . 315 FG-SIS18-04 – Status and Results of the TFS for SIS18 /SIS100 . . . . . . . . . . . . . . . . . . . . . 316 FG-SIS18-05 – Observation and simulation of transverse BTFs of high energy bunched beams . . 317 Machine P-LINAC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 319 FG-P-LINAC-01 – Ion source and 4-grid analyzer for the proton injector for FAIR . . . . . . . . . 319 FG-P-LINAC-02 – Mechanical Design for the p-LINAC BPMs Inter-tank Section . . . . . . . . . . 320 Machine HEBT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 321 FG-HEBT-01 – FAIR HEBT System - Status Report . . . . . . . . . . . . . . . . . . . . . . . . . . . 321 FG-HEBT-02 – Interdisciplinary development of a support structure for components in building H0705A - A challenge for systematic requirements engineering . . . . . . . . . . . . . . . 322 Machine SIS100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 323 FG-SIS100-01 – Status of the Superconducting Magnets for FAIR . . . . . . . . . . . . . . . . . . . 323 FG-SIS100-02 – Cryogenics for SIS100 Accelerator . . . . . . . . . . . . . . . . . . . . . . . . . . . 325 FG-SIS100-03 – Cryogenic Tests of Ceramic Feedthroughs for SIS100 BPM . . . . . . . . . . . . . 326 FG-SIS100-04 – Design of a Mutual Inductance Based Quench Detector for the Corrector Magnets of the SIS100 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327 FG-SIS100-05 – Estimation of beam induced heat load in SIS100 kicker magnets . . . . . . . . . . 328 FG-SIS100-06 – Halo collimation of fully-stripped light and heavy ions in the SIS100 . . . . . . . 329 FG-SIS100-07 – Measurement of the behaviour of residual gas particles on cryogenic surfaces to improve the simulation of dynamic vacuum e ffects . . . . . . . . . . . . . . . . . . . . . . 330 FG-SIS100-08 – FPGA Based Tunable Digital Filtering for Closed Loop RF Control in Synchrotrons 331 Machine Super-FRS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 333 FG-S-FRS-01 – Development of a tool for CBM STS module assembly . . . . . . . . . . . . . . . . 333 FG-S-FRS-02 – Setup for adjustment of process parameters for CBM module production . . . . . 334 FG-S-FRS-03 – Silicon strip sensor layout for CBM STS . . . . . . . . . . . . . . . . . . . . . . . . 335 FG-S-FRS-04 – A new Time-of-flight wall for R^3B . . . . . . . . . . . . . . . . . . . . . . . . . . . . 336 FG-S-FRS-05 – High precision multi-hit time-of-flight measurements at R^3B . . . . . . . . . . . . 338 FG-S-FRS-06 – New time-of-flight system for the R^3Bset-up . . . . . . . . . . . . . . . . . . . . . 340 FG-S-FRS-07 – Development of Heteroepitaxial DoI Plates for Diamond Detectors . . . . . . . . 342 FG-S-FRS-08 – Laser Lithography for Production of Diamond Detectors . . . . . . . . . . . . . . 343 FG-S-FRS-09 – Optimizing the manufacturing method of detector parts . . . . . . . . . . . . . . . 344 FG-S-FRS-10 – Characterizing the SOFIA /ANDES TwinMUSIC . . . . . . . . . . . . . . . . . . . . 345 FG-S-FRS-11 – NeuLAND - from prototypes to double-planes . . . . . . . . . . . . . . . . . . . . 346 FG-S-FRS-12 – Simulations of the GEM-TPC response . . . . . . . . . . . . . . . . . . . . . . . . . 351 FG-S-FRS-13 – Threshold calibration of the n-XYTER readout ASIC . . . . . . . . . . . . . . . . . 352 FG-S-FRS-14 – Time and trigger distribution for NUSTAR DAQ systems . . . . . . . . . . . . . . 353 FG-S-FRS-15 – TRLO II - friendly FPGA trigger control . . . . . . . . . . . . . . . . . . . . . . . . 354 Machine P-BAR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 355 FG-P-BAR-01 – A 400 kA Pulsed Power Supply for Magnetic Horn at the pbar Separator . . . . . 355 Machine ESR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 357 FG-ESR-01 – Ion Optics of the High Energy Storage Ring for Operation With Heavy Ions . . . . 357 Machine CR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 359 FG-CR-01 – Progress report on the Collector Ring (CR) . . . . . . . . . . . . . . . . . . . . . . . . 359 FG-CR-02 – Developments for the CR Stochastic Cooling System . . . . . . . . . . . . . . . . . . 362 FG-CR-03 – Software development for stochastic cooling study in the time domain . . . . . . . . 363 FG-CR-04 – Progress in development of resonant Schottky pickups with transverse sensitivity for the CR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 364 FG-CR-05 – The status of the CRYRING@ESR project . . . . . . . . . . . . . . . . . . . . . . . . . 365 Machine CRYRING . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 367 FG-CRYRING-01 – Beam Instrumentation for CRYRING@ESR . . . . . . . . . . . . . . . . . . . . 367 Machine CW-LINAC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369 Common Systems CS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 369

GSI SCIENTIFIC REPORT 2013

FG-CW-LINAC-01 – Status of the sc cw-linac demonstrator installation . . . . . . . . . . . . . . . 369 FG-CS-01 – Accelerator Shutdown Report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 371 FG-CS-02 – Development of a FPGA based PCI-express to optical link interface card, KINPEX . 372 FG-CS-03 – Features of the new MBS Production Version 6.2 . . . . . . . . . . . . . . . . . . . . . 373 FG-CS-04 – FPGA Hit Finder and Energy Filter for the FEBEX Pipelining ADC . . . . . . . . . . 374 FG-CS-05 – Status of the software development for the FAIR accelerator control system . . . . . 375 FG-CS-06 – Project status of the new setting generation system for GSI and FAIR . . . . . . . . . 376 FG-CS-07 – SCU system goes productive . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 377 FG-CS-08 – Paving the Way for the FAIR General Machine Timing System . . . . . . . . . . . . . 378 FG-CS-09 – White Rabbit Applications for FAIR Experiments . . . . . . . . . . . . . . . . . . . . . 380 FG-CS-10 – The credit-card sized, general purpose controls platform: HadCon2 . . . . . . . . . . 381 FG-CS-11 – The GSI Event Driven TDC ASIC GET4 V1.23 . . . . . . . . . . . . . . . . . . . . . . . 382 FG-CS-12 – Web interface in DABC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 383 FG-CS-13 – POLAND - Low Current Profile Measurement Readout System . . . . . . . . . . . . 385 FG-CS-14 – Status of the Coating Activities at the Magnetron Sputtering Facility . . . . . . . . . 386 FG-CS-15 – Status of the SuperFRS Cryogenics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 387

Annex 389 ANNEX-01 – JCR publications to the programme physics of hadrons and nuclei published in 2013 389 ANNEX-02 – Further publications to the programme physics of hadrons and nuclei published in 2013 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 413 ANNEX-03 – JCR publications to the programme large-scale facilities for research with photons, neutrons and ions published in 2013 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 415 ANNEX-04 – Further publications to the programme large-scale facilities for research with photons, neutrons and ions published in 2013 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 427 ANNEX-05 – JCR publications to the programme health published in 2013 . . . . . . . . . . . . . 431 ANNEX-06 – Further publications to the programme health published in 2013 . . . . . . . . . . . 435 ANNEX-07 – Doctoral theses 2013 supported by GSI . . . . . . . . . . . . . . . . . . . . . . . . . . 436 ANNEX-08 – Organigram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 438

List of Authors 439

GSI SCIENTIFIC REPORT 2013

Investigation of two-particle correlations in p+^{93}Nb collisions at E_{kin} = 3 .5 GeV^∗

O. Arnold^{1,2}, L. Fabbietti^{1,2} for the HADES collaboration

1Physik Department E12, Technische Universität München, James-Franck-Str. 1, 85748 Garching, Germany;

2Excellence Cluster ’Origin and Structure of the Universe’, Boltzmannstr. 2, 85748 Garching, Germany With the HADES setup the reaction p+^{93} Nb was measured in September 2008, where the proton had a kinetic energy of 3.5 GeV ( √ s_{NN} = 3 .18 GeV ). This rather moderate energy gives us the possibility to study the production and interaction of particles at small excess energies. Studying two-particle correlation functions at small relative momenta provide information about the spatiotemporal extent of the particle emitting source. Originally, the formalism of intensity interferometry was developed for astrophysical investigations to measure the angular size of stars [1]. Nowadays, the technique is mainly applied in the field of heavy-ion physics to gain information about the highly excited matter state and its properties created during the collision of the two nuclei.

The basic idea of femtoscopy is to deduce effects of final state interactions (FSI) from phase-space correlations of emitted particles. In low energy p+A systems we expect no contributions from collective effects to the particle emission like flow or energetic jets. Because of this reason, we are in the position to study only FSI of different particle species and do not have to consider effects from physical non-femtoscopic sources.

FSI can be studied with correlation functions, which are defined as the ratio of the two-particle probability divided by the uncorrelated probabilities:

C(p_1, p_2) =

P (p_1, p_2) P (p_1)P (p_2)

, (1)

where p_i is the single-particle momentum of the particle i. Whenever this ratio deviates from unity one measures particle correlations.

We started to study the correlation function between identical particles to have a benchmark for more complex correlation functions like p-Λ [2]. This would enable a study of the YN interaction in terms of scattering lengths. For protons, three correlation classes enter in Eq. (1): quantum statistics, Coulomb and strong interaction. The Pauli exclusion principle and Coulomb interaction both act repulsively between protons which shows up in the correlation function as a suppression of the correlation signal at very low relative momenta (k < 10 MeV/c). The attractive strong interaction acts mainly via the s-wave channel and leads to an enhancement of the correlation signal at around k ≈ 20 MeV/c. The height of the correlation peak (C(k = 20 MeV / c)) is inversely proportional to the length of homogeneity R_G (often called source size) which will

∗ Work supported by Helmholtz funds VH-NG-330 and Excellence Cluster ’Universe’

be deduced in future work. Fig. 1 displays the preliminary result of proton-proton correlations measured in the p+Nb system, which shows the characteristic functional shape as discussed above.

For identical negative pions one expects a positive correlation signal at small relative momenta due to Bose-Einstein statistics, which leads to an attraction as is seen in Fig. 1 where the correlation function shows an increase at low k and stays positive. However, this signal is still distorted by the repulsive Coulomb interaction. For pions, one can correct this effect by folding the Coulomb wave function with a source parametrization. This correction will be part of our future work.

To summarize, we have reconstructed the correlation function for protons and negative pions. In the next step, we have to correct this functions for certain detector deficiencies and will then compare them to theoretical models. For the p-Λ correlation function we determined the number of Λ s which can be used for the correlation study to about 5 × 10^5 with a signal-to-background ratio of 1.23.

Figure 1: Proton-proton (upper) and π^− π^− (lower) correlation function.

References

[1] R. Hanbury Brown and R. Q. Twiss, Nature 178, 1046 (1956). [2] F. Wang and S. Pratt, Phys. Rev. Lett. 83, 3138 (1999).

GSI SCIENTIFIC REPORT 2013 NQM-HADES-01

doi:10.15120 /GR-2014-1-NQM-HADES-01 1

Kaon in-medium potential probed in proton-nucleus reactions^∗

J.-C. Berger-Chen^{1,2}, L. Fabbietti^{1,2}, K. Lapidus^{†1,2} for the HADES collaboration

1Physik Department E12, TU München, James-Franck-Str. 1, 85748 Garching, Germany;^2Excellence Cluster “Universe”, TU München, Boltzmannstr. 2, 85748 Garching, Germany

Insight into the fundamental properties of the strong interaction in the low energy domain — confinement and broken chiral symmetry — might be gained with measurements of hadron in-medium properties. Of particular interest in this context are light vector mesons (ρ, ω , ϕ) and (anti)kaons. Modifications of the kaon (K^+ , K^0) spectral function in a baryonic environment do not show substantial broadening and are characterized by a positive and density dependent mass shift reaching 25-35 MeV at nuclear ground state density [1].

A number of experiments recently addressed this issue and deduced a repulsive potential of 25 to 40 MeV based on a comparison of data to microscopic transport model calculations [2, 3]. Thus, the magnitude of the kaon potential remains unsettled in spite of relative simplicity of the underlying kaon-nucleon interaction.

The HADES collaboration addressed the issue of the momentum-dependent kaon potential with the highstatistics data on neutral kaon production (reconstructed via the short-lived component K^0_S ) collected in protonniobium collisions at a beam energy of 3.5 GeV. As a reference measurement data obtained in proton-proton reactions at the same beam energy have been used.

Kinematical distributions of kaons were measured in a broad region of the phase space. Figure 1 shows the (efficiency corrected and normalized) transverse momentum spectrum in a selected rapidity bin (the complete rapidity span amounts to y_{CM} ∈ (− 0.85, 0.35)).

The effect of the kaon potential as follows from ChPT was studied by comparing the data to results obtained with the GiBUU transport model [4], parameters of which (kaon production cross sections) were tuned to reproduce the reference proton-proton measurement. Two sets of calculations (with and without the kaon potential) are shown in Fig. 1. The strength of the ChPT potential at normal nuclear density for the kaon at rest is ≈ 35 MeV.

The comparison was done in all rapidity bins and the agreement of the experimental data with the transport model simulations was quantified by means of a χ^2- analysis. Simulations including the ChPT potential deliver a significantly lower χ^2 value as compared to calculations without potential. Moreover, and this is a distinct feature of the present study, variations of the uncertain parameters of the model (such as, for example, kaon yield in neutronproton reactions) have been performed. For each set of physical parameters, calculations that include the potential

∗ Work supported by BMBF and the Excellence Cluster “Universe”. † kirill.lapidus@ph.tum.de

Figure 1: K^0 transverse momentum spectrum reconstructed in proton-niobium collisions in a selected rapidity bin. Experimental data are shown with black markers. GiBUU calculations without and with the kaon ChPT potential are shown by dashed and solid curve, respectively.

consistently result in lower χ^2-values.

To summarize, the K^0 kinematical distributions reconstructed in proton-niobium collisions favour the GiBUU transport model calculations that incorporates the ChPT prediction for the potential.

References

[1] C. L. Korpa and M. F. M. Lutz, Acta Phys. Hung. A 22, 21 (2005) [nucl-th/0404088].

[2] M. L. Benabderrahmane et al. [FOPI Collaboration], Phys.

Rev. Lett. 102 (2009) 182501 [arXiv:0807.3361 [nucl-ex]].

[3] G. Agakishiev et al. [HADES Collaboration], Phys. Rev. C 82, 044907 (2010) [arXiv:1004.3881 [nucl-ex]].

[4] O. Buss, T. Gaitanos, K. Gallmeister, H. van Hees, M. Kaskulov, O. Lalakulich, A. B. Larionov, T. Leitner, J. Weil and U. Mosel, Phys. Rept. 512, 1 (2012) [arXiv:1106.1344 [hep-ph]].

NQM-HADES-02 GSI SCIENTIFIC REPORT 2013

2 doi:10.15120 /GR-2014-1-NQM-HADES-02

Search for a ” ppK^− ” bound state in p+p collisions^∗

E. Epple^{1,2}, L. Fabbietti^{1,2}, and the HADES collaboration^1

1Excellence Cluster ’Universe’, München, Germany;^2Physik Department E12, Technische Universität München

We report, here, on the progress in our analysis of data taken with the HADES detector. As described in last year’s GSI Scientific report [1], we have reconstructed ∼ 20.000 pK^+ Λ events that were produced in p+p reactions at a beam kinetic energy of 3.5 GeV. To describe the measured observables we have employed a PWA analysis [2]. In this analysis several transition amplitudes, including the production of the pK^+ Λ final state via the decay of various N* resonances, were fitted to the events. A good description of the data was obtained and presented in [1]. We have now performed a more refined statistical analysis of the experimental event yield.

The main motivation for the presented analysis is the possibility of a kaonic nuclear bound state production via:

p + p → K^+ + ” ppK^− ” → p + K^+ + Λ (1)

If the kaonic cluster would be abundantly produced and fairly narrow the pΛ invariant mass distribution could show a signal of the latter. Due to the intense debate if the state is deeply or shallow bound and whether it is narrow or broad, experimental data are needed to clarify the theoretical situation. In the following the methods and results of the analysis procedure are presented.

No new signal but an upper limit

A signal in the data would manifest itself as a deviation of the data from a model which does not contain such a signal. This type of model is called a null hypothesis H_0 and is, in our case, constructed by the PWA solutions that were obtained by a fit to the experimental data. The H_0 hypothesis is illustrated in the upper panel of Figure 1 as gray band overlaid to the experimental data points. The solution includes the systematic variation of the transition waves included in the PWA fit. The lower panel of Figure 1 illustrates the local p-value as a function of the pΛ invariant mass. The p-value was calculated from a Pearson χ^2-variable and expresses the agreement between data and model. This agreement can be translated into an equivalent significance (nσ). The equivalent significance also presented in the lower figure shows that the data are in agreement with the model within a range of 3σ. There is no significant deviation from the H_0 hypothesis and, thus, an additional signal is not required to describe the data. The mass point at M=2600 MeV/c^2 shows a deviation larger than 3σ. This is, however, a downward fluctuation of the data in respect to the model.

∗ This research was supported by VH-NG-330 and the DFG cluster of excellence ’Origin and Structure of the Universe’

Figure 1: Upper panel: subset of the data shown together with the PWA solution including systematic uncertainties. Lower panel: local p_0-value of the H_0 hypothesis.

The last step in the data analysis is to include an additional signal to the PWA solution to obtain a new hypothesis H_1. This was done for several masses, widths, transition properties and production strengths of the kaonic cluster. The new hypothesis H_1 was compared to the data and only those values of H_1 were accepted that lie within a certain confidence limit. The values of production strength rejected by this test build the upper limit of the production strength of a ”ppK^− ” in p+p collisions at 3.5 GeV. The results will be presented in an upcoming publication.

References

[1] E. Epple and L. Fabbietti, GSI Report 2012 (2013), p. 13.

[2] A.V. Anisovich et al., Eur.Phys.J. A34, (2007), p. 129.

GSI SCIENTIFIC REPORT 2013 NQM-HADES-03

doi:10.15120 /GR-2014-1-NQM-HADES-03 3

A new upper limit on the rare decay η → e^+ e^{− ∗}

M. Gumberidze^1, and R. Holzmann^2 for the HADES collaboration

1TU Darmstadt, Germany;^2GSI, Germany

Introduction

Experimental measurements of neutral pseudoscalar meson decays into lepton pairs (P → l^+ l^− ) and their comparison with theoretical predictions offer an interesting way to study long-distance dynamics and to probe new physics interactions.

The direct decay of the π^0 and η mesons into a lepton pair (e^+ e^− or μ^+ μ^− ) proceeds in leading order through a 2-photon intermediate state. As the e^+ e^− decay is furthermore strongly suppressed by helicity conservation, it is very hard to observe. So far only the π^0 → e^+ e^− decay has been observed by the KTeV collaboration [1], whereas for the η only an upper limit of the branching is given.

The latest value on the eta branching has been set to < 5.6 × 10^{− 6} at CL = 90 % by the HADES collaboration [2,3]. This is still four orders of magnitude above calculations based on chiral perturbation theory and quark models which put this branch at BR^{QCD}_{η→ e+ e−} ≃ 5 × 10^{− 9} [4,5].

HADES search for a direct η decay

Using inclusive dilepton data measured in 3.5 GeV p+Nb collisions [6] we have derived a new upper limit for the branching ratio of the direct η decay. Fig. [1] shows the invariant mass distribution of e^+ e^− pairs (within the HADES acceptance) in the η mass range. The data points were fitted with a model function consisting of a 5^{th} -order polynomial and a Gauss peak of fixed position M_{ee} and fixed width σ(M ) = fwhm/ 2.35. Here M_{ee} is the nominal mass of the η (548 MeV) and σ is the known mass resolution of the HADES detector. Already from the fits it is apparent that no significant peak is present in our data. Consequently, a statistical likelihood-based test was used to determine at a given Confidence Level (CL) an upper limit (UL) for a possible η signal [7,8].

The present analysis of our p+Nb data allows to set an improved limit (CL = 90%) at 2.5 × 10^{− 6}. Combining the p+p [2] and p+Nb [6] results, a final limit of 2.3× 10^{− 6} can be given, i.e. about a factor 2.5 lower than the actual PDG value, but still a far way above theoretical predictions [4,5]

References

[8] E. Abouzaid et al., Phys. Rev. D 75 (2007) 012004.

[8] G. Agakishiev et al., Eur. Phys. J. A 48 (2012) 64.

∗ Work supported by VH-NG-823, EMMI

]^2

[GeV/c UM 0.4 0.45 0.5 0.55 0.6 0.65 0.7

counts / 5 MeV

0 20 40 60 80 100 120 140 expected position η

Figure 1: Zoom into the η peak region of the invariant-mass distribution of e^+ e^− pairs reconstructed in the p(3.5GeV) + Nb reaction. The data is fitted with a polynomial (dashed black curve) onto which a gaussian signal of strength S set equal to the found upper limit (CL=90%) of BR_{η→ e}+_e− < 2.5 × 10^{− 6} is superimposed (solid red and pink curves).

[8] J. Behringer et al. (PDG), Phys. Rev. D 86 (2012) 010001.

[8] M. Savage et al., Phys. Lett. B 291 (1992) 481.

[8] A.E. Dorokhov et al., Phys. Rev. D 75 (2007) 114007.

[8] G. Agakishiev et al., Phys. Lett. B 715 (2012) 304.

[8] G. Cowan et al., Eur. Phys. J. C 71 (2011) 1554.

[8] W.A. Rolke et al., Nucl. Inst. Meth. A 551 (2005) 493.

NQM-HADES-04 GSI SCIENTIFIC REPORT 2013

4 doi:10.15120 /GR-2014-1-NQM-HADES-04

Searching a Dark Photon with HADES^∗

R. Holzmann^{†1}, M.Gumberidze^2 for the HADES collaboration

1GSI, Darmstadt, Germany;^2TU Darmstadt, Germany

Introduction

The unexpected excess observed at high momenta in the cosmic e^+ /e^− flux [1] can not easily be reconciled with known astrophysical sources. Alternative explanations have been proposed, in particular scenarios in which the excess radiation stems from the annihilation of weakly interacting dark matter particles [2]. There is indeed compelling evidence from various astronomical and cosmological observations [3] that non-baryonic matter of some sort, so-called dark matter (DM), is responsible for 20-25% of the total energy density in the Universe. To accommodate DM in elementary particle theory and to allow it to interact with visible matter, the Standard Model (SM) must be extended, e.g. with an additional sector characterized by another U(1)^′ gauge symmetry [4]. The corresponding vector gauge boson — called U boson or dark photon — could thereby mediate the annihilation of DM particles into charged lepton pairs. The mixing parameter ϵ relating the respective coupling strengths α ‘and α of the dark and SM photons to visible matter (ϵ^2 = α^′/α ) is expected to be of order 10^{− 2} − 10^{− 8} [5]. A number of experimental searches have been conducted looking at e^+ e^− pair distributions produced either in electron scattering [6, 7] or in the electromagnetic decays of light mesons [8,9]. Finally, from the very precisely measured values of the anomalous gyromagnetic factor (g − 2) of the muon and electron [10], additional constraints can be put on the allowed range of the mixing parameter ϵ and the mass M_U [11].

The HADES dark photon search

We present results of a search for a narrow U → e^− e^+ decay signal in dielectron spectra obtained with HADES in 3.5 GeV p+p and p+Nb reactions, as well as in the 1.756 GeV/u Ar+KCl reaction. In contrast to previous experiments [8,9] focussing on a specific decay channel, our analysis is based on the inclusive measurement of all e^+ e^− pairs produced in a given mass range, i.e. from Dalitz decays of the π^0, η, and Δ mostly. Using the method proposed in [12] we have extracted an upper limit (UL) at a confidence level CL = 90%. Details of the procedure are published in [13]. With known detector efficiencies and decay branching fractions, this UL has then been transformed into an UL on the mixing parameter ϵ^2 as shown in Fig. 1 together with limits from the searches conducted by BaBar [14], KLOE-2 [9], APEX [7], WASA at COSY [8], and A1 at MAMI [6]. At low masses (M_U < 0.1 GeV/c^2) we

∗ Work supported by VH-NG-823, EMMI † r.holzmann@gsi.de

improve on the recent result obtained by WASA [8], excluding now to a large degree the parameter range allowed by the muon g − 2 anomaly. At higher masses, the sensitivity of our search is compatible with, albeit somewhat lower than the KLOE-2 analysis of ϕ decays.

]^2

[GeV/c UM -1 10 1

2∈

-6 10

-5 10

-4 10 KLOE

WASA

HADES

APEX MAMI

BaBar

electron g-2

)σ muons g-2 (+/-2

Figure 1: The 90% CL upper limit on ϵ^2 versus the U-boson mass obtained from the combined analysis of HADES data (solid black curve).

References

[1] M. Aguilar et al. , Phys. Rev. Lett. 110 (2013) 141102 and referances therein

[2] I. Cholis et al. , Phys. Rev. D 80 (2009) 123518.

[3] G. Bertone et al. Phys. Rept. 405 (2005) 279.

[4] M. Pospelov et al. Phys. Lett. B 662 (2008) 53.

[5] N. Arkani-Hamed et al. , Phys. Rev. D 79 (2009) 015014.

[6] H. Merkel et al. Phys. Rev. Lett. 106 (2011) 251802.

[7] S. Abrahamyan et al. Phys. Rev. Lett. 107 (2011) 191804.

[8] P. Adlarson et al. Phys. Lett. B 726 (2013) 187.

[9] D. Babuski et al. Phys. Lett. B 720 (2013) 111.

[10] G.W. Bennett et al. Phys. Rev. D 73 (2006) 072003.

[11] M. Endo et al. Phys. Rev. D 86 (2012) 095029.

[12] W.A. Rolke et al. Nucl. Inst. Meth. A 551 (2005) 493.

[13] G. Agakishiev et al. Phys. Lett. B 731 (2014).

[14] B. Aubert et al. arXiv:0902.2176.

GSI SCIENTIFIC REPORT 2013 NQM-HADES-05

doi:10.15120 /GR-2014-1-NQM-HADES-05 5

Hunting for K^{∗+} in pp and pNb reactions^∗

D. Mihaylov^{†1,2}, L. Fabbietti^{1,2}, K. Lapidus^{1,2}, and the HADES collaboration

1Physik Department E12, TU München, James-Franck-Str. 1, 85748 Garching, Germany;^2Excellence Cluster “Universe”, TU München, Boltzmannstr. 2, 85748 Garching, Germany

In a recent study performed by the HADES collaboration for p + p and p + Nb collisions at 3.5 GeV, the production of neutral kaons was investigated [1]. The high statistics available for this analysis suggests that the exited states of the kaons can be investigated as well. One excited state that is decaying into a neutral kaon is the K^{∗+} (892) (Fig. 1). Information about the production of this particle at the energy of 3.5 GeV is of great interest, since no K^{∗+} (892) measurements at such low energy are available [2, 3].

The study of the K^{∗+} (892) resonance can be divided into two main steps. In the first step the total and differential cross sections for K^{∗+} (892) production in p + p reactions are reconstructed. The second step is to use this result as a reference for a further investigation of K^{∗+} (892) production in p + Nb reactions. The latter is interesting, because one can study the contribution by p + n reactions to the total yield, scattering processes inside the nucleus, secondary production processes (e.g. π + N → K^∗ + Λ ) and eventual in-medium modifications of the K^{∗+} (892) . The most efficient way to reconstruct K^{∗+} (892) using HADES data is by the decay scheme shown in Fig. 1.

Figure 1: The short-lived K^{∗+} decays at the primary vertex into a K^0_S and a π^+ . The K^0_S decays into a pair of charged pions after a short time.

By selecting triplets of charged pions in each event and applying geometrical cuts to constrain the decay topology one can reconstruct the invariant mass spectrum of K^0_S π^+ - pairs, showing the signal of K^{∗+} (892) (Fig. 2).

For p+ p reactions we find more than 1000 reconstructed K^{∗+} (892) . This statistics is sufficient to perform a differential analysis. In order to correct the data for acceptance and efficiency a model capable of reproducing the experimental data was needed. For this reason, as well as to test the efficiency of the implemented reconstruction procedure, simulations of the K^{∗+} (892) production in p + p collisions were performed. The two production channels,

∗ Work supported by BMBF and the Excellence Cluster “Universe”. † dimitar.mihaylov@mytum.de

Figure 2: The invariant mass spectrum of the selected K^{∗+} (892) candidates. The measured values are in a fair agreement with the properties listed in PDG, which are M = 891 .66 MeV/c^2 and Γ = 50 .8 MeV/c^2.

that are expected to be dominant, p + p → p + K^{∗+} + Λ^0 and p + p → p + K^{∗+} + Σ^0, were simulated and the data is to be modeled by determining the relative contribution of each channel, that allows to reproduce the experimental data. In the simulations a uniform phase space population was assumed. There are, however, few effects that complicate the analysis. One is the detector resolution, which was estimated from simulations to be around 12 MeV/c^2. This effect can be accounted for by fitting the signal using a Voigt function, which is a convolution of a Breit-Wigner function, which represents the resonance, and a Gaussian function, which models the resolution. A second issue is the phase-space limitation for the production of K^{∗+} (892) . The threshold energies for the two main production channels (see above) are 2.95 and 3.02 GeV, respectively. This means that the available center of mass energy of 3.18 GeV is just a bit above those values. Hence, the phase space limitations will be substantial, especially for particles with high transverse momentum. Thus, the fitting function must be further modified in order to account for the shape of the signal.

After the analysis of p + p data is completed, it will be extended to p+ Nb data in order to study the nuclear effects in the production of K^{∗+} (892) .

References

[1] Berger-Chen et al., Hyperfine Int., 210(1-3), 111 (2013). [2] Baldini et al., “Numerical Data and Functional Relationships in Science and Technology”, Springer, Volume 12b (1988).

[3] Bockmann et al., Nucl. Phys. B 166, 284 (1980).

NQM-HADES-06 GSI SCIENTIFIC REPORT 2013

6 doi:10.15120 /GR-2014-1-NQM-HADES-06

Electron identification in Au+Au collisions at 1.23 GeV/u in HADES using multivariate analysis^∗

S. Harabasz^{1,2}, P. Salabura^2, T. Galatyuk^1, M. Gumberidze^1 for the HADES Collaboration

1Technische Universität Darmstadt, Darmstadt, Germany;^2Jagiellonian University, Krakow, Poland

HADES [1] has measured Au+Au collisions at a beam kinetic energy of 1.23 GeV/u in 2012. In the data analysis, e^+ and e^− are identified by applying appropriate selection cuts to RICH ring observables, time-of-flight, PreShower and energy loss signals. Particle momenta were obtained by tracking the charged particles through the HADES magnetic field.

To achieve high purity in the reconstruction of the rarely produced electrons(positrons) a series of conditions on the PID-detector signals are usually applied consecutively. Although correlations of signals can be taken into account if graphical conditions are applied to two-dimensional spectra (correlation plots) yet a truely simultaneous assessment of all detector signals is not possible in this way.

Figure 1: Particle’s velocity versus momentum for (a) all particles and particles with MLP > 0.6 (b) for particles falling into different time-of-flight detectors.

A way out is to use a multivariate analysis, which allows to create a multidimensional decision boundary optimizing it in all dimensions simultaneously. In the current work the MultiLayer Perceptron (MLP) model (implemented in the ROOT framework, TMVA [2]) was used (for details see [3]).

There are two challenges in training the neural network in order to give the correct response: one is the selection of pure signal and background training samples. The other one is choosing variables with the highest separation power between hadron and lepton tracks.

The neural network output can be understood as a proba-

∗ Work supported by VH-NG-823, BMBF (06FY9100I and 06FY7114), HIC for FAIR, EMMI, GSI, HGS-HIRe and H-QM.

bility that the subjected particle belongs to signal. Finding a boundary discriminating between signal and background is a matter of compromise between purity and efficiency of the identification. A comparison of velocity-momentum correlations before and after requiring MLP to be larger than 0.6 is presented in Fig.1. It can be seen that most of the hadrons have been removed and a significant statistics of electrons has been kept.

Figure 2: Lepton purity as a function of momentum, using MLP or hard cuts for PID.

The purity of the remaining lepton candidates can be estimated by extracting accidental coincidences of hadron tracks with RICH rings. The amount of such fake matches is obtained by matching way tracks reconstructed in one sector with rings from the neighboring sector.

Figure 2 shows the obtained purity of identified leptons for both PID methods as a function of momentum. Integrated values are 0.94 and 0.85 for MLP and hard cuts, respectively. It demonstrates the superior performance of the MLP method over the hard cut method for larger momenta.

References

[1] G. Agakishiev et al. (HADES Collaboration), Eur. Phys. J. A 41, 243 (2009).

[2] A. Hoecker et al., ”TMVA: Toolkit for Multivariate Data Analysis,” PoS A CAT 040 (2007).

[3] S. Harabasz, Fairness 2013 proceedings to appear in J. Phys.

Conf. Ser. (2014).

GSI SCIENTIFIC REPORT 2013 NQM-HADES-07

doi:10.15120 /GR-2014-1-NQM-HADES-07 7

π^0 reconstruction via conversion method in Au+Au at 1.23AGeV with HADES^∗

C. Behnke^1, J. Stroth^2, T. Galatyuk^3, M. Gumberidze^3 for the Hades Collaboration

1Goethe-Universität, Frankfurt;^2GSI;^3TU, Darmstadt

Lepton pairs emerging from decays of virtual photons are excellent probes of dense hadronic matter. The interpretation of the corresponding experimental results calls for a detailed understanding of conventional sources. Comprehensive information on meson production is therefore an important prerequisite. In this context, the neutral pion and eta mesons are of particular interest as they contribute largely to the dilepton spectrum via their Dalitz decays π^0/η −→ γe^+ e^− . HADES [1] measured the collision system Au+Au at the highest (achievable at SIS18) beam energies of E_{kin} = 1.23 GeV/u in April/May 2012. In total 7.3 × 10^9 events, corresponding to 140 TByte of data, have been collected. Data taking was triggered for events with apparent hit multiplicity in the outer time-of-flight detector system T oF_{Mult} ≤ 20 (PT3) translating to the 50% most central collisions.

Since HADES has no photon detector yet, the measurement of the electromagnetic decays of π^0 is only possible via external pair conversion of photons in detector material. The average conversion probability for π^0 decay photons was obtained from simulations and amounts to approximately 1,6% (taking into account the Au target, the target holder, the beam pipe and the radiator).

To study the π^0 reconstruction performance we selected leptons through their characteristic correlation between their velocity (β) and their momentum (the black box in Fig 1).

Figure 1: Velocity versus momentum ·sign|q| in the RPC region of the HADES spectrometer.

In the next step of the analysis, topological selection cri-

∗ Work supported by BMBF (06 FY 9100 I), HIC for FAIR, VH-NG- 823 and EMMI

]^2

[MeV/c

-e^+e^-e^+eM

0 100 200 300 400 500 600 700

)]^2

[1/(MeV/c

-e^+e^-e^+e

dN/dM

0 1000

2000

3000

4000

5000

6000

5.89 ± 132.43 S/B 0.24 Signal 4013

PRELIMINARY

Figure 2: 4 lepton invariant mass spectrum after the topological cuts.

teria on opening angle between the leptons of a given pair were used to identify conversion pairs (α < 2.5^∘) and Dalitz pairs (α < 20^∘) at the same time (for details see [2,3]).

Such identified leptons have then been combined into opposite-sign e^+ e^− pairs and further into e^+ e^− e^+ e^− multiplets. In addition, a condition was applied on the relative angle between the two dileptons in a multiplet, namely θ_γ ∗_γ ∗ > 5^∘, to suppress spurious counts at low invariant mass. Figure 1 shows a preliminary invariant mass spectrum of e^+ e^− e^+ e^− multiplets (within the HADES acceptance, uncorrected for efficiency and acceptance). A clear signal peak is visible at the nominal mass of the π^0 (135 MeV). The data points were fitted with a model function consisting of a 4^{th} -order polynomial and a gaussian distribution. We extract 4000 counts from the π^0 peak. This result demonstrates that the π^0 can in principle be reconstructed in Au+Au collisions via the conversion method. In the next step, the uncertainties of the efficiency and acceptance corrections will be investigated.

References

[3] G. Agakishiev et al., Eur. Phys. J. A 41, 243 (2009).

[3] G. Agakishiev et al., Phys. Rev. C 88, 024904 (2013).

[3] C. Behnke, Fairness 2013 proceedings to appear in J.

Phys. Conf. Ser. (2014).

NQM-HADES-08 GSI SCIENTIFIC REPORT 2013

8 doi:10.15120 /GR-2014-1-NQM-HADES-08

The HADES alignment strategy^∗

V. Pechenov,^1 O. Pechenova^2 and J. Markert^2 for the HADES collaboration

1GSI, Darmstadt, Germany;^2Goethe Universität, Frankfurt, Germany

To achieve the required momentum resolution of the HADES [1] spectrometer a precise alignment of the detectors is necessary. A set of global alignment parameters of detectors and intrinsic alignment parameters describing detector specific intrinsic geometry are obtained by several procedures:

1) photogrammetric alignment of the MDC [2] plane II with respect to the magnet by means of the Photomodeler software [3]. 2) alignment with reconstructed particle tracks (tracker alignment). Global and intrinsic geometric parameters with respect to the MDC plane II by MillepedeII [4] software. 3) tracker alignment for the RPC, TOF, Shower detectors.

A common problem of tracker alignment algorithms is that the total track χ^2 without constraints is mostly insensitive to so-called “scaling” and “shearing” (fig. 1) of the detectors. To overcome this effect in unconstrained modes [5] we focus on the following prescriptions: (i) take into account the measurements for MDC modules from technical drawings, (ii) define space position for MDC plane II with high accuracy (few hundred micrometers) by photogrammetric alignment, (iii) use MDC plane II as strong constraint, (iv) use simultaneous beam and cosmic tracks.

Figure 1: Unconstrained tracker alignment is insensitive to “scaling” and “shearing”. Black: detector planes, red lines: reconstructed tracks.

The Photomodeler [3] photogrammetry software provides image-based modeling and accurate measurement to survey objects in 3D. Dedicated markers are positioned on the detector such that they can be resolved with high accuracy in the taken photos for the MDC plane from various views. After processing the space position of the markers including errors are extracted and the planes of the detector frames fitted by a software procedure. Translation and rotation matrices of the MDC module relative to the magnet are obtained and constrain the position of MDC II. These parameters are fixed for the following tracker alignment.

The set of parameters can be classified into alignment and local parameters. Local parameters characterize tracks

∗ supported by GSI, BMBF (06FY9100I), Helmholtz Alliance EMMI, HIC for FAIR

of charged particles traversing the detector. The main goal of the alignment is to find the optimum values of the alignment parameters. The software package Millepede solves the linear least squares problem by a simultaneous fit of alignment and local track parameters using the last iteration [4] of the track fit only. The alignment procedure adjusts around 500 parameters simultaneously.

The sector to sector alignment is performed using arround 200000 tracks of each cosmic ray and beam data. A straight-line-track model is used for the fit. For the last iteration of the track fit Millepede requieres the partial derivatives provided by the tracking procedures. Due to nonlinearities of the alignment parameters the procedure converges after around 10 iterations to the optimum parameters for translation and rotation of the MDC modules, the orientation of the wires, the layer coordinates and the distance between two layer parts. In simulations the procedure reconstructed an arteficially introduced misalignment by a precision of 25 μm.

The tracker alignment for TOF and RPC detector determines the global alignment and calibration parameters simultaneously using an iterative procedure.

The resulting intrinsic parameters of the tracking detector were found in the range of 100-550 μm for the clearance between two parts of the layer, 0.00-1.03 mrad for the wire orientation in the layer and 50-700 μm for the wire number corresponding to physical center of layer.

A significant improvement has been observed in the track reconstruction compared to an alignment procedure using global parameters for the detectors only. The number of fitted MDC track segments and the number of accepted drift cells per fitted segment were increased at a better value of χ^2/ndf for the fitted segment. As physics observable the peak width of the invariant mass of the direct decays of ω -mesons [7] decreased by a factor of two.

References

[1] G. Agakishiev et al. The High-Acceptance Dielectron Spectrometer HADES. Eur. Phys. J. A41 (2009) [2] C. Müntz et al. Nucl. Instr. Meth. A535 (2004) 242. [3] http://www.photomodeler.com/ [4] V. Blobel. Software alignment for tracking detectors. Nucl.

Instr. Meth. A566 (2006) 5-13.

[5] J. Amoraal. Application of vertex and mass constraints in track-based alignment. Nucl. Instr. Meth. A712 (2013) 48-55.

[6] http://seal.web.cern.ch/seal/work-packages/mathlibs/minuit/ [7] G. Agakishiev et al. Eur.Phys.J. A48 (2012) 64

GSI SCIENTIFIC REPORT 2013 NQM-HADES-09

doi:10.15120 /GR-2014-1-NQM-HADES-09 9

Integration of the Pion-Beam Tracker into the HADES DAQ^∗

L. Fabbietti^{1,2}, R. Lalik^{1,2}, P. Louis^{1,2}, L. Maier^2, J. Michel^4, J. Pietraszko^3, T. Schmitt^{1,2}, M. Traxler^3, J. Wirth^{1,2} for the HADES collaboration

1Excellence Cluster ”Universe”, Garching, Germany;^2TU München, Garching, Germany;^3GSI, Darmstadt, Germany; 4Goethe-University, Frankfurt, Germany

In the 2014 HADES campaign with secondary pion beams, tracking detectors will be mounted into the chicane following the production target. They will provide the pion momentum with a resolution of 0.3 %, i.e. a factor 2 better than the momentum spread of the secondary beam, enabling exclusive analyses of reaction channels. To guarantee fast tracking, silicon sensors read out with the n-XYTER chip are employed. Due to its self-triggering architecture and local storage capability, the n-XYTER chip enables on-line tracking of each individual pion . The readout of the tracker data is realized with the TRB3 board [1].

The tracking capability of CERBEROS^1 and its integration into the HADES data acquisition system has been tested with proton beams at COSY in Juelich. A diamondbased device has been used as start detector acting as trigger for data taking, like it is planned for the campaign with pion beams. As the start detector is located several meters behind the first silicon detector causing a trigger delay of around 800 ns, the self-triggering architecture of the n- XYTER is crucial. All hits registered by the n-XYTER are buffered inside the TRB3 and only the hits correlated in time with the Start detector trigger signal are sent to the DAQ system. Additionally, the 2 GeV proton beam provided by COSY opened up the possibility to study the stability of the whole system under beam condition.

Figure 1: Experimental setup for the beam tests at COSY.

Figure 1 presents the experimental setup consisting of two double-sided silicon detectors of 10 × 10 cm^2 dimension and 128 strips on each side. The trigger was provided either by the hodoscope or by one of the three diamond detectors placed behind the silicon sensors.

The system was tested with beam rates varying from 2 – 550 KHz measured at the hodoscope, and trigger rates from 2 – 100 kHz as accepted by the CTS. In the beam spot of 16 × 16 mm^2 (Fig. 2) hit rates of up to

∗ Supported by VH-Ng-330, TMFABI1012 and BmBf 05P12WOGHH 1Central Beam Tracker for Pions

strip

50 60 70 80 90 100 strip

50

60

70

80

90

100

0

1000

2000

3000

4000

5000

6000

7000

Front Sensor X-Y

strip

50 60 70 80 90 100 strip

50

60

70

80

90

100

0

1000

2000

3000

4000

5000

6000

7000

Rear Sensor X-Y

Figure 2: Beam profile as recorded by both silicon sensors using the hodoscope as a trigger.

2e5/s/cm^2 were achieved. Assuming such hit rates for the full sensor surface when operated in the pion beam experiment the detector will deliver 400 Mbit/s. The registered energy-deposition spectrum of the minimum ionizing protons shows good agreement with the expected energy-loss in 300 μm of silicon and the time resolution of the full trigger chain was found to be 30 ns.

In the pion experiments the detector is located in a vacuum chamber (Fig. 3) attached to the accelerator beam pipe. The first chamber close to the pion production target has been already assembled in the NE5 area, and successfully tested. The second chamber is under construction and will be located in the HADES cave.

Figure 3: Left: Cross section of the chamber. It consists of two pieces made out of aluminium and with a feed-through PCB sandwiched in between. The Si sensors are located in the middle, covered by mylar foil. Right: One half of the vacuum chamber with a Si sensor covered by its mylar window.

References

[1] M. Traxler et al., J. Instrum., 6(12), C12004 (2011).

NQM-HADES-10 GSI SCIENTIFIC REPORT 2013

10 doi:10.15120 /GR-2014-1-NQM-HADES-10

Diamond detector preparation for high intensity beam monitoring and high precision T0 determination.^∗

J. Pietraszko^{†1}, W. Koenig^1, M. Tr äger^1, T. Galatyuk^2, A. Rost^2, J. Klett^2, J. Kaiser^2, F. Hug^2, and the HADES Collaboration^1

1GSI, Darmstadt, Germany;^2Technische Universität Darmstadt, Germany CVD diamond material has been extensively used for particle detection [1, 2]. This radiation hard material for detector application is of great importance for existing as well as for newly planned high intensity experiments. Besides radiation hardness there are other properties like: wide-band-gap, high breakdown voltage, high thermal conductivity, small dielectric constant, which are very attractive for detector applications. To take advantage of these properties, there is a need for reliable contacts between the diamond material and metal electrodes. As it was widely investigated, depending on applied preparation procedure, the metal-diamond interface can show either rectifying Schottky or low resistant ohmic characteristic (see for example [3]). For detector applications it is essential to obtain a homogeneous low resistance ohmic interface between diamond and metal. Failing this the charge created in the diamond material by ionizing particles can not be transported freely and gets blocked at the metal-diamond contact surface causing significant reduction of the effective electric field in the detector.

For the detectors discussed in this report scCVD diamond sensors with thickness of 300μm and size of 4.7 mm x 4.7 mm were used. The sensors were metallized with 50nm Cr layer followed by a 150 nm Au layer. It has been shown that the onset of the transition from a rectifying to an ohmic contact for Cr-diamond occurs between 580-620^oC when a first carbide phase is formed (Cr_2C) [4]. Following this measurement the typical annealing process for Cr-diamond ohmic contact should be conducted at temperatures above 650^oC for a period longer than 20 min. To avoid surface contamination during the high temperature annealing the procedure has to be conducted in the UHV chamber. The annealing of the metallized samples was performed at the DAISY-Fun facility (DArmstädter Integriertes SYstem für FUNdamentale Untersuchungen) at Technical University of Darmstadt. The metallized samples, after cleaning in ultrasonic bath, were installed in the vacuum chamber. At a vacuum of about 10^{− 8} mbar the heater was started. The temperature was slowly increased, about 1^oC per 10 sec, keeping the vacuum better than 10^{− 7} mbar. The sample was finally annealed at 780^0C for 20 minutes. The annealed samples were investigated by means of a high intensity electron beam from S-DALINAC (Der supraleitende Darmstädter Elektronenbeschleuniger) at Technical University of Darmstadt. During the experiment a high quality electron beam, with energy of 70 MeV was deliv-

∗ This work has been supported by BMBF (05P12RFGHJ), Helmholtz Alliance EMMI, HIC for FAIR, HGS-HIRe, VH-NG-823 † j.pietraszko@gsi.de

ered to the experimental area where the annealed diamond detectors were installed. The detectors were readout by a fast scope with histograming capability. In Figure 1 the ADC spectra are shown for very low intensity (2 kHz) and high intensity (10 MHz). The ADC spectra showed stable response of the detector independent of the beam intensity indicating a perfect ohmic character of the contact between Cr and diamond material. The tail in the bottom figure at large amplitude is due to particle pileup at such high rates.

Figure 1: ADC spectrum measured at low electron beam intensity, about 2 kHz, - top picture and spectrum measured at high beam intensity, about 10 MHz, - bottom picture. The MPV values for both measurements stay at the same position indicating very stable detector operation.

References

[1] G. Agakishiev et al., Eur.Phys.J. A41 (2009) 243-277

[2] J. Pietraszko et al., NIMA 618 (2010) 121-123

[3] D A Evans et al., J. Phys.: Condens. Matter 21 (2009) 364223

[4] W.P. Leroy at al., J. Appl. Phys. 101, 1 (2007)

GSI SCIENTIFIC REPORT 2013 NQM-HADES-11

doi:10.15120 /GR-2014-1-NQM-HADES-11 11

Test of the HADES Electromagnetic Calorimeter modules on photon beam^∗

O. Svoboda^{†1}, T. Galatyuk^2, B. Kardan^3, G. Korcyl^4, W. K önig^5, A. Neiser^6, S. Linev^5, P. Ott^6, P. Otte^6, O. Petukhov^7, J. Pietraszko^5, P. Ramos^1, A. Rost^2, A. Thomas^6, P. Tlustý^1, and M. Traxler^5

1Nuclear Physics Institute of ASCR, Rez;^2TU Darmstadt, Darmstadt;^3Goethe-Universität, Frankfurt;^4Smoluchowski Institute of Physics, Jagiellonian University of Kraków, Poland;^5GSI, Darmstadt;^6Institut für Kernphysik, Johannes Gutenberg-Universität Mainz, Germany;^7Institute for Nuclear Research, Moscow, Russia

Development of the electromagnetic calorimeter (ECAL) for the HADES experiment is coming to its final stage. A dedicated measurement using secondary gamma beam from MAMI facility at Johannes Gutenberg Universität Mainz was employed to verify the selected technical solutions.

The ECAL will allow the HADES experiment to measure data on neutral meson production in heavy ion collisions in the energy range of 2-10 AGeV with the beam of the future accelerator SIS100@FAIR. The detector is a lead glass calorimeter read out by photomultipliers connected to a novel electronic. A detailed description of the ECAL can be found in [1, 2].

Beam tests of single ECAL modules were performed to measure energy resolution, test the two new front-end boards (“Cracow” and PaDiWa AMPS) and measure detector response on beam inclined with respect to the module axis.

The tagger detector from MAMI was used to select eight different gamma energies ranging from 81 up to 1399 MeV (eight different triggers were used). Modules were exposed to collimated gamma beam of approx. 6 mm diameter at a 5 kHz load. The CAEN DT5742 and GSI made MA8000 shaper was used as a referential read out system to be able to compare with the two tested front-end boards. Stored pulse shapes were compared with the pulses measured using cosmic muons and LED monitoring system, see figure 1. Results measured with PaDiWa AMPS front-end board can be found in [3].

Energy resolution was studied to be able to decide which size of photomultiplier is the most suitable in terms of in terms of the price-performance ratio. Resolution of modules with a photomultiplier with 1” diameter seems to be significantly worse than that one with 1.5” and 3” diameter, see figure 2. These measurements are in a good agreement with the measurements done with the two new front-end boards.

Measurements with inclined modules confirmed the results of our simulations, namely that we are able with a good precission to detect particles hitting more than one module or placed close to module border.

∗ Work supported by GSI, HIC for FAIR, EMMI and Czech MSMT LG 120007, GACR 13-067595 and AS CR M100481202 grants † svoboda@ujf.cas.cz

Figure 1: Pulse shapes induced by photons with energy of 1399 MeV, cosmic muons passing the full module length and by light from a LED diode.

Figure 2: Energy resolution of ECAL modules with different PMTs. Numbers behind the PMT type show energy resolution at 1 GeV.

Acknowledgements

Authors are grateful to the staff of the MAMI facility in Mainz for providing excellent beam conditions.

References

[1] A. Kugler et al., “Electromagnetic calorimeter for HADES experiment”, Proceedings of the 14th ICATPP Conference, vol. 8 (2013) [2] P. Tlusty et al., “Development of the HADES Electromagnetic Calorimeter”, GSI Scientific Report 2012 (2013) 37

[3] M. Traxler et al., “A Precise Multi-Channel QDC FEE utilizing FPGAs as Discriminators and Delay Elements Based on the TRB3 as TDC and Readout Platform”, GSI Scientific Report 2013

NQM-HADES-12 GSI SCIENTIFIC REPORT 2013

12 doi:10.15120 /GR-2014-1-NQM-HADES-12

A Precise Multi-Channel QDC FEE utilizing FPGAs as Discriminators and Delay Elements Based on the TRB3 as TDC and Readout Platform^∗

M. Traxler^1, T. Galatyuk^3, J. Michel^2, B. Kardan^2, W. Koenig^1, S. Linev^1, A. Neiser^4, P. Ott^4, P. Otte^4, A. Rost^3, P. Skott^1, A. Thomas^4, and C. Ugur^1

1GSI, Darmstadt, Germany;^2Institut für Kernphysik, Goethe-Universität Frankfurt, Germany;^3Institut für Kernphysik, Technische Universität Darmstadt, Germany;^4Institut für Kernphysik, Johannes Gutenberg-Universität Mainz, Germany

A very compact 8 channel Front-End-Electronics for precise TDC and QDC measurements was developed with the focus on the readout of the HADES-Electromagnetic- Calorimeter PMTs. The measurement principle of the FEE is to convert the charges of the PMT signals into pulses, where the charges are encoded as the width of the pulses. The high precision is achieved by implementing a modified Wilkinson-ADC method, so actively discharging the integrated signal resulting in a fast crossing of the threshold. The lengths of the pulses are measured by the well established TRB3 platform [1], [2]. The circuitry of the FEE is based on the Come&Kiss principle, where analog electronics is used only for the amplification stage and integration, while the other tasks, e.g. discrimination, threshold settings, delay generation for discharging and the LVDS drivers, are implemented in an FPGA (see figure 1).

Figure 1: Schematic overview of the Come&Kiss TDC and QDC Front-End-Electronics.

This results in conceptionally simple electronics, hiding complex operations inside the FPGA. The developed FEE is very compact and the finished module is shown in figure 2, which can be directly attached to the TRB3 platform. The charge measurement precision (resolution of the system defined as RMS/mean of the distribution) as a function of the measured charge has been determined with a pulser input signal and the uncorrected raw data is shown in figure 3. In beam measurements (with photons at MAMI in Mainz) with the FEE connected to lead glass ECAL modules show a comparable result in the determined energy resolution of the complete system as measured with an oscilloscope. The measurements are shown in figure 4.

References

[1] C. Ugur et.al, GSI Scientific Report 2013 [2] C. Ugur et.al, NoMe TDC Workshop - Perugia/Italy, 2013,

http://trb.gsi.de

∗ The authors are grateful to the staff of the MAMI facility in Mainz for providing excellent beam conditions.

Figure 2: The Padiwa-Amps1 FEE module implementing 8 channels of fast discriminators and precise charge to width conversion.

Figure 3: Relative charge measurement precision (RMS/mean ) determined with a pulser.

Figure 4: Energy resolution of a system with lead glass ECAL modules, different PMTs, Padiwa Amps as discriminator and QDC and a TRB3 as digitizer.

GSI SCIENTIFIC REPORT 2013 NQM-HADES-13

doi:10.15120 /GR-2014-1-NQM-HADES-13 FAIR@GSI 13

NQM-HADES-13 GSI SCIENTIFIC REPORT 2013

14 doi:10.15120 /GR-2014-1-NQM-HADES-13

Status of the Compressed Baryonic Matter (CBM) experiment at FAIR^∗

P. Senger and the CBM collaboration

GSI, Darmstadt, Germany

The Compressed Baryonic Matter (CBM) experiment will be one of the major scientific pillars of the future Facility for Antiproton and Ion Research (FAIR) in Darmstadt. The goal of the CBM research program is to explore the QCD phase diagram in the region of high net-baryon densities using high-energy nucleus-nucleus collisions. A sketch of the QCD phase diagram is shown in figure 1, highlighting the expected structures at large baryon chemical potentials: a first order-phase transition separating the hadronic phase from quarkyonic matter [2], followed towards larger baryon-chemical potentials by the quark-gluon plasma at high temperatures, and by exotic phases at low temperatures. At small baryon-chemical potentials, theory predicts a smooth crossover between hadronic and partonic matter. According to transport calculations, baryonic densities of about 6 times saturation density can be reached in central collisions between gold nuclei at 10 A GeV, an energy which will be provided by the future SIS100 machine. At these densities, quarkyonic matter is expected to be created. A similar state of matter, a mixture of strange baryons and free quarks, is predicted to exist in the core of neutron stars at densities beyond 4 times saturation density [3].

Figure 1: Sketch of the QCD phase diagram [1].

The CBM research program includes the study of the equation-of-state of nuclear matter at neutron star core densities, the search for the chiral phase transition, and for new forms of strongly interacting matter. The CBM detector is designed to measure rare diagnostic probes such as multistrange hyperons, charmed particles and vector mesons decaying into lepton pairs with unprecedented precision and statistics. In the following, the results of the technical developments in 2013 will be briefly reviewed.

∗ Work upported by the Hessian LOEWE initiative through the Helmholtz International Center for FAIR (HIC for FAIR), and by EU/FP7 Hadronphysics3

The superconducting dipole magnet

The design of the CBM SC dipole magnet has been optimized. It has a large aperture (gap height 140 cm, gap width 260 cm) in order to host the Silicon Tracking System. The field integral is 1 Tm. Detailed quench calculations have been performed, and the quench protection system has been designed. The Technical Design Report has been approved in January 2014.

The Micro-Vertex Detector

A refined geometry of the CBM-MVD based on 4 detector stations has been developed. Together with IPHC Strasbourg the 0.18 μm CMOS process has been investigated with respect to radiation hardness and noise. The 2^{nd} generation of MAPS read-out and TRBv3-based data acquisition has been developed. The Analysis of the CERN-SPS test beam data has been concluded, reproducing the intrinsic features of the MAPS chips mounted in the prototype and validating the general concept of the MVD integration.

The Silicon Tracking System

For the CBM Silicon Tracking System (STS) doublesided micro-strip sensors in all required dimensions (6.2 × 6.2 cm^2, 6.2 × 4.2 cm^2, 6.2 × 2.2 cm^2) have been produced in cooperation with CiS, Erfurt, Germany and Hamamatsu, Japan. The front side strips are inclined by 7.5^∘. In order to interconnect short strips in the sensor corners to a strip in the opposite corner the sensors are equipped either with a second metallization layer, or with pads for an additional micro-cable. The performance of both options will be investigated. Each sensor (2048 strips) will read out via 16 low-mass micro cables (128 wires each) by 16 free-streaming ASICs 125 channels each). A mockup of such a module has been produced, and the tabbonding of the cables has been successfully tested. Several of these modules consisting of a sensor, the cables and the front-end board carrying 8 ASICs will be mounted on a light-weight carbon ladder. Up to 16 of these ladders will be integrated into a detector station. A mechanical mockup of a half station has been built. A prototype C0_2 cooling system has been designed. Several prototype modules comprising single and daisy-chained sensors, read-out cables and a free-streaming read-out-system has been successfully tested in December 2013 with a proton beam at COSY/Research Center Jülich. The STS Technical Design Report submitted to FAIR in December 2012 has been approved in August 2013.

GSI SCIENTIFIC REPORT 2013 NQM-CBM-01

doi:10.15120 /GR-2014-1-NQM-CBM-01 15

The Ring Imaging Cherenkov (RICH) detector

The analysis of beam time data from the test campaign in 2012 has been finalized. Important results have been obtained on the performance of the different photon sensors, on the optimal wavelength-shifter coverage, and on the requirements for mirror alignment and gas purity. In the lab new testing devices for single photon scans of photon sensors and the mirror surface have been set up. A larger prototype of the mirror wall is being constructed to perform tests of its stability while minimizing the material budget. The RICH Technical Design Report has been submitted in June 2013, and was approved in January 2014.

The Transition Radiation Detector

The analysis of the test beam established that all full size prototypes (by the groups from Bukarest, Frankfurt and Münster) perform according to the specification in terms of electron-pion separation. Several promising foam-type radiator materials have been identified. The SPADIC 1.0 readout chip has been finalized and tested and can now be commissioned for the upcoming test beams. Also, feature extraction algorithms have been implemented and are ready for tests with real data. The writing of the Technical Design Report is in progress.

The Muon Detection System

The layout of the Muon Chamber system (MuCh) and its performance have been optimized by replacing the first 20 cm thick iron absorber by a 60 cm thick carbon absorber. The mechanical structures supporting the detectors and the absorbers have been designed. A large area (31× 31 cm^2) triple-GEM chamber made from single-mask foils has been built by the group in VECC Kolkata and successfully tested in December 2013 with a proton beam at COSY/FZ Jülich. Various prototype hybrid detector systems based on GEM and micromegas technologies have been built and tested at PNPI Gatchina. A full-size prototype Straw-chamber has been built at JINR Dubna. The development of a read-out ASIC has been started at MEPhI in Moscow. The MuCh Technical Design Report has been submitted in December 2013.

The time-of-flight system

The CBM - TOF - wall will mostly be composed of differential impedance matched strip MRPCs that are adjusted to the strongly polar angle dependent particle fluxes by implementing different strip lengths and employing low resistance electrodes where necessary. The low resistance electrodes can be constructed by ceramic, low resistivity glass or for more moderate rate requirements by thin standard glasses. Supermodule designs based on pad - MRPCs for the small polar angles are made available and might offer some advantage in terms of cost and rate capability.The exact layout of the wall is being optimized with the help of a newly created generic geometry description in the CBM simulation framework that also includes a proper description of the passive materials. For the first time a free streaming data processing chain based an the PADI and GET4 ASICs was realized with prototype detectors signals demonstrating the feasibility to achieve system timing resolutions in the order of 80 ps without any noticable dead time. First step are undertaken towards a common software framework capable of handling test beam data and simulations in a consistent way. The TOF Technical Design Report has been submitted in December 2013.

The Projectile Spectator Detector

The layout of the Projectile-Spectator detector (PSD), its distance from the target, and the settings of the magnetic field have been optimized in order to improve the performance in determining the reaction plane and the collision centrality over the full SIS100/300 beam energy range. The PSD Technical Design Report has been submitted in April 2013.

DAQ and First Online Event Selection (FLES)

In order to achieve the required precision, the measurements will be performed at very high reaction rates of 1 to 10 MHz. This requires a novel data read-out and analysis concept based on free streaming front-end electronics and a high-performance computing cluster for online event reconstruction and selection. The development of the full read-out and analysis chain based on detector hits with time stamps is in progress. The FLES system consists of a scalable supercomputer with custom FPGA-based input interface cards and a fast event-building network. It will be largely constructed from standard components, and will be located in the new FAIR data center. The submission of the DAQ/FLES Technical Design Report is planned for 2014.

Status of the Technical Design Reports

Subsystem Status TDR Superconducting Dipole Magnet approved Micro-Vertex Detector submission 2014 Silicon Tracking System approved Ring Imaging Cherenkov Detector approved Time-of-Flight wall in evaluation Transition Radiation Detector submission 2014 Muon Tracking Chambers in evaluation Projectile Spectator Detector in evaluation Electromagnetic Calorimeter submission 2014 DAQ/First Level Event Selection submission 2014

References

[1] K. Fukushima, T. Hatsuda, Rept.Prog.Phys.74(2011)014001 [2] L. McLerran, R. D. Pisarski, Nucl. Phys. A 796(2007)83 [3] M. Orsaria et al, arXiv:1308.1657

NQM-CBM-01 GSI SCIENTIFIC REPORT 2013

16 doi:10.15120 /GR-2014-1-NQM-CBM-01

Quench calculation for the CBM Dipole magnet

P. Kurilkin^{∗1}, P. Szwangruber^2, E. Floch^2, F. Toral^3, A. Malakhow^1, and V. Ladygin^1

1LHEP-JINR, Dubna, Russian Federation;^2GSI, Darmstadt, Germany;^3CIEMAT, Madrid, Spain

The CBM dipole magnet will store about 5.15 MJ at its nominal current of 686 A. When designing the quench protection scheme for the CBM magnet it is important to estimate the overall characteristics of the quench process in the coil.

Three types of the quench calculation were performed for the CBM dipole magnet: ”first approximation”, instantaneous quench and 3D calculation using GSI[1] and CIEMAT[2] quench programs.

The ”first approximation” is a simplified calculation which can be used to obtain the good order of magnitude of average coil temperature (T_{av} ) and maximum quench voltage (V_{qm} ) for self-protecting magnets. T_{av} can be derived out of following equation: E V c = �_{Tav}

4.5K

C_v(T )dT (1)

where E is the magnet energy, V c is the coil volume and C_v is the volumetric specific heat. In our case T av is 90 K.

Having T_{av} one can estimate V_{qm} using an empiric formulation[?]:

V_{qm} = 0 .403 ∗ R_{pole} (T_{av} ) ∗ I_n (2)

where I_n is the nominal current and R_{pole} (T_{av} ) = ρ_{Cu} (T_{av} ) ∗ 1749 ∗ 5/A_{Cu} . In this case R_{pole} (T_{av} ) = 4 .7Ω and V_{qm} = 1307 V.

The instantaneous quench means that the whole coil is heated up instantaneously above the critical temperature. It is assumed that one coil has one uniform temperature (T_{av} ) and field (B_{av} ) distributions. At the start of the quench T_{av} is equal to 10 K and B_{av} = B_{max} (I_n )/ 2, where I_n is the nominal current.

For a short-circuited magnet electrical equation[3] gives the following current decrease:

dI = −

R_q(T_{av} ) ∗ I L_d(I )

∗ dt (3)

where L_d, R_q is the differential inductance and resistance of the coil, respectively. dt is the time which corresponds to the current increase[3] dI . From the heat equation written for one pole one can get the following temperature increase: dT_{av} =

R_q(T_{av} ) ∗ I^2 V c ∗ Cp_{av} (T_{av} )

∗ dt (4)

where V c is the coil volume, Cp_{av} is the average specific heat. The instantaneous quench calculation takes into account the inductance function L_d(I ) and the B_{max} (I ). It

∗ pkurilkin@jinr.ru

Figure 1: 3D quench calculation of the CBM dipole – the magnet current, hot-spot temperature and the average coil temperature.

Figure 2: 3D quench calculation of the CBM dipole – the quench voltage and the quench resistance.

gives the average temperature of about of 90 K. The resistance of quenched pole is equal to 4.7 Ohm and the maximum quench voltage is equal to 1230 V.

The 3D quench analysis has been performed using GSI[1] and CIEMAT[2] programs. The results of calculations when no dump resistor was used are presented in Fig.1 and Fig.2. The difference between the results calculated with the GSI and CIEMAT models is related to the different field map distribution in the coil, and also to different material data bases used in those programs. The maximum hot-spot temperature and quench voltage equals to 160 K and 1240 V, respectively.

The presented results show that the CBM dipole magnet is a self-protecting.

References

[1] P. Szwangruber et al., ”Three-Dimensional Quench Calculations for the FAIR Super-FRS Main Dipole”, IEEE Transactions on Applied Superconductivity, 23 No.3 (2013) 4701704 [2] F. Toral, ”Design and Calculation Procedure for Particle Accelerator Superconducting Magnets: Application to an LHC Superconducting Quadrupole”, Ph. D. Thesis, Madrid, 2001

[3] E.Floch, ”Magnet inductances and quench computations”, MT-INT-ErF-2009-010.

GSI SCIENTIFIC REPORT 2013 NQM-CBM-02

doi:10.15120 /GR-2014-1-NQM-CBM-02 17

Quench detection and protection s ystem for the CBM dipole magnet.

P. Kurilkin^{∗1}, P. Szwangruber^2, H. Ramakers^2, E. Floch^2, and F. Toral^3

1LHEP-JINR, Dubna, Russian Federation;^2GSI, Darmstadt, Germany;^3CIEMAT, Madrid, Spain

The CBM dipole magnet has very large dimensions and stores about 5.15 MJ. An adequate protection of the superconducting CBM dipole magnet means minimizing of the coil peak temperature and of the resistive-inductive voltage imbalances, which can generate large voltages to the ground.

The quench protection of the CBM dipole magnet will be based on the extraction of the stored magnetic energy in an external dump resistor to avoid vaporization of helium. Fig.1 and Fig.2 present the results of 3D quench calculation using GSI[1] and CIEMAT[2] code. The detailed information about the data used in the calculation can be found in Ref.[3]. Both models predict a maximum hot-spot temperature on the level of 70 K. The maximum quench voltage equals to 249 (190) V, for GSI[1] and CIEMAT[2] computations, respectively. The maximum voltage across the magnet (1441 V) occurs when the dump resistor turns on. The difference between the calculated results is related to the different field map distribution in the coil and to the different material data bases used in GSI[1] and CIEMAT[2] programs. Fig.3 shows the power supply (PS) scheme, the

Figure 1: 3D quench calculation of the CBM dipole – magnet current, magnet voltage and the maximum (hot spot) coil temperature.

Figure 2: 3D quench calculation of the CBM dipole – the quench voltage and the quench resistance.

∗ pkurilkin@jinr.ru

Figure 3: Quench detection and protection scheme (including power supply and voltage taps).

simplified PS control unit scheme the magnet, the dump resistor (for quench protection) and the quench detection system. Each magnet pole has a separate cryostat. The current is brought from the room temperature to the cryostat (4.5 K) by current leads (CL). There are 4 current leads (two per one pole). The quench detection system consists of: • 4 voltage detectors (CLD1) used for current leads • 1 classical bridge detector (BRD) used for the magnet • Voltage threshold in the power supply unit (safety trigger).

During the normal operation the DC-circuit breaker is closed. When a quench occurs a quench trigger is given by detection system.

After the quench trigger, the DC-circuit breaker disconnects the PS and the magnet current is dumped via the dump resistor. The use of a dump resistor of 2.1 Ω provides the evacuation of about 85% energy stored in the magnet.

References

[1] P. Szwangruber et al., “Three-Dimensional Quench Calculations for the FAIR Super-FRS Main Dipole”, IEEE Transactions on Applied Superconductivity,23 No.3 (2013) 4701704 [2] F. Toral, “Design and Calculation Procedure for Particle Accelerator Superconducting Magnets: Application to an LHC Superconducting Quadrupole”, Ph. D. Thesis, Madrid, 2001 [3] The CBM collaboration, Technical Design Report: “Superconducting Dipole Magnet for CBM”, 2014

NQM-CBM-03 GSI SCIENTIFIC REPORT 2013

18 doi:10.15120 /GR-2014-1-NQM-CBM-03

Quality assessment of ultra-thin CMOS sensors for the Micro Vertex Detector of the CBM experiment at FAIR.^∗

M. Koziel^{†1}, N. Bialas^1, M. Deveaux^1, B. Milanovic^1, J.Stroth^1, and the CBM-MVD collaboration^1

1Goethe-University Frankfurt, IKF

The future Compressed Baryonic Matter experiment (CBM) will be equipped with a high-precision micro-vertex detector (MVD) aiming at an outstanding primary and secondary vertex resolution. Highly granular and ultra-light, so-called Monolithic Active Pixel Sensors (MAPS), which are manufactured with standard CMOS processes, will be employed. Imperfections in the CMOS production as well as the subsequent dicing and thinning procedures may limit the production yield of the sensors to about 60-70%. Probe testing the sensors prior to integrating them to the MVD is a mandatory step of the quality assurance related to the mass production of this detector. This is as it allows to recognize and reject sensors with insufficient performance.

The feasibility of probe testing the only 50 μm thick sensors was studied with the MIMOSA-26 prototype, which is considered as a realistic precursor of the final sensor of the MVD. Moreover, the existing readout system of the MVD-prototype [1] could be used for the test.

The probe-tests were carried in the IKF technology lab. As shown in Figure 1, the probe tester was equipped with a probe-card hosting 65 tungsten needles with a minimum pitch of 120 μm. The MIMOSA-26 sensors were held by a chuck adapter with micro-vacuum channels, contacted with the needles and their signals were routed through the probecard to a so-called adapter-card. The latter was introduced as building it came out to be easier and cheaper than adapting the probe-card itself to our readout system. In addition, a test board hosting a wire-bonded working MIMOSA-26 sensor was manufactured. It is to test the readout chain including the probe-card independently of the delicate issue of contacting of sensors with needles.

After commissioning the system, first tests with 300 μm thick MIMOSA-26 sensors were carried out. The response of the sensors to JTAG programming and to various threshold settings matched our expectations. Next, the 50 μm sensors were probe-tested. The distance between the probe-card and the sensor, which is needed to establish a save contact between sensors and needles, was found smaller than expected from the tests with thicker sensors. This is attributed to the fact that the 50 μm sensors become soft enough to follow the imperfections of the surface of their support. Nevertheless, we succeeded to probe-test the thinned sensors.

In a next step, we are working on implementing a full test protocol, which is suited for testing the sizable number

∗ Work supported by HIC for FAIR, GSI , BMBF (05P12RFFC7), EU-FP7 HadronPhysics3.

† m.koziel@gsi.de

of sensors foreseen in the future mass production. To do so, we intend to update the software of our readout system and to migrate this system from the current TRBv2 to a TRBv3 platform [4].

Concluding, a 50 μm-thin precursor of a final CBM-MVD sensors was successfully tested with a probecard. This activity and the related know-how found meanwhile some interest of a larger community, which is employing thinned MIMOSA-26 sensors into various experimental setups. This includes the PLUME project and the vertex detector project of the NA-61 experiment at CERN.

Figure 1: Probe-station setup: (1) microscope lens, (2) adapter-card, (3) connectivity to DAQ, (4) probe-card, (5) test-board hosting the reference sensor and (6) chuck-adapter with one Mimosa-26 sensor.

References

[1] M. Koziel et al., Nuclear Instruments and Methods in Physics Research A 732 (2013) 515–518C

[2] A.Nomerotski et al., ”PLUME collaboration : Ultra-light ladders for linear collider vertex detector”, Nuclear Instruments and Methods in Physics Research A650 (2011) 208-212.

[3] N.Abgrall for NA61/SHINE Collaboration, ”Report from the NA61/SHINE experiment at the CERN SPS”, CERN-SPSC- 2013-028 ; SPSC-SR-124, October 2013, page 57.

[4] J.Michel at al., this report.

GSI SCIENTIFIC REPORT 2013 NQM-CBM-04

doi:10.15120 /GR-2014-1-NQM-CBM-04 19

The next generation of CBM MVD read-out electronics^∗

J. Michel^1, M. Wiebusch^1, and the CBM-MVD collaboration^1

1Goethe-Universität Frankfurt

The on-going development of the support electronics of the CBM Micro-Vertex-Detector (MVD) focuses on two major aspects: First, the integration in a new DAQ system (based on the TRB3 system developed by HADES) and, second, the design of an integrated control and monitoring interface for systems consisting of several sensors.

New Electronics

The major goal of front-end electronics development was to migrate the read-out to a new, more powerful readout platform, TRB3. Even though the central parts of software and FPGA designs need not to be changed, the readout chain between digital electronics and sensors was redesigned to gain better performance and additional monitoring features. Here, also the principal structure of the chain was simplified by dropping the separated connection for control signals and merging all supply and data lines for a sensor on one common cable.

Special care was taken for the most sensitive supply voltage, a biasing voltage for the pixel matrices of the sensors. Several generation and distribution schemes were implemented to investigate which setup results in the best noise performance. Furthermore, all relevant voltages and currents can be monitored remotely to further study the behavior of sensors and, subsequently, to design a matching powering scheme for the final detector setup.

In the current connection scheme, the new FPGA platform can support up to 16 sensors in parallel. Note that this value is mostly limited by the number of I/O connections for the huge number of control and monitoring signals in the current design version and is likely to increase in future iterations. The resources of the FPGA also allow for further data sparsification algorithms like cluster detection as described in [1].

New Control Interface

The MVD user software serves three main purposes: Editing the sensor and electronics settings, coordination of data taking, and continuous monitoring of sensor parameters (power consumption, temperature, etc). In order to make the functionality accessible to non-hardware-experts, the development of an elaborate graphical user interface has been initiated.

The user software consists of two parts: a back end software suite implemented in Perl and a web interface front

∗ Work supported by BMBF (05P12RFFC7), HIC for FAIR and GSI

Figure 1: The new Converter Board with power supply, control and monitoring for two sensors.

end written in HTML/CSS/Javascript. Though this approach appears intricate, the strict separation of front end and back end has substantial advantages: The DAQ is inherently remotely accessible to multiple users on different machines, while the design flexibility of HTML and CSS helps providing a clear structure and a good overview of the functionality. Furthermore the back end scripts can be also used from the command line or shell scripts to automate complex configure and/or measurement tasks.

All configuration files are stored in the strictly hierarchical but human readable XML format in order to keep the system transparent to the developer. The user interface does not only include access to all vital configuration options of each individual sensor, but also allows to monitor all information gathered on the converter board, i.e. voltages and currents as mentioned above.

These developments are a further steps towards the final read-out electronics, although it is evident that further steps will be taken this year. The plans foresee to adapt the readout to a new sensor generation (Mistral) with higher data band-width and to develop cabling schemes for the geometry of the complete MVD detector setup.

References

[1] Qiyan Li, FPGA-based Cluster Finding, this issue.

NQM-CBM-05 GSI SCIENTIFIC REPORT 2013

20 doi:10.15120 /GR-2014-1-NQM-CBM-05

The layout of the CBM Silicon Tracking System^∗

T. Balog^1 and J. Heuser^1

1GSI, Darmstadt, Germany

As the central detector in the Compressed Baryonic Matter experiment, the Silicon Tracking System (STS) is required to perform efficient charged-particle tracking with high momentum resolution. With feedback from the engineering activities, the detector’s layout has been further optimized, in particular to minimize the number of modules, the component with most complex assembly and associated production risks and costs.

Detector structure

The STS will be located in the gap of the 1 T dipole magnet and will comprise 8 tracking stations between 30 and 100 cm distance downstream of the target. Its polar aperture, where minimal material budget is achieved, is 2.5-25^∘. The STS stations are built from detector ladders that are populated with detector modules. A detector modules is the functional unit of a single silicon microstrip sensor (or a pair of daisy-chained sensors), read out by two front-end electronics boards, and read-out cables between the sensoric part and the electronics. Eight or ten modules mounted onto a carbon fiber support structure form a ladder; the electronics is arranged at the top and bottom end of the ladder, reaching already out of the physics aperture. The ladders themselves are arranged on further support frames to form the stations of the STS. As an active material double-sided silicon sensors of 300 μm thickness and readout strip pitch of 58 μm will be used. The angle between front and back side is 7.5^o where only the strips of the p-side are tilted and n-side strips are vertically oriented. Different strip lengths are used for the different regions of the STS (short in inner region and long in outer areas). Such way the maximum occupancies are kept all over the tracker below few per cent. Sensors and read-out electronics will be interconnected via low-mass micro-cables.The total material budget in a station ranges from 0.3% X_0 (inner regions) to 1.2% X_0 (outer parts).

Minimizing STS modules

The recent optimization to the detector layout were made due to a paradigm change with respect to the component with most complex assembly. As this was previously the detector ladder, where the mechanical assembly had to be made with highest accuracy and involved costly machinery and survey time, the recent progress in the module development now revealed that the modules themselves present as the most work intensive objects. The ladders turned out to need less absolute mechanical precision, but stability and

∗ Work supported by HIC4FAIR

compatibility with mechanical survey for later alignment procedures with straight particle tracks and suitable software. An optimization of the population of STS ladders with modules of different strip length was possible since there was a reserve of unnecessarily high segmentation near the horizontal coordinate, a consequence of multiply deployed ladders of the same design.

New STS layout

The new layout of the STS stations reduces now significantly the absolute number of modules. The variety of modules increases, though, but only involving differently long read-out cables that can be accommodated in the assembly fixtures and leave the mechanical complexity unchanged. The stations were commuted into doublets, where four (almost) identical pairs of stations were introduced, increasing the number of identically populated ladders.

The STS breaks down into 106 ladders to be produced in 17 variations, i.e. that many different module combinations are to be arranged on carbon fiber supports. They realize a symmetrical granularity within the stations decreasing from their center to the outer edge. The total number of modules in the STS amounts to 896. The modules come in 18 varieties having differently long sensors and read-out cables in certain combinations. In the optimized layout requirements such as full acceptance coverage (including the innermost areas around the beam-pipe) have been considered. The layout of one pair of stations is shown in Fig. 1. The performance of the re-arranged detector system has been verified in simulation studies. The tracking efficiency of 97% for fast primary tracks and 90% for secondary tracks together with a momentum resolution of 1.3% were confirmed.

Figure 1: Layout of the second doublet of STS tracking stations. Black and red lines indicate the acceptance for stations number 3 and 4, respectively, including the horizontal enlargement for low-momentum tracks.

GSI SCIENTIFIC REPORT 2013 NQM-CBM-06

doi:10.15120 /GR-2014-1-NQM-CBM-06 21

Silicon strip sensor layout for the CBM Silicon Tracking System

D. Soyk^1, I. Tymchuk^2, J. Heuser^1, and C.J. Schmidt^1

1GSI, Darmstadt, Germany;^2LTU, Kharkov, Ukraine

The CBM Silicon Tracking System will be equipped with double-sided Silicon micros-strip sensors, where the strips on the p-side are inclined by 7.5^∘ with respect to the n-side strips as well as the sensor edge. The final and homogeneous layouts for the 3 different sensor lengths, namely 22mm, 42mm and 62mm, has been elaborated. Longer sensors may be realized as a daisy-chain of two 62mm sensors. The sensors will be produced by two vendors to avoid the stop of module production in case of problems with any one single vendor.

The stereo angle of 7,5^∘ effects a correlation between the x and y coordinate of a bond pad on a strip. The x distance between to strips on the sensor is 58 μm, equivalent to the pitch of the straight n-side strips. Therefore the second row of bond pads must have a y distance of at least once the multiple of 58 μm/tan(7,5^∘ ). On the sensor a pad pattern with x distance of 58 μm and y distance of ∼ 440,554 μm is possible, but the minimum producible pitch for the long analog microcables is in x direction 116 μm. In order to contact all strips, a double layered cable needs to be employed und thus a doubly staggered bond pattern is needed.

This leads to a checker-board-pattern where every second pattern-point is alternatingly reserved for a bond pad. The pitch of the bond pads is in x 116 μm and in y ∼ 881.108 μm (the center of the pads in the second row is shifted in x direction by 58 μm relative to the center of the first row of pads). Figure 1 shows an exemple of the such pattern.

Figure 1: Schematic view on the bond pad and DC pad pattern.

As there are different lengths of sensors and as the pad rows should be located on the same x-position on the top edge as on the bottom edge it proved most adequate to allocate the origin of the coordinate system in the center of the sensor. Further, the distance from the coordinate center to the innermost pad row was fixed to be a multiple of the y-pitch of two staggered pad rows, namely 881.108 μm. Consequently the distance from the outermost pad row to the edge of the sensor is a variable of the sensor length, as the pre-chosen lengths are none multiples of this pitch.

Figure 2: Schematic view of a sensor to sensor daisy chain. The red and blue lines are the leads of the short 58 μm-pitch cable that serves to daisy chain two sensors.

These definitions together with the respective symmetry allow daisy-chaining of sensors of the same as well as different lengths to each other. Figure 2 shows two daisychained sensors with a microcable of a constant lead length.

Consequently, also one FEB-design may serve all sensor configurations as well as either sensor side. In Fig. 3 a scheme of a microcable connection between the foreseen CBM STSxyter chip and the STS sensor is shown.

Figure 3: Schematic view of a sensor to chip connection. The red and blue lines are the leads of the microcable on two different layers with a pitch of 116 μm.

All participating vendors will employ this layout of the bond pads even though they may vary the sensor design according to their proprietory design and production preferences.

NQM-CBM-07 GSI SCIENTIFIC REPORT 2013

22 doi:10.15120 /GR-2014-1-NQM-CBM-07

Performance of neutron irradiated prototype sensors for the CBM Silicon Tracking System^∗

J. Heuser^1, U. Frankenfeld^1, S. Chatterji^1, O. Bertini^1, P. Larionov^{2,1}, M. Singla^{2,1}, and I. Sorokin^{2,1,3}

1GSI, Darmstadt, Germany;^2Goethe University, Frankfurt, Germany;^3KINR, Kiev, Ukraine

We report on the performance of prototype microstrip sensors for the CBM Silicon Tracking System (STS) after their exposure to neutron equivalent fluences as they are expected for the running scenario in the CBM experiment.

CBM radiation environment

The neutron fluence at the STS detector is expected to reach about 2× 10^{13} n_{eq} cm^{− 2} per year, depending on the detailed physics programme performed and accumulating over several years of running. The maximum integrated fluence in some areas of the tracker will amount to 10^{14} n_{eq} cm^{− 2} beyond wich the affected detector modules will be replaced [1]. During the CBM experimental runs, periods of two or three months per year, the sensors will be operated at -5^∘C to limit radiation-induced leakage currents and to prevent from thermal runaway. During the periods of shutdown, the STS detector system may have to be warmed up to allow for maintenance of its components. The radiation damaged sensors will undergo annealing processes, with properties like leakage current, full depletion voltage (V_{fd} ) and breakdown voltages changing with temperature and time.

Irradiation of prototype sensors

We have irradiated small test sensors from the most recent production of CBM05 prototypes, produced by CiS, Erfurt, Germany. The exposure to neutrons was performed at Institute Jozef Stefan, Ljubljana, Slovenia, within the EU-FP7 project AIDA. The sensors were irradiated in sets of four to the fluences 1× 10^{13}, 5 × 10^{13} and 1× 10^{14} n_{eq} cm^{− 2}. During transport and storage after irradiation, a log of temperature and humidity was kept.

Full depletion voltage, charge collection

The sensors were installed in printed circuit boards allowing to apply bias voltage and to read out a number of strips with fast self-triggering front-end electronics. The sensors were operated in a nitrogen conditioned freezer at -5^∘C. Through the bias cable, scans of the bulk current and capacitance were made as a function of the applied reverse voltage. The determined depletion voltages as a function of the neutron equivalent fluence are summarized in Table 1. Applying significantly higher bias, the sensors’ charge collection performance was determined with reading out signals induced with a^{241} Am source and its 59 keV and lower

∗ supported by EU-FP7 AIDA

energy gamma lines. Spectra of collected charge are shown in Fig. 1, applying a simple clustering algorithm to combine charge simultaneously seen on neighbouring strips. The results are reported in the table, assuming gain calibration factors of 117± 3 (p) and 113± 3 (n) ADC units for the full signal to yield the charge collection efficiencies.

ClustAmp0p

Entries 12005

Mean 82.08

RMS 25.45

ADC (baseline subtracted)

0 20 40 60 80 100 120 140 160

Entries

0

500

1000

1500

2000

2500

3000

3500 2 /cm eq pside, 1e14 n 2 /cm eq pside, 5e13 n 2 /cm eq pside, 1e13 n

Cluster amplitude on STS station 0, p-side^{ClustAmp0pEntries 36276}_{Mean 36.93RMS 34.78}

ADC (baseline subtracted)

0 20 40 60 80 100 120 140

Entries

0

500

1000

1500

2000

2500

3000

3500

ClustAmp0p

Entries 36276

Mean 36.93

RMS 34.78

2 /cm eq n^{14} 10 × nside, 1 2 /cm eq n^{13} 10 × nside, 5 2 /cm eq n^{13} 10 × nside, 1

Cluster amplitude on STS station 0, p-side

Figure 1: Charge distributions from the sensors’p (left) and n (right) sides as a function of neutron equivalent fluence.

Table 1: Charge collection performance of the sensors.

fluence V_{fd} V_{bias} peak ADC eff. (%) (n_{eq} cm^{− 2}) (V) (V) p ± 3 n p ± 4 n 0 80 ± 2 160± 1 117 102 100 90 1× 10^{13} 35± 5 130± 1 105 100 90 88 5× 10^{13} 45± 5 180± 1 95 95 81 84 1× 10^{14} 110± 2 300± 1 95 81 81 71

Annealing studies

The leakage currents increase linearly with neutron fluence. The value of the damage constant, α , is initially at around 4.0× 10^{− 17} Acm^{− 1}. After annealing at different temperatures, α can be used to yield the evolution of dark currents and V_{fd} . According to [2], radiation damage in silicon has several contibutions: a constant, a “beneficial annealing” and a “reverse annealing” component. Their determination is in progress.

References

[1] J. Heuser et al., Technical Design Report for the CBM Silicon Tracking System, GSI Report 2013-4, http://repository.gsi.de/record/54798 [2] M. Moll et al., Nucl. Instrum. Methods. A439 (2000) 282.

GSI SCIENTIFIC REPORT 2013 NQM-CBM-08

doi:10.15120 /GR-2014-1-NQM-CBM-08 23

Measurement of coupling and interstrip capacitances in silicon microstrip sensors for the CBM experiment at FAIR^∗

I. Sorokin^{1,2}, P. Larionov^1, and J. Heuser^1

1Uni Frankfurt, Frankfurt am Main, Germany;^2Kiev Institute for Nuclear Research, Kiev, Ukraine

The main component of the future CBM experiment [1] at FAIR (Darmstadt, Germany) [2] is the Silicon Tracking System [3]. It is going to be based on double-sided silicon strip sensors. Among the important characteristics of silicon strip sensors are the coupling (C_c) and the interstrip capacitances (C_{iImp} , C_{iStrip} ), because they affect the signal amplitude [4, 5]. Measurement of these capacitances is therefore important both in the stage of detector prototyping and in the stage of series production for their quality assurance.

The coupling capacitance (C_c), is the capacitance between a metal strip (“Metalisation” in Fig. 1) and the implant underneath. C_{iImp} — is the total capacitance of an implant to the neighboring metal strips, and C_{iStrip} — is the total capacitance of a metal strip to the neighboring metal strips. The capacitances were measured with a QuadTech 7600 precision LCR meter. To determine the coupling capacitance the test voltage (0.5 V) was applied to the selected implant, and the current, induced on the metal strip above, was measured. To measure C_{iImp} , the test voltage was applied to an implant, the metal strip above the implant was grounded, and the current was picked from the neigboring metal strips (three on each side). For C_{iStrip} measurement the test voltage was applied to a metal strip, and the current was picked up from the neighboring metal strips (three on each side).

In the measurements of C_c and C_{iImp} the observed values decrease at high frequencies (example in Fig. 2) because the resistance of the implant (which is on the order of 100 kΩ /cm) becomes comparable to, or larger than the impedance of the measured capacitance, thus the test signal does not propagate along the whole implant length [5, 6]. Correct values for C_c and C_{iImp} are obtained only at low frequencies.

The obtained values (shown in the table below) were applied to estimate the expected signal amplitude [5]. The developed measurement techniques will be used for further characterization and quality assurance of the sensors.

Sensor, C_c, C_{iImp} , C_{iStrip} , side pF/cm pF/cm pF/cm CBM02, n 37.8 ± 0.5 1.0 ± 0.5 1.4 ± 0.5 CBM02, p 34.7 ± 0.5 1.4 ± 0.5 2.2 ± 0.5 CBM03^′, p 17.2 ± 0.5 1.0 ± 0.5 1.5 ± 0.5

∗ Work supported by HIC4FAIR, HGS-HIRe, and H-QM Helmholtz research school

Figure 1: Schematic view of one side of a silicon microstrip sensor.

Frequency, Hz

310^410^510^610

Capacitance, pF

0

5

10

15

20

Strip 1 Strip 1, w.o.Gnd Strip 2 Strip 3 Open loop for strip 1 Open loop for strip 3

Coupling capacitance, CBM03’ f7 w.9, p-side

Figure 2: Coupling capacitance as a function of frequency in the CBM03’ sensor.

References

[1] http://www.fair-center.eu/for-users/experiments/ cbm.html [2] http://www.fair-center.eu/ [3] Technical Design Report for the CBM Silicon Tracking System (STS), GSI, Darmstadt (2013) [4] C. Bozzi, Signal-to-Noise Evaluations for the CMS Silicon Microstrip Detectors, CMS Note 1997/ 026, 1997 [5] I. Sorokin, Characterization of silicon micro-strip sensors, front-end electronics, and prototype tracking detectors for the CBM experiment at FAIR, submitted as dissertation thesis, Frankfurt am Main.

[6] E. Barberis, Nucl. Instr. Meth. A342 90-95 (1994)

NQM-CBM-09 GSI SCIENTIFIC REPORT 2013

24 doi:10.15120 /GR-2014-1-NQM-CBM-09

In-beam test of prototype modules for the CBM Silicon Tracking System^∗

T. Balog^{1,2}, O. Bertini^1, J. Eschke^3, V. Friese^1, P. Ghosh^{4,1}, T. Heinz^1, J. Heuser^1, V. Khomyakov^5, P. Larionov^{4,1}, W. Niebur^1, C. Pauly^6, F. Uhlig^1, M. Singla^{4,1}, I. Sorokin^{4,1,7}, C. Sturm^1, A. Wolf^1, and P. Zumbruch^1

1GSI, Darmstadt, Germany;^2Comenius University, Bratislava, Slovakia;^3FAIR, Darmstadt, Germany; 4Goethe University, Frankfurt, Germany;^5ITEP, Moscow, Russia;^6Bergische Universität Wuppertal, Germany; 7KINR, Kiev, Ukraine

In December 2013 three groups of the CBM and HADES collaborations tested recently developed prototype detectors in the 2.8 GeV high-intensity proton of COSY, Research Center Jülich, Germany. The beam was provided within a week long shift block dedicated to FAIR detector tests. On the test bench in the JESSICA cave were several prototype modules of the CBM Silicon Tracking System, several prototypes of GEM detectors for the CBM muon detection system developed by the CBM groups at VECC, Kolkata, India, and GSI, and diamond detectors for the T0 determination in CBM and HADES developed by GSI and the Technical University Munich. The beam definition was made with the already approved scintillating fiber hodoscopes built at Wuppertal University.

Prototype STS modules

The modules were to demonstrate the charge collection properties of the recent full-size CBM prototype microstrip sensors CBM05, and the signal transmission to the front-end electronics with optimized micro cables. They were designed at GSI and assembled at SE SRTIIE (team now with LTU) in Kharkov, Ukraine. The read-out was performed with the established front-end boards based on the n-XYTER ASIC. This limited the number of read-out channels to 128 per side, one eighth of all sensor channels. Therefore, the modules were produced in four versions to probe different sensor regions. Two modules used a single CBM05 sensor, one attaching to the central long strips on either side, and another reading out strips of the sensor corners. Two further modules realized, for the first time, also the operation and read-out of daisy-chained sensors, as they will be deployed in the outer regions of STS stations where the track densities allow minimizing the number of readout channels by using particularly long strips. The STS set-up on the beam table is shown in the left panel of Fig. 1. Two reference stations (STS 0, STS 1) defined the particle trajectories for impact on station STS 2 comprising a module under test. Such a module, here with daisy-chained sensors and the 25 cm long read-out cable, is shown in the right panel of the figure.

Measurement programme

The beam profile was adjusted to a diameter of about one centimeter. As the CBM05 microstrip sensors provide an

∗ supported by EU-FP7 HadronPhysics3

Figure 1: Prototype silicon tracking system in the JESSICA cave at COSY. Station STS 2 comprised the modules under test; one is shown in the right panel.

active area of 6.2 cm by 6.2 cm, the middle station could be adjusted to probe certain sensor regions with beam. In addition to adjusting the horizontal and vertical position, also the impact angle of the beam was changed by rotating the station around the vertical axis. Several tens of runs with large statistics were taken for every module to study the charge collection properties as a function of various parameters, including bias voltage, strip length, signal path length, and beam incidence angle. Detailed analyses are being performed.

First results

The performance of the modules shall be illustrated with charge spectra, here from a module with two daisy-chained CBM05 sensors operated in self-triggered read-out mode. The distributions show, for both the n and p sides of the sensor, the charge collected on all of the 128 channels, after transmission through the read-out cables. The small peak is residual noise, the large peak charge from transient protons.

Figure 2: Charge spectra from both sides of a module.

GSI SCIENTIFIC REPORT 2013 NQM-CBM-10

doi:10.15120 /GR-2014-1-NQM-CBM-10 25

Full-size prototype microstrip sensors for the CBM Silicon Tracking System

J. Heuser^1, D. Soyk^1, C.J. Schmidt^1, Y. Murin^2, V.M. Borshchov^3, I. Tymchuk^3, and M. Protsenko^3

1GSI, Darmstadt, Germany;^2JINR, Dubna, Russia;^3LTU, Kharkov, Ukraine

The CBM Silicon Tracking System will comprise double-sided microstrip sensors of three basic geometries. Those differ in the lengths of their strip-shaped sensing elements, chosen to match the hit densities in their location of deployment in the tracking stations. Strip lengths of about 2 cm, 4 cm and 6 cm have been found adequate to achieve a sufficiently limited hit occupancy even under the harshest running conditions of the CBM experiment [1].

Sensor layout

The sensors have in common the number of 1024 strips per side at a read-out pitch of 58 μm, arranged parallel to the sensor edge (n-side) and under a tilt angle of 7.5^∘ on the p-side. This will allow reconstructing space points within a sensor, with the required spatial resolution and at limited combinatorics resulting from the projective geometry. The strips are read out from one edge only, as to integrate the sensors into detector modules with the read-out electronics located at one end. On the stereo side, the strips in one corner of the sensor are not reached directly. They require further electrical connections to their partner strips in the other corner which are attached to the read-out electronics. Two technical solutions are being evaluated, one with metal lines integrated on a second aluminum layer on the sensor, another utilizing an extra thin cable layer bonded onto the sensor. The overall dimensions of the sensors are 6.2 cm width and 2.2 cm, 4.2 cm and 6.2 cm height. A depiction of their layouts can be seen in [2]. This allows producing them with 4” wafer technology, a pre-requisite for a sufficiently large circle of vendors. Also the on-sensor cable as an alternative to the routing lines on a second metal layer are shown there.

Prototypes CBM05

In 2013 the production of prototype sensors in all three sizes has been achieved. All sensors of this CBM05 series have a compatible layout of their bonding pads which was worked out within the CBM collaboration and its technology partners. The prototypes were produced in cooperation with the CiS Research Institute for Micro Sensorics and Photovoltaics, Germany, and Hamamatsu Photonics, Japan. The large prototype sensor with doublemetal interconnections came from CiS on a GSI bill. The mid-sized sensor has been realized with Hamamatsu with support to GSI from BMBF. The small sensor was ordered at Hamamatsu through JINR. All sensors but the small one are double-sided. The small sensor was made as simple as possible, therefore single-sided, with the specific aim to verify the viability of the on-sensor cable concept. Some of the large sensors were employed in new prototype modules and tested extensively in lab and beam. Such sensor with its integrated double-metal lines is shown in Fig. 1.

Figure 1: Corner region of a CBM05 sensor produced at CiS. The sensor has been fitted with a bias cable (left) and has a micro read-out cable tab bonded to it (top).

Prototypes CBM06

A further series of prototype sensors, CBM06, has been designed and launched for production with CiS and Hamamatsu to be available in 2014. They will serve extended effort with the development of prototype detector modules. In view of the preparation of tooling for the technical integration of their components, larger amounts of dummy sensors and dummy ASICs have been produced in 2013, providing no active functionality but the the same contact patters on the same metallic surfaces as the full sensors.

References

[1] J. Heuser et al., Technical Design Report for the CBM Silicon Tracking System, GSI Report 2013-4, http://repository.gsi.de/record/54798 [2] J. Heuser et al., GSI Scientific Report 2012, GSI Report 2013-1, PHN-NQM-EXP-16, http://repository.gsi.de/record/51950

NQM-CBM-11 GSI SCIENTIFIC REPORT 2013

26 doi:10.15120 /GR-2014-1-NQM-CBM-11

First mock-up of the CBM STS module based on a new assembly concept

V.M. Borshchov^1, C.J. Schmidt^2, Y.A. Murin^3, I.T. Tymchuk^1, M.A. Protsenko^1, J.M. Heuser^2, R.A. Kushniruk^1, L.V. Klimova^1, and N.F. Chernikova^1

1LED Technologies of Ukraine (LTU) Ltd, Kharkov, Ukraine;^2GSI, Darmstadt, Germany;^3JINR, Dubna, Russia

The first mock-up of the CBM STS detector module based on a modified design and new assembly concept has been developed and manufactured by the Kharkov team at the newly created assembly site of LTU Ltd.

Composition of the detector module mock-up

The initial module concept [1, 2] foresaw multi-layered cables comprising 512 traces at each signal layer. Based on the experience obtained in the prototyping stage and taking into account risk minimization and yield increase with the manufacture and assembly of components a new design and assembly concept was suggested [3]. The module mock-up was developed for verification of this concept. It includes the following components, similar as in real fullscale modules:

- dummy microstrip double sided sensor (1024 strips on

each side at 58 um pitch, 7.5^∘ stereo angle of strips); - prototypes of multilayered connection microcables

(1024 lines for one side of sensor); - dummy chips with 128 input pads; - dummy FEBs with 8 seats for chips.

A microcable consists of the following layers:

- eight multilayered microcables (128 lines for chip to

sensor connection). Each multilayered cable includes two connecting layer (FDI-A-24, 64 traces at 113 μm pitch) and meshed spacers (Kapton 50 μm thick, fill factor about 40%).

- overall meshed spacer for all 8 multilayered microcables (Kapton 100 μm thick or two spacers 50 μm thick, fill factor about 40%).

- overall shielding layer for all 8 multilayered microcables (FDI-A-24) with glued meshed spacer (Kapton 50 μm thick, fill factor about 40%).

Assembly sequence of mock-up

For the first detector module mock-up the following technological sequence has been developed:

1. Assembly (gluing) of multilayered components (connecting and shielding layers with spacers).

2. SpTAB bonding bottom connecting cables to chips,

bond joints protecting.

3. SpTAB bonding top connecting cables to chips, bond

joints protecting.

4. Aligning of sensor sides of the top and bottom cables

and cables gluing (fixing precise aligned position one to each other).

5. Aligning of sensor sides of 8 assembled multilayered connecting cables to sensor.

6. Gluing of overall meshed spacer or shielding layer (depending on modules side).

7. Mounting (gluing, wire bonding, encapsulating) of assembled multilayered cable with chips to the FEB (first 4 chips than second 4 chips), 8. Multilayered cables (mounted on the FEB) SpTAB bonding to the sensor (bottom cables, then top cables), bond joints protecting, 9. Flipping the assembled half-module upside down, 10. Repetition of operations 7 and 8 for second side.

Module mock-up manufacturing

For the first module mock-up were developed and produced more than 10 types of component requiring more than 20 photomasks. As a result of abovementioned works the first half-module (only one sensor side connected, without wire bonding chip-to-FEB) was assembled (Fig. 1).

a)

b) Figure 1: First mock-up of the CBM STS detector halfmodule a) top view, b) bottom view.

During the assembly of the first module mock-up only visual inspection were performed but for real detector modules after each bonding of connecting layers to sensors or chips need to be done electrical QA testing.

Results of development and assembling of the first mockup of the CBM STS half-module confirm practical feasibility of suggested concept on detector modules creation.

References

[1] V.M. Borshchov et al., CBM Progress Report 2009, p 17

[2] Yu.A.Murin et al., CBM Progress Report 2011, p 19

[3] C.J. Schmidt et al., CBM Progress Report 2012, p 18

GSI SCIENTIFIC REPORT 2013 NQM-CBM-12

doi:10.15120 /GR-2014-1-NQM-CBM-12 27

Low and high voltage power supply for STS detector electronics

P. Koczoń^1, B. Ernst^1, and C.J. Schmidt^1

1GSI, Darmstadt, Germany

Environmental conditions for STS at CBM

The silicon tracking detector STS for the CBM experiment at FAIR will work inside a magnetic field of 1 T and will have to stand a radiation load of up to 10^{14} n_{eq} /cm^2 in the regions close to the beam pipe. It consists of more than 1200 double sided silicon sensors arranged in 8 planes covering a cone of the opening angle of ± 25 degrees, illustrated in Fig. 1 [1].

Figure 1: Silicon Tracking System with simulated tracks.

The readout electronics should work floating what means that each side of every sensor has to be operated on electric potential of up to ± 250 V (sensor bias up to 500 V) and read out independently of each other.

High voltage supply system

Each side of each silicon sensor will be supplied with a half of the nominal biasing voltage to achieve full depletion and floating operation mode. Low leakage currents in the sensors allow sufficiently compact feed-through construction and off-the-shelf system for full control of the depletion voltages from outside of the STS thermal enclosure.

Low voltage power supply system

The electrical supply needs are a power of about 45 W per detector module at several voltages (1.2, 1.5, 3.3 V). These voltages have to be delivered for each side of every sensor separately. The sheer number of feed-throughs with pin cross sections allowing for currents of 1 - 3 A would exceed the available mounting surface. Cable power losses would require additional sensing wires and would heat-up the surrounding volume. Instead, DC/DC conversion inside the temperature controlled STS-container is proposed.

DC/DC converter

Several DC/DC converter ICs have been evaluated, both isolated discrete systems (like VICORS P048T048T24AL and B048F012T30) and non-isolated systems (Linear Technology LT3605, LT3610, LTM4619, Texas Instruments LM2596 or Yutaka Electric YSD812). All investigated buck (step-down) systems are equipped with an inductance driven by a pair of high-power transistors. An air-coil type inductivity can work in a magnetic field in contrary to ferrite coils which saturate and cause system malfunction.

Both isolated DC/DC converters appeared to break down already at 50 mT due to the failure of the built-in ferrite inductivity. Measurements of converters based on other chips proved that some of them can work in a magnetic field of up to 0.7 T (field strength at the STS periphery) with efficiency of 80 - 90 % (Fig. 2). Since the evaluation boards in test have been equipped with metal oxide coils there is still a room for efficiency improvement by using air coils.

Figure 2: Converter efficiency as function of the magnetic field [mT].

Selected DC/DC converter chips have been tested for radiation hardness and results of these measurements are reported in [2] together with other electronic parts.

References

[1] STS Technical Design Report, 2013.

[2] S. Löchner, GSI Annual Report 2013

NQM-CBM-13 GSI SCIENTIFIC REPORT 2013

28 doi:10.15120 /GR-2014-1-NQM-CBM-13

Calibration of a laser scanning system for quality assurance of CBM prototype silicon microstrip sensors^∗

P. Ghosh^{1,2}, J. Eschke^{2,3}, W. Niebur^{2,3}, H. Malygina^{1,2}, P. Zumbruch^2, and B. Kolb^2

1Goethe Universität, Frankfurt am Main, Germany;^2GSI, Darmstadt, Germany;^3FAIR, Darmstadt, Germany

For the characterization and Quality Assurance (QA) of prototype sensors produced for the Silicon Tracking System (STS) at the Compressed Baryonic Matter Experiment (CBM), a infrared pulsed Laser Testing System (LTS) has been developed. The main aim for the LTS is to scan and characterize the prototype sensors. These QA scans are intended to understand charge sharing in the interstrip region and investigate uniformity of sensor performance in the active area of prototype sensors. The prototype sensor CBM02 which has 256 strips with a pitch of 50 μm on each side has been investigated in the LTS [1]. The strips on the sensors are wire bonded to connectors on a board and readout via self-triggering n-XYTER prototype electronics.

The goal for the LTS is to have automatized quality assurance tests in a controlled manner at several thousands positions across the sensor with focused infra-red laser light (σ_{spotsize} ≈ 15 μm). The duration (∼ 10 ns) and power (few mW) of the laser pulses are selected such that the absorption of the laser light in the 300 μm thick silicon sensors produces about 24 000 electrons,which is similar to the charge created by minimum ionizing particles (MIP) there.The wavelength of the laser was chosen to be 1060 nm because the absorption depth of infra-red light with this wavelength is of the order of the thickness of the silicon sensors [2].

Figure 1: Schematic representation of the laser setup.

A schematic view of the measurement setup is shown in Figure 1. The laser light is transmitted through a 6 μm thick optical fiber to a two-lens focusing system, which focuses the light to a spot of about 15 μm diameter and the working distance is about 10 mm. Figure 2 shows a dependence of the distanceto the sensor surface as a function of the number of strips fired with a signal just above threshold. With this measurement the proper focus distance has been achieved. Figure 3 shows the charge sharing function between neighboring strips represented in the form of fraction of amplitudes collected by the individual strip.

∗ Work supported by HIC4FAIR, HGS-HIRe and H-QM

Figure 2: Dependence of distance to focuser from the sensor surface as a function of strips fired.

Figure 3: Charge division (fraction of amplitude) in the interstrip region as a function of position of laser spot.

The LTS has recently been upgraded with motor controls using EPICS [3] and programs have been written to step over the active area make several measurements automatically. Figure 4 shows an operator interface of the running system using EPICS tools. The next step is to integrate the data acquisition software DABC [4] plugin for the EPICS position information for data taking, logging and further analysis using the Go4 analysis software.

Figure 4: Run time operator interface for the LTS.

References

[1] J.M. Heuser et al., CBM Progress Report 2011 [2] P.O’Connor et al., Proc. of SPIE Vol. 6276 62761W-1, p.2 [3] EPICS: http://www.aps.anl.gov/epics [4] DABC: http://dabc.gsi.de

GSI SCIENTIFIC REPORT 2013 NQM-CBM-14

doi:10.15120 /GR-2014-1-NQM-CBM-14 29

Automized quality assurance of sensors for the CBM Silicon Tracking System^∗

P. Larionov^1 and U. Frankenfeld^2

1Goethe Universität, Frankfurt am Main, Germany;^2GSI, Darmstadt, Germany

The Silicon Tracking System is the main tracking detector of the Compressed Baryonic Matter (CBM) experiment. It will comprise 8 stations that will be built out of around 1200 double-sided silicon microstrip sensors. The sensors will be AC-coupled and have 7.5 degree stereo angle between p- and n-side strips. The latest sensor prototypes, CBM05, manufactured by CiS, are currently being evaluated for their parameters before the series production will take place [1].

To achieve the required tracking efficiency of the whole tracking system, each sensor has to be evaluated in a number of quality assurance procedures. Some of those allow checking the overall sensor health, as it has already been done with earlier sensor prototypes [2]. This report emphasizes on the procedure that has been developed for an advanced quality assurance tests applying to the sensors that have been accepted after the basic check.

The procedure itself comprises automization with Lab- View software and involves the use of the following equipment: a wafer prober Süss PA300PS with a mechanical accuracy of 2 μm, picoampere meters Keithley 6487 and 2410, and a LCR meter Quad Tech 7600. The following advanced quality tests of silicon sensor can be realized: (a) number of pinholes, (b) leakage current of each strip, (c) number of shorted strips, (d) number of ragged strips. The measurements are being performed in a clean room with temperature and humidity control.

The software includes two communicating programs developed on a master and slave principle, installed on two personal computers. The master program communicates with the measuring devices and generates the commands for the slave program which in turn manages the wafer prober perfomance.

Figure 1: Result of strip current test for CBM03’ sensors.

∗ Supported by HIC4FAIR, HQM, HGS-HIRe.

The pinhole measurement provides information about defected strips with disrupted capacitive coupling and which cannot be used for charge collection. Figure 1 indicates the result of the pinhole test of CBM05 sensor prototype detecting one broken capacitor on the p-side of the sensor. Table 1 summarizes results of pinhole measurements for different prototype sensor.

Table 1: Results of the pihole tests for CBM03’ and CBM05 sesnor prototypes

Sensor Sensor Wafer Number of pinholes Prototype Size Number p-side n-side

CBM03’ Full size 7 0 - CBM03’ Full size 10 5 - CBM03’ Full size 13 0 - CBM05 Full size 4 0 4 CBM05 Full size 6 0 0

Measurement of the leakage current of individual strip helps us to identify the number of strips having relatively high leakage current which have to be masked in the readout electronics. Figure 2 shows the distribution of strip leakage currents of one prototype sensor. If the number of defective strips is below a certain quality acceptance threshold, the sensor can be used for module assembly and only the bad strips should not be connected to the read-out electronics. Otherwise, the sensor should be discarded.

Figure 2: Result of strip current test for CBM03’ sensor prototype.

References

[1] J. M. Heuser et al., CBM Progress Report 2012, Darmstadt 2012, p.8 [2] P. Larionov and P. Ghosh, CBM Progress Report 2012, Darmstadt 2012, p.11

NQM-CBM-15 GSI SCIENTIFIC REPORT 2013

30 doi:10.15120 /GR-2014-1-NQM-CBM-15

Application of the CBM Silicon Tracking System CAD model for integration studies

S. Belogurov^{∗2}, A. Kolosova^2, and J. Kunkel^1

1GSI, Darmstadt, Germany;^2ITEP, Moscow, Russia

Motivation

The high density of equipment inside the gap of the CBM dipole magnet requires special attention to the integration effort and, more generally speaking, to the system engineering of the set-up. In this report we discuss the current status of the system integration effort, the tasks to be solved and the methods in use.

CAD (Computer Aided Design) software is one of the major tools in complex system development. It is used to create a virtual model of the product in development. For the CBM STS detector system a virtual model of the whole system is created with CATIA, a software package for product development that covers the whole process from first sketches to final drawings for the manufacturing of components.

Status and tasks of the system integration

The STS detector system is designed in functional parts, such as main detector parts, mounting structures, enclosures and supply lines. The virtual model in the CAD software is set up in the same way. Since parts and assemblies are stored in separate files, collaborative work on different parts of the detector at the same time is possible.

One important integration task is to reserve space for various functional nodes. Currently we develop to arrange in space of the following items: Sensors, sectors, modules, ladders, data cables, C-shaped supporting frame for ladders, fixation for the ladders and for the cables, frontend-boards (FEB), FEB fixation and cooling boxes, cooling plates common for a unit (i.e. two neighbouring half stations belonging to the two consequent stations), CO_2 cooling connections, power supply lines for FEBs, data transport lines from FEBs to data aggregation boards, voltage conditioners for the FEBs, optical links and cooling boxes for voltage conditioners, data aggregation boards and optical links. An overall view of the STS and a detailed view of one quarter of the 8th station are shown in Figs. 1 and 2, respectively. Generally, the design of the STS follows an onion logic from the innermost parts to the outer ones.

Space analysis allows to see the critical elements in the system. E.g. it has been demonstrated that the availability of single-channel radiation hard SFP optical links only causes a limitation on the total number of channels in the system. Any development towards higher granularity would require new radiation hard multichannel optical links.

∗ Work supported by FAIR Russia Reseach Center

Another task for the system integration is to study and to balance contradictory requirements of various origin. E.g. front-end electronics developers tend to insist on the shortest possible cables in any particular case, however the reasoning of the C-Shaped frame rigidity and cooling plate beauty forces us to use sometimes the cables a bit longer than absolute minimum. A further issue under investigation is the checking for all the possible dependencies, e.g. the thickness of cooling plates has influence on the space available for bending of cables, and the pad pattern on different sensors, staggering of the sensors in a ladder and spacing between the FEBs in the working position are connected to the reduction of the number of different types of cables.

Methods in use

For the integration studies a deeply parametrized model has been created using the CATIA VBA code called “STS creator”. The tool arranges correctly in space all the components based on parametrized templates. The composition of the ladders can be modified later and all the parts like CF ladder support frames, C-shape unit frames and cooling plated will be adjusted automatically. The entire model can be checked for interferences, margins and free space. Using such a tool allows saving a lot of manpower and time since, for the CBM STS, the active detector part consists of several hundreds of parts.

For making design information available for further analysis each functional node has an HTMLdescription accessible from CATIA. Cross links to descriptions of mother and daughter products are generated automatically. A data base for design solutions, options, versions, open questions and mutual dependencies is under development. Data retrieval from this base can be made available from the above mentioned HTMLdocumentation.

Next steps

We plan to establish a CAD data exchange platform for efficient collaborative work on the project. Dedicated programs like Git and Subversion are available for software developers. Although CATIA files are binary such a tool could satisfy our needs for sharing data and revision control. Special programs for CAD data handling are under investigation, too. The design solution database mentioned above should be transferred from prototype to development status. The outer layers of the system, like connecting unit to the outside world, thermal enclosure and the mechanical super structure should be developed rather soon.

GSI SCIENTIFIC REPORT 2013 NQM-CBM-16

doi:10.15120 /GR-2014-1-NQM-CBM-16 31

Figure 1: Overall view of all 8 STS stations.

Figure 2: One quarter of station 8 including readout and data transfer electronics, power supply and cooling equipment.

NQM-CBM-16 GSI SCIENTIFIC REPORT 2013

32 doi:10.15120 /GR-2014-1-NQM-CBM-16

An improved detector response simulation for the Silicon Tracking System^∗

V. Friese^1, J. Heuser^1, and H. Malygina^{2,3}

1GSI, Darmstadt, Germany;^2Goethe University, Frankfurt, Germany;^3KINR, Kyiv, Ukraine

To achieve realistic simulations the response of the silicon strip sensors should be precisely included in the digitizer, which simulates a complete chain of physical processes caused by a charged particle traversing the detector, from charge creation in silicon to a digital output signal. In the CbmRoot software, the current version of the STS digitizer [1] doesn’t include all the processes needed to obtain results with sufficient accuracy. It assumes a uniform energy loss distribution along the incident particle track and accounts for the Lorentz shift and effects of the read-out electronics, as threshold, random noise, charge collection inefficiency, channel dead time. We considered the following improvements to the digitizer: non-uniform energy loss distribution, thermal diffusion, and charge re-distribution over the read-out channels due to interstrip capacitances (the so-called “cross-talk”). There are several possibilities to model each process with a different level of detailing. We suggest the following procedure:

- to divide the incident particle trajectory into thin layers (3μm ); to calculate the deposited energy in each layer according to the Urban method [2];

- to estimate the charge broadening due to thermal diffusion according to the Gaussian low for the charge in each layer [3];

- for each fired strip to calculate the charge sharing due to the cross-talk, to add random noise distributed according to the Gaussian low with σ = ENC (Equivalent Noise Charge);

- to convert the charge in each strip from number of electrons to ADC-value; to apply a threshold and other effects of electronics.

We verify the new procedure by choosing tracks with random impact and inclination from − 45^∘ to 45^∘ (see [4] for more details) and utilizing the Center-Of-Gravity algorithm [5] to reconstruct clusters. From the obtained results we conclude that the most significant effect is the non-uniform energy loss along the incident particle track. Figure 1 shows a comparison between experimental data from the LHCb and our simulation. The experimental data agrees better with the new procedure. The current digitizer predicts most probable amplitude loss for perpendicular tracks to be 0%, whereas the improved version yields 10%. The measured value is yet higher, verifying the advance in development of the digitizer.

Several STS prototype modules based on CBM05 prototype sensors were operated during an in-beam experiment at COSY. Figure 2 shows a comparison between the

∗ Work supported by HIC4FAIR, HGS-HIRe and H-QM.

Figure 1: The RMS of the hit position residuals distribution VS track inclination: left panel – the LHCb Vertex Locator (0^∘ – perpendicular tracks) [6]; right panel – our simulation (red circles – the new Digitizer, blue dots – the current version, 90^∘ – perpendicular tracks).

simulated data and the data obtained during the experiment, in the external triggering mode at different track inclinations. For perpendicular tracks we adopt a threshold of 9375 electrons and for 20^∘ tracks 6250 electrons. As our simulation does not produce noise separately, but only adds random noise to the signal, a slight underestimation of small clusters is acceptable. We can see it for inclined tracks. However we reproduce a general behaviour of the measured cluster size distributions. Eventually, we found several points, where the improved Digitizer agrees better with experiment.

Figure 2: Cluster size distribution for perpendicular tracks (left) and for 20^∘ tracks (right). The experimental data – empty squares, the new procedure – red triangles, the current – blue triangles. Error bars show the uncertainty in angle determination.

References

[1] A.Kotynia and J.M.Heuser, CBM Progress Report 2011 p. 14 [2] K.Lassila-Petini and L.Urban, Nucl. Instr. Meth. A362 (1995), 416-422 [3] M.Brigida et al., Nucl. Instr. Meth. A533 (2004), 322-343 [4] V.Friese and H.Malygina, STS-Note-07-2013 [5] R.Turchetta, Nucl. Instr. Meth. A335 (1993), 44-58 [6] E.Rodrigues, Presentation at Vertex2013

GSI SCIENTIFIC REPORT 2013 NQM-CBM-17

doi:10.15120 /GR-2014-1-NQM-CBM-17 33

A front-end electronics board to test the assembly procedure of modules for the CBM Silicon Tracking System^∗

V. Kleipa^1, C.J. Schmidt^1, C. Simon^1, and D. Soyk^1

1GSI, Darmstadt, Germany

The STS front-end electronics board

For the Silicon Tracking System (STS) of the CBM experiment, about 2000 read out electronic boards (FEBs) have to be produced. They comprise eight readout ASICs of 128 amplifier channels each which will read the 1024 sensor channels on either side of a STS detector module [1]. So there is a need to prepare tools and assembly instructions for their serial production. In order to develop and verify the assembly procedures, a test board has been designed.

Module assembly chain

The assembly chain will start with the tab-bonding of the read-out micro-cables on the ASICs. Then the ASICs must be glued in spares of the FEB’s printed circuit board. In a next step the ASICs will be connected to the supply, control and read-out lines with wire bond. The challenge is how to adjust the ASICs with the sensitive tab-bonded sensor-cables on the PCB and how to connect the ASÌCs further with bond wires to the main PCB.

In all these cases the hight of additional components on the PCB have to be respected. I.e. SMD capacitors and resistors or the globtop - which is protecting the bondwires, cause barriers for the second row of ASIC chips. It needs also to be verified, if embedded passive devices are required to be reduced in height.

Two ASIC footprints are prepared on the PCB for the different test purposes. One footprint needs to be generated with laser cavity technology. Here the bond wires can be connected directly to the inner layers of the PCB. The other footprint consists only of bond pads on the top layer. Some additional routing space will be required here too. Additional thermal cycling tests are planned to proof the safety of the tab and wire bond connetions.

Test board and assembled object

The front-end board designed to test the assembly procedure and the functionality of the pairs of ASICs and tabbonded micro cables is shown in Figures 1 to 3:

• Figure 1 depicts the FEB layout for the assembly test.

• Figure 2 is a 3D rendering of a possible FEB PCB.

• Figure 3 depicts an assemby with FEB, ASICs and micro cables.

Figure 1: STS FEB8 test layout.

Figure 2: 3D View of equipped STS FEB Board.

Figure 3: Assembly of sensor cables and FEB.

References

[1] J. Heuser et al., Technical Design Report for the CBM Silicon Tracking System, GSI Report 2013-4, Chapter 5.3 Modules, p. 79-83, http://repository.gsi.de/record/54798

∗ supported by EU-FP7 HadronPhysics3

NQM-CBM-18 GSI SCIENTIFIC REPORT 2013

34 doi:10.15120 /GR-2014-1-NQM-CBM-18

A mechanical model of an STS station for the study of cable routing

P. Koczoń^1, J. Kunkel^1, D. Soyk^1, and C.J. Schmidt^1

1GSI, Darmstadt, Germany

Mechanical aspects of STS construction

The silicon tracking detector STS for the CBM experiment at FAIR poses an engineering challenge due to its compactness and requirements concerning signal density, signal-to-noise ratio, and efficiency. The restricted height of the magnet yoke opening together with the number of readout channels and requirement to geometrical acceptance, operating temperature and mass budget [1] leave very little room for the readout and data transfer electronics and needed power conversion electronics inside of the STS container (Fig. 1).

Figure 1: STS in the yoke of the dipole magnet.

Under such restrictive conditions it is very critical to find proper mechanical, electronic and electrical solutions/components like very compact circuits of highest efficiency, fine-pitch flexible cables for analog and digital signals, corresponding connectors or bonding methods as well as thin and flexible cables of adequate lead cross section for power supply. Last but not least the positioning of the components and shape of the cooling bodies together with the topology of cable routing paths have to be defined.

Real-size model of the STS

In order to verify many of the posed questions and corresponding tentative answers a three-dimensional model of one STS station has been constructed. Axial symmetry of the STS allows to concentrate on one quarter of the most crowded station 7 of the STS (Fig. 2). The model has been constructed according to mechanical design drawings and fulfills requirements like parts’ dimensions, cable thickness and flexibility. This mechanical mockup allows confirming methods elaborated for the handling of STS stations and its subsystems as well.

Figure 2: Mechanical model of one STS station.

References

[1] J. Heuser et al., Technical Design Report for the CBM Silicon Tracking System, GSI Report 2013-4, http://repository.gsi.de/record/54798

GSI SCIENTIFIC REPORT 2013 NQM-CBM-19

doi:10.15120 /GR-2014-1-NQM-CBM-19 35

A setup for adjustment of process parameters for CBM module production

D. Soyk^1, C. Simons^1, C. Schmidt^1, I. Tymchuk^2, M. Protsenko^2, and V.M. Borshchov^2

1GSI, Darmstadt, Germany;^2LTU, Kharkov, Ukraine

The sensor modules for the CBM STS comprise an STS microstrip sensor, 16 CBM STS-XYTER readout chips and 32 microcables of 64 leads each. The double-sided STS sensor has 1024 strips on each side. Consequently 2048 channels per module must be connected by means of 4096 bonds. It is obvious that the quality assurance of theses tabbonds is a major ingredient to the yield of module production and reliability of the detector as a whole. Especially the large number (around 1000) of modules needed for the entire CBM STS requires to have a detailed look at the tabbond process and its parameters, as potentially required repair actions on defective modules will be time consuming and adds the risk of additional inadvertent damage to the module. Therefore it is the best solution to improve and bring the tab-bond process to perfection before starting the serial production of modules for the CBM STS.

Figure 1: Dummy CBM STS-XYTER chip (up) and a partial plan of a CBM sensor dummy (down). The red lines are the connections via the microcable for the first row of bond pads. The green lines are the connections via a second microcable for the second row of the pads. In the upper part of the Dummy CBM STS-XYTER are the contact pads for the test equipment directly connected to the tab-bond pads in the lower part of the chip.

It is clear that for such process optimization no original full functional STS sensor and CBM STS-XYTER chip will be used or needed. The first reason is the costs of the original components and second reason is the missing of fast and easy ways to check the quality of the tabbonds. For this reason, dedicated dummy-sensors as well as dummy-chips have been designed and manufactured. To check the quality of bonding two tests are necessary. One is the pull test to check mechanical adhesion of the aluminum lead of the microcable to the bond pad. The second is the electrical connectivity of the bond.

In order to make this test conclusive for the real module the microcable must the original, the surface and the material of the bond pads for dummy-sensors and chips must be identical to the material on the original sensors and chips. Also, the Silicone wafer material and thickness should be identical. If these requirements to the microcables, dummy sensors and chips are fulfilled, it is possible to transfer the process data to the serial production process.

To improve the test routines for the electrical contacts, additional pads for test needles and connections between the pads were added to the dummy-sensors and -chips. (These additional features will not be part of the layout of the final devices.) In Fig. 1 the scheme of electrical connections is shown with the layout of the dummy chip and sensor. On the dummy chip, each second pad of each row is electrically connected to a pad far away from the tab-bond area. (The first pad of a row is like the second also electrically connected to a shifted pad.) The non duplicated pad is electrically connected to its left neighbor. On the dummy sensor two neighboring pads of a row are electrically connected together.

The idea behind this set-up is to make an electrical connection between the pad of the test needle via the tab-bond on the chip, the microcable, the tab-bond on the sensor and back to the second test pad for each row. With this simple serial routing it is possible to check 4 tab-bond connections and two leads of the microcable with one single measurement. If the connection is good the first needle is kept on its starting position whereas the second needle is shifted to the next pad of the row. This daisy chaining now allows to check 8 tab-bonds and 4 leads of the microcable in one go. While continuing this daisy chaining it is possible to check numerous tab-bonds and microcable leads. If a broken lead or damaged tab-bond is found the first needle of the test setup must be moved to the unconnected pad and the second needle can step further. With this test strategy we can reduce the number of single tests, because only broken leads or tab-bonds will cause a restart of the test procedure. Additionally the test procedure could be done automatically on a wafer prober.

At the moment the dummy chips and sensors have been delivered. We are now waiting for a sufficient number of sample microcables to start process optimization.

NQM-CBM-20 GSI SCIENTIFIC REPORT 2013

36 doi:10.15120 /GR-2014-1-NQM-CBM-20

Development of a CO_2 cooling prototype for the CBM Silicon Tracking System^∗

J. Sánchez^1, J. M. Heuser^1, W. Niebur^1, C. Sturm^1, H. R. Schmidt^2, A. Lymanets^2, P. Petagna^3, B. Verlaat^3, and L. Zwalinski^3

1GSI, Darmstadt, Germany;^2Eberhard Karls University, Tübingen, Germany;^3CERN, Geneva, Switzerland

Nowadays the high energy physics detectors require ever more powerful cooling plants as well as a non-invasive piping. This means that the mass budget has to be as small as possible in order to not decrease the efficiency of the detector effective surface. We report on the development of a bi-phase CO_2 test cooling system, called TRACI-XL, that is based on the “2 phase accumulator controlled loop (2PACL)” concept and is carried out at GSI within the EU- FP7 project CRISP in cooperation with experts of the DT group at CERN, and the CBM group at Eberhard Karls University, Tübingen. TRACI-XL is the 1 kW prototype that will be used as a pre-plant design for the cooling of electronics in the CBM Silicon Tracking System STS. A design study of the system is depicted in Fig. 1.

Figure 1: A CATIA model of TRACI-XL.

Concept definition stage

Several fields of engineering have been addressed for the realization of this phase of the prototype design. Different areas as thermodynamics and its study of nucleate boiling, had to be carefully considered. Due to the complexity of this type of evaporative process only the experimental findings can provide more information for the design of the final plant to be installed in the CBM experiment.

Technical documentation like PID diagrams have been developed to be as clear as possible and being similar to some of the screens that were subsequently used in the HMI (Human Machine Interface) thus making TRACI- XL a user-friendly prototype in which a malfunction can quickly be detected. Considering it as one of the most important parts of the system, the secondary CO_2 line has been designed as rigorously as possible, taking into account the possibility of future upgrades to the plant, providing extra flexibility to implement in the future other functionality

∗ Supported by EU-FP7 CRISP.

such as electrical valves to be fully controlled by PLCs. All this is achieved through the choice of high performance Swagelok VCR fittings with high life cycle where subsequently modules may include new parts.

Development of control electronics

The STS cooling system has to provide necessary cooling power for the front-end electronics at a given thermal load. For this reason, process variables have to be monitored and maintained at their desired values by communicating to the devices in the cooling plant, e.g., heaters, pumps, indicators, etc. The task is automated using Siemens modular programmable logic controllers (PLC). The PLC functionality includes sensor monitoring, device control, data logging and archiving. The system is controlled via a touch panel Human-Machine Interface (HMI). The software framework STEP 7 v11 (TIA Portal) communicates to the PLCs via PROFINET protocol, thus providing a compact automated solution for the TRACI-XL project. Figure 2 shows a test system including the PLC controller with sensor-specific modules (resistance temperature detector, thermocouple, analog input for pressure transmitter readout, etc.) Analog values and digital indicators are displayed on the touch panel.

Figure 2: PLC-based test system with analog sensors and touch panel control.

References

[1] Verlaat, B., International Conference of Refrigeration 2007, Beijing, China, ICR07-B2-1565 [2] Proposed correlation data for isothermal two-phase twocomponent flow in pipes. R. W. Lockhart, R. C. Martinelli, Chem. Eng. Progr., Vol. 45 (1949), pg 39-45.

GSI SCIENTIFIC REPORT 2013 NQM-CBM-21

doi:10.15120 /GR-2014-1-NQM-CBM-21 37

Cherenkov photon detection with WLS coated MAPMTs

J. Kopfer^1, C. Deveaux^2, M. D ürr^2, J. Eom^3, C. H öhne^2, K.-H. Kampert^1, L. Kochenda^4, P. Kravtsov^4, S. Lebedev^2, E. Lebedeva^2, T. Mahmoud^2, Y. Nam^3, C. Pauly^1, S. Reinecke^1, Y. Riabov^4, J. Song^3, J. Yi^3, and I.-K. Yoo^3

1Bergische Universität, Wuppertal, Germany;^2Justus-Liebig-Universität, Gießen, Germany;^3Pusan National University, Pusan, Korea;^4Petersburg Nuclear Physics Institute, St. Petersburg, Russia

The performance of wavelength shifting (WLS) films on the front windows of MAPMTs installed in the CBM RICH prototype camera was studied during the beam test campaign in 2012 [1]. Three types of MAPMTs were coated with WLS films of approximately 200 nm thickness, which has been shown to be the optimium thickness for the respective MAPMTs with UV-extended front window [2].

The WLS films were evaluated by first measuring Cherenkov rings on an array of two by two MAPMTs with WLS films, then cleaning these MAPMTs, and measuring a second time on the same MAPMTs without WLS coverage. A correction for variations of the refractive index due to temperature and pressure changes during the cleaning process was done by using the data recorded by the gas system [3].

The analysis shows an increased hit multiplicity, i.e. photoelectrons per electron ring after ring finding and ring fitting [4], for WLS coated MAPMTs. Figure 1 depicts the hit multiplicity distribution for coated and uncoated MAPMTs of the H8500D-03 type. When comparing different MAPMT types, the following result is obtained (see Table 1): The gain with WLS films is 21.2 % for H10966A- 103 (size 2”, SBA photocathode, UV-extended window), 18.2 % for H8500D-03 (size 2”, BA photocathode, UVextended window), and 18.0 % for R11265-103-M16 (size 1”, SBA photocathode, UV-extended window). This hierarchy is also seen in full Monte Carlo simulations using the measured wavelength dependent quantum efficiency (QE) for the different MAPMT types. The larger gain in hit multiplicity of the H10966A-103 compared to the H8500D- 03 type can be understood when considering that, in the case of SBA photocathodes, the UV photons are shifted to a wavelength range with higher QE when compared to BA photocathodes. The comparison between both SBA MAPMT types, H10966A-103 and R11265-103-M16, reveals that the thinner front glass of the 1” R11265-103-M16 is more UV transparent than the thicker glass of the 2” H10966A-103 and thus makes the use of WLS films less effective.

When using WLS films on the MAPMTs, in principle two effects can lead to a decrease of the ring sharpness. First, due to the isotropic fluorescence of WLS films, the majority of wavelength shifted photons pass the MAPMT front window under a more inclined angle than without WLS film. Since the window has a certain thickness, the photon will thus enter the photocathode at a different position compared to the point of incidence on the window

photoelectrons per electron ring

5 10 15 20 25 30 35 40 45 50 entries

0 200 400 600 800 1000 4.8 ± 23.6 4.4 ± 27.9

HitMultall_all_posC_bare_corr

no WLS

WLS

Figure 1: Number of photoelectrons per electron ring on H8500D-03 MAPMTs with WLS film in comparison to the same MAPMTs after film removal. Numbers show mean and sigma of gaussian fits to the distributions.

Table 1: Hit multiplicity gain due to WLS films on different MAPMT types in data and simulation.

MAPMT type hit multiplicity gain hit multiplicity gain data MC H10966A-103 (21.2 ± 1.4) % (23.1 ± 4.8) % H8500D-03 (18.2 ± 1.5) % (18.3 ± 4.7) % R11265-103-M16 (18.0 ± 1.4) % (14.8 ± 3.9) %

surface and the ring sharpness is therefore expected to decrease. Second, since chromatic dispersion is more pronounced in the UV range, the enhanced UV sensitivity with WLS coating may lead to a decrease in ring sharpness. Here, the ring sharpness is quantified by the parameter dR, which is defined as RMS of the distribution of the distance between each hit and the circular ring fit.

For H8500D-03 MAPMTs, the parameter dR has a value of 2.73 mm with WLS films and 2.42 mm without. The difference of ≈ 0.3 mm is small compared to the absolute value of dR. Given the pixel size of 6.125 mm and the resulting spatial resolution of the MAPMTs under test of (6.125/ √ 12) mm = 1 .8 mm, the effect on the ring sharpness is not significant.

References

[1] S. Reinecke et al., CBM Progress Report 2012, p. 30 [2] T. Schweizer et al., CBM Progress Report 2012, p. 34 [3] L. Kochenda et al., CBM Progress Report 2012, p. 36 [4] S. Lebedev and C. Höhne, CBM Progress Report 2012, p. 37

NQM-CBM-22 GSI SCIENTIFIC REPORT 2013

38 doi:10.15120 /GR-2014-1-NQM-CBM-22

Ronchi test for measurements for the mirror surface of the CBM-RICH detector^∗

E. Lebedeva^1, T. Mahmoud^1, and C. Höhne^1

1JLU Gießen University, Gießen, Germany

The CBM RICH detector will be operated with CO_2 radiator gas, MAPMTs (Multi-Anode Photo Multiplier) as photodetector and spherical glass mirrors as focusing element. Surface homogeneity is one of the important properties required for the single mirror tiles. The global homogeneity has been tested with the D 0 measurement as reported earlier [1]. Local deformations e.g. by the mirror holding structure can be investigated with the Ronchi test method from which first results are discussed in this contribution.

The principle of the Ronchi test is quite simple. A grating, called Ronchi ruling, consisting of fine, opaque, equally spaced lines ruled onto a transparent substrate is projected onto the whole mirror surface. The shadows of these lines then appear on the face of the mirror under test and will be reflected back onto a camera. The shape and position of these bands is examined and interpreted to give information about the shape of the mirror’s surface. Contrary to the D 0 measurement the Ronchi test thus allows to get information on local mirror deformations which is of particular interest considering e.g. inhomogeneities which may be caused by the mirror mounts.

The Ronchi test is inherently qualitative and needs detailed comparison to a computer model in order to assess possible distortions more quantitatively. The band shapes observed in the Ronchi test can be caused by many different mirror types, i.e. surface profiles. Therefore the pattern seen in the Ronchi test has to be compared with a virtual, perfect mirror copy of the mirror under test. However, the qualitative picture quickly achieved and presented in this contribution already reveals a lot of useful information about the mirror at a glance. It later may also be used for a fast semi-qualitative test which allows to quickly check the local mirror homogeneity in particular after gluing the mirror mounts.

Figure 1 shows the sketch of the experimental setup for the D 0 measurement, which was used for the Ronchi test as well. The only difference is the usage of the Ronchi grating in front of the CCD camera (c) and the laser point source (b). The Source-Camera (SC) unit is located exactly at the mirror radius R. The active area of SC is located in the same plane orthogonal to the optical axis of the mirror. A mirror prototype with a curvature radius of 3 m from SLO Olomouc was tested. The mirror is flashed with light from the point source. If the mirror would have an ideal spherical shape the fringes seen on the camera would ap-

∗ Supported by the Hessian LOEWE initiative through the Helmholtz International Center for FAIR (HIC for FAIR), and by the BMBF (05P12RGGHM, 05P12RGFCG)

Figure 1: Experimental setup.

pear straight. Deviations from the spherical surface cause deformations of the fringes, but the measurement is only sensitive to changes of the curvature radius perpendicular to the grating direction. In order to get a complete picture of a given mirror, several different grating orientations should be measured.

Figure 2 shows the image of a reflected light on the camera chip. The left Ronchigram was obtained at the distance of 3 m (nominal curvature), the right plot was obtained at 3.01 m. A possible interpretation of the deformed fringes in the center can be a depressed center of the mirror. The three dark sports correspond to local deformations due to the mount system [2]. Cutting the squared mirror tiles from the produced circular shapes in the manufacturing process can be the reason for the modification of fringes seen at the mirror edges. For further detailed understanding of the mirror surface the comparison with a computer model is under way.

Figure 2: CCD camera view. Left: for R = 3 m. Right: for R = 3.01 m

References

[1] E. Lebedeva, CBM Progress report 2011, p.37

[2] V. Dobyrn et al, CBM Progress report 2011, p.39.

GSI SCIENTIFIC REPORT 2013 NQM-CBM-23

doi:10.15120 /GR-2014-1-NQM-CBM-23 39

Characterization of the GET4 v1.0 TDC ASIC with detector signals^∗

P.-A. Loizeau^1, N. Herrmann^1, I. Deppner^1, C. Simon^1, C. Xiang^{1,2}, M. Ciobanu^3, H. Deppe^3, H. Flemming^3, J. Fr ühauf^3, M. Kiˇ s^3, K. Koch^3, S. Linev^3, S. Manz^4, and the CBM ToF working group

1Physikalisches Institut, Universität Heidelberg, Germany;^2Institute of Particle Physics, Central China Normal University, China;^3GSI, Darmstadt, Germany;^4IRI Goethe Universität, Frankfurt, Germany A free-streaming readout chain is planned for the CBM Time-of-Flight (TOF) wall. The first element in this readout chain with a difference to usual triggered systems is the Time to Digital Converter (TDC). The GET4 ASIC is a free-streaming TDC developed for the CBM TOF wall. After tests with a first version called GET4 Proto, the GET4 v1.0 became available at the end of 2012 [1]. It was tested with pulser first alone [3] and then in conjunction with the PADI-6 pre-amplifier and discriminator ASIC [2].

Another interesting option for the TDC in the CBM TOF readout chain is the development of FPGA-TDCs. A first prototype for those is the VFTX board. A cosmic irradiation test campaign was performed throughout 2013 in Heidelberg using our last MRPC prototype, PADI-6 cards and VFTX boards to validate the detector design and this TDC option. Two plastics scintillators readout on both ends by photo-multipliers provide the efficiency and time reference. Results of the VFTX readout chain are presented in [5]. In the current VFTX readout chain, splitter boards are used between the PADI output and the VFTX input to ensure proper LVDS levels of the signals. As pictured in Fig. 1, the GET4 readout chain was connected in parallel for some of the data taking periods using the second output of the splitters. The GET4 readout chain is composed of 8 GET4 v1.0 chips, a Syscore v2 Readout Controller and an ABB PCI-E board for the optical readout. The analysis chain in software is the same as in the VFTX case.

Figure 1: Connection scheme of the setup used for the cosmic rays test of GET4 v1.0.

A measurement was done with the systems running in parallel at an RPC High Voltage of 11.5 kV. At this high voltage, the RPC efficiency relative to coincidences of the plastic scintillators reaches 97.5 % in the GET4 system. The system time resolution obtained after all calibrations is 82 ps. This can, however, be separated into two classes of events: those with multiple TDC hits on at least one RPC channel, for which the resolution is 90 ps, and those with only single TDC hits, for which the resolution is 76 ps.

∗ Work supported by EU/FP7-Hadron Physics 3/WP19, BMBF 05PRVHFC7 and DFG GRK 1039

This stresses the importance of a proper matching between the components in a free-streaming TOF system to reduce fake data from reflexions, noise and cross-talk. When taking only single hit events, a time resolution of 49 ps can be extracted for the RPC and its electronics, by subtracting the contribution of the reference system. Similar results were obtained both when using a synchronization signal from the triggered system and in free-streaming mode.

In parallel to the trigger on coincidences of the two plastics, triggers on the OR of the PMTs and on the OR of the RPC strips were used to prevent buffer overflows in the VFTX system. This provides the opportunity to extract the time resolution of the GET4 system in real conditions with quite good statistics. As the time resolution of the VFTX systems and of the splitter boards are known, this can be done by comparing the time measured in the VFTX system to the one measured in the GET4 system. As the time frames of the two systems are independent, one actually needs to compare the value of time differences measured in both the VFTX and GET4 systems (Eq. 1).

Δ t = ( t_A − t_B )_{GET 4} − (t_A − t_B )_{V F T X} (1)

Assuming the jitters of the VFTX, GET4 and splitter are independent and Gaussian, the GET4 resolution can be extracted for each pair (A,B) of signals (Eq. 2). This procedure was done for the left-right time differences of both plastics and of the equipped RPC strips. The counts for each left-right pairs are used to obtain a mean time resolution. The values of time resolution for the other elements are σ_{V F T X} = 12 ps [4] and σ_{Splitter} = 10 ps. The mean time resolution for GET4 v1.0 channels on different daughter boards and with RPC signals is then σ_{GET 4} = 24 ps.

σ_{GET 4 channel} = � 1 2 σ^2_{Δ t} − σ^2_{V F T X} − σ^2_{Splitter} (2)

These value are within the CBM TOF specifications, but need to be tested with higher particle fluxes.

References

[1] H. Flemming et al., CBM Progress Report 2012, Darmstadt 2013, p. 70 [2] P.-A. Loizeau et al., CBM Progress Report 2012, Darmstadt 2013, p. 66 [3] J. Frühauf et al., CBM Progress Report 2012, Darmstadt 2013, p. 67 [4] J. Frühauf et al., CBM Progress Report 2012, Darmstadt 2013, p. 71 [5] C. Simon et al., “RPC prototype test with cosmic irradiation”, this report

NQM-CBM-24 GSI SCIENTIFIC REPORT 2013

40 doi:10.15120 /GR-2014-1-NQM-CBM-24

Event based unpacker and digitizer for the CBM TOF in CBMROOT^∗

P.-A. Loizeau^1, N. Herrmann^1, D. Kresan^2, F. Uhlig^2, and the CBM ToF working group

1Physikalisches Institut, Universität Heidelberg, Germany;^2GSI, Darmstadt, Germany

In CBM the Time-of-Flight (TOF) method will be used to provide charged hadron identification. The measurement will be done with a wall built from Resistive Plate Chambers (RPC). The electronics and the reconstruction software for the TOF wall will follow the CBM data acquisition concept called free-streaming.

Figure 1 presents a summary of the previous status of the CBM TOF software. The software chains for real test data (top) and the one for simulated data (bottom) are fully separated. Until 2013 the unpacking, monitoring and analysis software for the TOF test setups was based on the GO4 framework [1]. A CBM dedicated library containing standard GO4 analysis sub-steps and sub-events for the CBM test hardware was developed to re-use existing software parts in the analysis of the data from various beamtimes [2]. In parallel, the tools used for the simulation of the TOF wall and the evaluation of its physics performance in the CBM setup were developed within the CBMROOT framework. These tools were mainly a direct hit producer, which converts directly the Monte-Carlo points at the TOF wall position into TOF hits with a position and time. This method, however, ignores the effect of charge sharing between channels, that in real data causes the formation of clusters (correlated hits).

Figure 1: Status of the ToF wall analysis softwares before the integration of the unpackers in CBMROOT.

In order to speed up the development of the TOF reconstruction tasks, it is necessary to have compatible unpacking and simulation chains implemented in the same framework and feeding the same reconstruction algorithm. Reconstruction tasks are e.g. the channels alignment, the clusters building or the mapping between an electronics oriented address scheme and a detector/physics oriented geometric position. The free-streaming data acquisition concept also pushes toward this software unification as the difference between the offline physics analysis software and the online event selection software needs to be minimal in order to ensure a good quality of the archived data. The final software also needs to be compatible with a time-based

∗ Work supported by EU/FP7-Hadron Physics 3/WP19, BMBF 05PRVHFC7 and DFG GRK 1039

data organization.

The first steps toward a final time-based common software are the conversion of the existing GO4 unpacker to CBMROOT, the development of an event-based realistic digitization chain for the simulation and the development of common output objects for the unpacker and the digitization chain.

Figure 2: Currently available ToF wall analysis softwares organization using only CBMROOT and ROOT macros.

These three tasks were realized. Figure 2 presents the current status of the TOF software in CBMROOT. The unpacker supports the two main TDC system used in last TOF test setups, the GET4 v1.0 [1] and the VFTX [3]. A calibration tool for the TDC data is included in the data processing chain. A conversion tool was developed in addition to keep the compatibility with the existing analysis in ROOT macros. A new TOF digitizer gives the possibility to use as input for the simulation detector parameters measured during test beamtimes, e.g. cluster size, efficiency or time resolution. It also provides a choice between various methods to obtain the signal charge and the cluster size. Both branches of the TOF software are filling objects of the CbmTofDigi class, which is the input format of a newly developed TOF clusterizer. The clusterizer delivers the same TofHit format as the direct hit producer. For testing the unpacker, its output was compared to the one of the original GO4 unpacker. No significant differences were found. The digitizer+clusterizer branch was tested in comparison to the direct hit producer. While the new implementation reproduces the results of the direct hit producer when the cluster size is minimized, it now allows for the study of a more realistic detector response

References

[1] P.-A. Loizeau et al., CBM Progress Report 2012, Darmstadt 2013, p. 66

[2] J. Adamczewski-Musch and S. Linev, CBM Progress Report 2011, Darmstadt 2012, p. 68

[3] J. Frühauf et al., CBM Progress Report 2012, Darmstadt 2013, p. 71

GSI SCIENTIFIC REPORT 2013 NQM-CBM-25

doi:10.15120 /GR-2014-1-NQM-CBM-25 41

High counting rate test of the basic structure for the inner zone of the CBM RPC-TOF^∗

A. Bǎlǎceanu^1, V. Aprodu^1, D. Bartoş^1, G. Caragheorgheopol^1, F. Constantin^1, I. Deppner^2, V. Duţǎ^1, N. Herrmann^2, P. Loizeau^2, M. Petriş^1, M. Petrovici^1, L. Prodan^1, A. Radu^1, L. R ǎdulescu^1, V. Simion^1, and C. Simon^2

1NIPNE, Bucharest, Romania;^2Physikalisches Institut der Universität Heidelberg, Germany A basic structure for the inner zone of the CBM-TOF wall using multi-strip multi-gap low resistivity glass RPCs was designed, built and successfully tested in terms of time resolution and efficiency [1]. The performance as a function of counting rate was tested exposing the counter in high intensity proton beam of 2.5 GeV/c at COSY-Jülich on a rather limited surface corresponding to the size of the beam spot [2]. In the present contribution we report for the first time results obtained exposing the whole detector surface at counting rates up to 10^4 particles/(cm^2·s).

Figure 1: Left side - experimental geometry. Right side - the architecture based on four RPC cells

The in-beam test was performed at the SIS18 accelerator of GSI-Darmstadt. The RPC prototype was exposed to charged particles produced by colliding 1.7 A·GeV Ni ions with a 1 mm thick Pb - target at the highest intensity per spill delivered by SIS18. Fig. 1 shows the geometry of the experiment (left side) and the staggered structure of the 4 RPC cells (right side). The spill length was varied between 5 s and 2.5 s. The analysis is based on ROOT [3] and Go4 [4]. The detector was operated in a standard gas mixture of 85% C_2F_4H_2+10% SF_6+5% iso C_4H_{10} and at an electric field strength of 157 kV/cm. Signals of 16 strips of each cell were processed by NINO fast amplifiers [5], their differential outputs being converted by FPGA TDCs [6]. The

Figure 2: Left side - cluster size as a function of counting rate. Right side - number of clusters per event for a counting rate of 8x10^3 part/(cm^2·s) . number of simultaneously recorded signals (calles cluster size) is shown in Fig.2 left side as function of the counting

∗ Work supported by EU-FP7/HP3 Grant No 283286, NASR/CAPACITATI-Modul III contract nr. 179EU and NASR/NUCLEU Project PN09370103

rate. A decrease of about 7% is observed. On the right side of Fig.2 the number of clusters per event is represented for one of the RPC cells.

The time resolution was obtained using the time difference between two RPC cells overlapped along the strips, i.e. RPC2-RPC1 or between two RPCs overlapped across the strips, i.e. RPC1-RPC3. For the first case, where the overlap is at the edge of the strip, some influence of edge effects is not excluded. After walk correction, a time resolution of ≈ 70 ps was obtained, including electronic resolution and considering an equal contribution of the two RPC cells. For the overlap across the strips a time resolution of ≈ 60 ps was obtained. The corresponding time difference spectrum for a flux of 10^4 part/(cm^2·s) is presented in Fig.3 left side. The non-Gaussian tails are at the level of 1-2%. The time resolution as a function of counting rate is shown in Fig.3 right side. A slight deterioration of the time resolution of about 5% is observed up to 3·10^3 particles/(cm^2·s) counting rate followed by a levelling off, within the error bars, up to 10^4 particles/(cm^2·s), the highest counting rate accessed in the experiment.

Figure 3: Left side -time difference between two overlapped strips of RPC1 and RPC3 cells. Right side - time resolution as a function of particle rate.

These results together with the previous reported ones [1],[2] show that such RPC architecture, based on low resistivity glass electrodes conserves their excellence performance in counting rates up to 10^4 particles/(cm^2·s) on the whole area of the detector. Such tests will continue at even higher rates and longer exposure periods in order to confirm that these type of RPCs can be used even for the most forward regions of the CBM-TOF wall with negligible ageing effects.

References

[1] M. Petris et al.,CBM Progress Report 2012, p. 68 [2] M. Petrovici et al., JINST 7 (2012) P11003 [3] R. Brun and F. Rademakers Linux Journal 1998 July Issue 51 [4] J. Adamczewski et al, IEEE TNS 51(2004)565 [5] F. Anghinolfi et al., Nucl.Instr.and Meth. A533(2004)183 [6] J. Frühauf et al., CBM Progress Report 2012, p. 71

NQM-CBM-26 GSI SCIENTIFIC REPORT 2013

42 doi:10.15120 /GR-2014-1-NQM-CBM-26

100 Ohm transmision line multi-strip multi-gap high counting rate RPC prototype^∗

V. Aprodu^1, D. Bartoş^1, A. B ǎlǎceanu^1, G. Caragheorgheopol^1, F. Constantin^1, V. Dut ¸ǎ^1, M. Petriş^1, M. Petrovici^1, L. Prodan^1, A. Radu^1, L. R ǎdulescu^1, and V. Simion^1

1NIPNE, Bucharest, Romania A basic structure for the inner zone of the CBM- TOF wall using multi-strip, multi-gap low resistivity glass RPCs showed excellent performance in terms of time resolution and efficiency [1] up to local counting rates of 10^5 particles/(cm^2·s) [2] and up to 10^4 particles/(cm^2·s) all over the counter surface [3]. The differential read-out of the RPC cells had 50 Ohm impedance and therefore using fast NINO amplifiers [4] of 100 Ohm input impedance, an impedance matching was required at the level of motherboards. In order to circumvent this aspect and at the same time to have a solution for the higher granularity required for the most inner zones of the CBM-TOF, a new RPC prototype was designed and built. The strip structure of the readout and high voltage electrodes was decided based on APLAC simulations such to obtain a differential readout impedance as close as possible to 100 Ohm. The measured value of the glass permitivity was used in the simulation. The central read-out electrode was considered as a single layer strip structure sandwiched between two thin layers of FR4. For the standard structure of the RPC cells developed by us, [1], in order to obtain a 100 Ohm impedance for the transmission line, a pitch of 4.19 mm (2.16 mm strip width and 2.03 mm gap) is required.

The simulated signals on the anode and cathode electrodes read-out on 50 Ohm load resistors and the differential one can be seen in Fig. 1. They were obtained with APLAC injecting in the transmission line pulses of ± 1 V with a 100 ps rise time and 600 ps fall time through a 50 Ohm resistor.

Figure 1: The signals on the anode and cathode electrodes and the differential one obtained with APLAC.

The active area of the new prototype is 283 x 200 mm^2. A photo of the assembled RPC structure on the back flange and closing box is presented in Fig.2 left. The PCB with the

∗ Work supported by EU-FP7/HP3 Grant No 283286 and Romanian NASR/CAPACITATI-Modul III contract nr. 179EU and NASR/NUCLEU Project PN09370103

structure of the read-out electrodes can be seen on the right side of Fig. 2. The prototype based on such strip character-

Figure 2: Left side: A photo of the assembled RPC structure on the back flange and closing box. Right side: the PCB with the structure of the read-out electrodes.

istics was built and the results in terms of the differential and the anode and cathode signals, respectively, obtained directly from the RPC with a^{60} Co source can be followed in Fig. 3.

Figure 3: The differential and the anode and cathode signals at the two ends of a strip.

As can be seen, the APLAC predictions are rather well confirmed by the real signals delivered by the RPC.

Detailed cosmic ray tests are in progress and in-beam tests are foreseen in the near future.

References

[1] M. Petriş et al.,CBM Progress Report 2012, p. 68 [2] M. Petrovici et al., JINST 7 (2012) P11003 [3] A. Bălăceanu et al., this Progress Report [4] F. Anghinolfi et al., Nucl.Instr.and Meth. A533(2004)183

GSI SCIENTIFIC REPORT 2013 NQM-CBM-27

doi:10.15120 /GR-2014-1-NQM-CBM-27 43

RPC prototype test with cosmic irradiation^∗

C. Simon^1, I. Deppner^1, N. Herrmann^1, P.-A. Loizeau^1, J. Fr ühauf^2, C. Xiang^{1,3}, and the CBM-TOF working group

1Ruprecht-Karls-Universität Heidelberg, Heidelberg, Germany;^2GSI, Darmstadt, Germany;^3Central China Normal University, Wuhan, China

Following the proposal to construct the outer ToF wall based on fully differential multi-strip MRPCs [1] the response of a new prototype RPC designed in Heidelberg to cosmic irradiation was measured throughout the year 2013. In particular, a focus was put on compatibility with the read-out electronics, i.e. PADI-6 preamplifier cards [2] and VFTX FPGA-TDC modules [3], and on refinement of the existing calibration and correction algorithms [4].

The RPC prototype implements an 8-gap single-stack configuration with a gap width of 220 μm. It features 56 read-out electrodes of length 53 cm and pitch 9.4 mm that add up to an active area of about 2800 cm^2. As RPCs in the outer wall region do not have to stand incident particle fluxes larger than 1 kHz , the prototype is equipped with float glass of resistivity 10^{12} Ωcm . The working voltage of the counter amounts to ± 11 kV. The preamplifier cards are placed inside the gas volume (cf. Fig. 1, right) and connected directly to the read-out electrodes.

Figure 1: Sketched arrangement (left) of two plastic scintillators with respect to the RPC prototype (right) to measure its response to cosmic irradiation.

The test setup in the lab comprises—besides the RPC prototype—two plastic scintillators (PLA) of dimensions 8 × 2 × 1 and 11 × 4 × 2 cm^3 which are each read out on two sides by photomultipliers. One PLA counter is placed above, the other one below the RPC (cf. Fig. 1, left). From the coincidence of signals in both scintillators a trigger is built that is used to read out the RPC.

To evaluate the characteristic RPC parameters time resolution and detection efficiency of the prototype a calibration algorithm needs to process the TDC raw data. In this way, fixed time offsets due to different runtimes of the signals inside the TDCs and the cables connecting the RPC and the PLA counters with the TDCs can be accounted for. Also, systematic effects varying from event to event are

∗ Work supported by EU/FP7-HadronPhysics3/WP19 and BMBF 05PRVHFC7.

corrected for, like charge walk, the velocity spectrum of the incident cosmic muons, and their angular distribution in the test arrangement. After applying all corrections to the raw data the algorithm proceeds with clustering RPC signals on neighboring read-out electrodes that show correlations in time and space. Here, the idea is that an avalanche triggered by a single charged particle traversing the RPC prototype can induce mirror charges on more than one read-out electrode. A typical cluster size for the prototype is 1.3 strips.

In the cosmic muon setup, i.e. for the section of the counter surface affected by the PLA coincidence (cf. Fig. 2, right), a detection efficiency of 98.5 % and a system time resolution of 67 ps were found. The term system time resolution refers to the Gaussian standard deviation σ of the time difference spectrum between the RPC and the PLA counters (cf. Fig. 2, left). With a resolution of 55 ps for the plastic reference system, this allows for an estimate of the counter time resolution—still including the electronics resolution—of about 40 ps. An in-beam test of the prototype in April 2014 at GSI/SIS-18 will demonstrate if these very promising results also hold under heavy-ion load.

Entries 12150 RMS 73.46 Sigma 0.51 ± 67.13

dt RPC-PLA cluster [ps]

-400 -200 0 200 400 counts

1 10 210 310 410 ±

cluster position x [cm]

-20 -10 0 10 20 cluster position y [cm]

-20 -15 -10 -5 0 5 10 15 20 Entries 12150

0 50 100 150 200 250 300 350 400 450 Entries 12150

Figure 2: Time resolution of the PLA-RPC system (left) obtained in the trigger spot on the counter surface (right) requiring coincidence of the plastic scintillators.

References

[1] I. Deppner et al., CBM Progress Report 2012, Darmstadt 2013, p. 64

[2] M. Ciobanu et al., CBM Progress Report 2012, Darmstadt 2013, p. 72

[3] J. Frühauf et al., CBM Progress Report 2012, Darmstadt 2013, p. 71

[4] C. Simon et al., CBM Progress Report 2012, Darmstadt 2013, p. 65

NQM-CBM-28 GSI SCIENTIFIC REPORT 2013

44 doi:10.15120 /GR-2014-1-NQM-CBM-28

CBM TRD radiator simulation in CbmRoot^∗

C. Bergmann^1, N. Heine^1, W. Verhoeven^1, D. Emschermann^1, A. Andronic^{1,2}, and J.P. Wessels^1

1Institut für Kernphysik, Münster, Germany;^2GSI, Darmstadt, Germany

The transition radiation photon yield of a periodic radiator with N_f layers of thickness l_1 and spacing l_2 can be effectively described by dN dω = 4α ω (κ + 1)

(1 − exp ( − Nσ )) (1 − exp ( − σ)) � n Θ_n � 1 ϱ_1 + Θ_n − 1 ϱ_2 + Θ_n

�_2

[1 − cos(ϱ_1 + Θ_n )] (1)

according to [1] with σ being the total photon absorption cross section σ (σ = μ_1 ·l_1 + μ_2 ·l_2) for one foil and gas layer. This equation includes coherent and incoherent effects as well as the self-absorption of gap and foil material. Therefore it was used to calculate the total transition radiation (TR) yield per keV in CbmRoot. The variables are defined as

ϱ_i = ωl_1 2c � γ^{− 2} +

� ω_{P,i} ω �_2�

, (2) and κ = l_2 l_1 (3) Θ_n =

2πn − (ϱ_1 + κϱ_2) 1 + κ

> 0. (4)

The resulting TR photon yield spectrum is folded with the detector absorption spectrum (presented in Figure 1) to obtain the effective energy deposition spectrum in the active gas volume of the detector. Systematic deviations between measurements and theoretical predictions arising from the material budget between radiator and MWPC and radiator material and irregularity can be compensated by adding an attenuation factor a [0,1], with: � dN dω � measurement

= a · � dN dω � simulation

. (5)

The parameters N_f , l_1 and l_2 have been measured for regular radiator or approximated for irregular radiators for each radiator prototype. The attenuation factors a have been evaluated by comparing in beam measurements and simulation as presented in Figure 2. For most radiators simulations and measurements are found to be in agreement within errors. Radiators B++, K++ and H have been implemented in CbmRoot. B++ is a classical foil Radiator made from POKALON (N_f =350, l_1=24 μm, l_2=700 μm

∗ Work supported by BMBF and the HadronPhysics3 project financed by EU-FP7.

Figure 1: Approximate photon absorption probability of the 2012 MS prototypes using XeCO_2 (80/20).

Figure 2: Comparison of different radiators showing the pion efficiency at 90% electron efficiency with 10 detector hits. The design goal for CBM TRD consisting of 10 detecor layers is indicated by the dashed line.

and a=0.65), K++ is a micro-structured self-supporting foil radiator with the same parameters like B++. The best irregular radiator prototype is H made from 125× 2 mm thick Polyethylene foam foils with an average bubble diameter of 900 μm, an average l_1 of 12 μm and a=0.78.

References

[1] M. N. Mazziotta, “A Monte Carlo code for full simulation of a transition radiation detector”, arXiv:physics/9912042 [physics.comp-ph] , 2000

GSI SCIENTIFIC REPORT 2013 NQM-CBM-29

doi:10.15120 /GR-2014-1-NQM-CBM-29 45

Construction and first performance studies of a CBM TRD prototype with alternating wires developed in Frankfurt^∗

S. Gläßel, W. Amend, A. Arend, C. Blume, P. Dillenseger, and F. Roether

Institut für Kernphysik, Goethe-Universität, Frankfurt am Main, Germany

Introduction

The Transition-Radiation Detector (TRD) for the Compressed Baryonic Matter (CBM) experiment at the Facility for Antiproton and Ion Research (FAIR) has to deliver electron identification and tracking performance in a high particle-density environment. To deliver the required fast detector response for the expected high signal rates, a thin Multi-Wire Proportional Chamber (MWPC) without drift region has been developed [1].

One key challenge of this setup is the sensitivity of the field geometry to deformations of the cathode planes. With a thin foil as front cathode, even minor internal pressure variations can affect the gas gain [2]. In order to minimize this effect, the robust field geometry of an alternating wire structure, as proposed for the ALICE VHMPID [3], has been explored. Field wires are introduced between the sense wires to generate field lines from the field to the sense wires that are independent of the front cathode. Consequently, the electrical field in the sensitive area near the entrance window becomes significantly lower.

Construction and experimental set-up

To study the effects of an alternating wire set up on the gas gain, a small aluminium prototype with dimensions of 21,8 x 21,8 cm^2 has been built. Thin sense wires (goldplated tungsten, 20 μm) and thicker field wires (copper, 79 μm) are arranged on the anode plane with a pitch of 2.5 mm. A thin aluminized Mylar-foil (19 μm) serves as front cathode and entrance window at the same time. A padplane with 15 read-out pads is used as rear cathode. Both, front and rear cathode, have a distance of 4 mm to the anode plane, leading to a total gas gap of 8 mm (see Fig. 1).

Figure 1: Schematic profile with field lines of the new prototype with alternating wires.

First measurements in a laboratory environment were

∗ Work supported by BMBF and HIC for FAIR.

performed with an^{55} Fe source. The sense wire current was measured for different positions at various differential pressures. Field wires were on ground potential. A standard prototype without field wires and with similar dimensions was employed for reference measurements.

Results

The first tests give a clear indication for a superior performance in terms of gas gain stability for the new prototype. The effect that the gas gain shows variations up to 60 % in the case of internal overpressure, as seen for the standard set up, is drastically reduced for the setup with alternating wires (variations are below 10 %, as shown in Fig. 2).

Figure 2: Gas gain as function of position at 0.5 mbar overpressure for standard (left) and new prototype (right).

Outlook

The superior performance of the new prototype will be further investigated to confirm it on a quantitative level. Measurements with different field wire potentials and of the energy resolution will be performed.

A second prototype with alternating wires and an asymmetric structure, i.e. the wire plane is moved towards the readout cathode, has been built and will be tested as well.

References

[1] P. Dillenseger et al., “In-beam performance studies of the first full-size CBM-TRD prototypes developed in Frankfurt ”, GSI Scientific Report 2012 (2013) 66.

[2] E. Hellbär et al., “Construction and simulations of full-size CBM-TRD prototypes without drift region”, GSI Scientific Report 2012 (2013) 60.

[3] D. Varga et al., “Close cathode chamber: Low material budget MWPC”, Nuclear Instruments and Methods in Physics Research, 2013, p. 11-18.

NQM-CBM-30 GSI SCIENTIFIC REPORT 2013

46 doi:10.15120 /GR-2014-1-NQM-CBM-30

Development of an online feature extraction pre-processing stage for TRD based on SPADIC 1.0^∗

C. Garcia^1 and U. Kebschull^1

1Infrastructure and Computer Systems for Data Processing (IRI), Frankfurt University, Frankfurt/Main, Germany One of the main challenges for the data acquisition of the Transition Radiation Detector (TRD) of the Compressed Baryonic Matter experiment (CBM) is to efficiently process the high data rate produced by the front-end electronics operating in a free streaming data acquisition mode. In this scenario, the TRD detector is read-out by the front-end mixed-signal SPADIC 1.0 chip [1]. The SPADIC 1.0 delivers 32 autonomous read-out channels with a large set of meta-information attached to the generated messages. In order to fulfill the processing requirements for the TRD, a feature extraction online pre-processing stage has been proposed [2]. The aim of the feature extraction is to do an online pre-processing of the front-end electronics data, in order to reduce it by means of parameter extraction and clustering. The Feature Extraction pre-processing stage would be integrated within the functionality of the Data Processing Board (DPB) [3].

As seen in Figure 1, the internal processing logic of the Feature Extraction firmware would allow to instantiate multiple “link processors” in parallel in order to handle the data from different data-input optical links. However, the maximum number of link processors would be constrained by the FPGA resources available.

The internal architecture of the feature extraction core is based on the following processing stages: first, a message interpreter module decodes the incoming SPADIC 1.0 event words wrapped around the CBMnet 2.0 headers and delivers the full timebin RAW data, as well as useful metadata attached to the hit message (e.g. timestamp, channel id, group id, hit type, etc). This decoded data is then handled by the double-hit detection logic. The double-hit logic works in two configurable modes: first, in conjunction to the double-hit detection logic implemented in the SPADIC 1.0 chip and second, as a stand-alone detection logic. In the first case, the double-hit logic compares the hit-message flags set by the SPADIC 1.0 that tell whether a double-hit was detected or not. In the second case, as a stand-alone detection mode, the logic compares the signal charge with different virtual thresholds at different timebin positions. A parallel running module finds the peaks and valleys in the signal evolution. These information is used by a later logic that splits the message between two maxima, when a valley has been found.

The second processing stage consists mostly of two parallel processes, a total charge integrator (Qtot) and a temporal center of gravity calculator (COG). The Qtot module delivers an amplitude vs. time integration from a region of interest or from all the timebins included in the event. On

∗ Work supported by BMBF No. 05P12RFFCM.

the other hand, the COG calculates the center of gravity of the signal in time direction. In order to save FPGA resources, the feature extraction can be configured to use only one of the before mentioned cores. Further beamtest analysis will show which processing module gives better results for the event reconstruction. A final processing stage is called cluster finder and processor. This module finds clusters from events that share similar characteristics, e.g. contiguous fired pads, events with a timestamp that falls within a certain threshold and also by comparing the neighbor trigger matrix flags generated by the SPADIC 1.0. Finally, after a cluster has been completed, the data from each event that belongs to the found cluster is processed by a Center of Gravity (COG) algorithm that provides a temporal resolution of the hit position within the found cluster. In the end, the event building logic wraps the hit-message into CBMnet2.0 containers in order to be shipped to later DPB processing stages.

Figure 1: Block diagram of the internal architecture of the feature extraction core.

Currently, most functionality of the Feature Extraction firmware has been developed and is under continuous testing in a laboratory setup. In 2014, a TRD beamtest will be performed in order to test and provide consistent results about performance and FPGA resource consumption.

References

[1] T. Armbruster et al., “SPADIC 1.0 a self-triggered amplifier/digitizer ASIC for the CBM-TRD”,CBM Progress Report 2012

[2] C. Garcia et al., “Beam test results of the CBM-TRD feature extraction using SPADIC v1.0”,CBM Progress Report 2012

[3] J. Gebelein et al., “SysCore3 A universal Read-Out Controller and Data Processing Board”,CBM Progress Report 2012

GSI SCIENTIFIC REPORT 2013 NQM-CBM-31

doi:10.15120 /GR-2014-1-NQM-CBM-31 47

e/π Discrimination and position resolution of a real size CBM-TRD prototype^∗

M. Târzilǎ^1, J. Adamczewsky-Musch^2, V. Aprodu^1, D. Bartoş^1, A. Bercuci^1, G. Caragheorgheopol^1, V. Čatǎnescu^1, F. Constantin^1, S. Linev^2, M. Petriş^1, M. Petrovici^1, L. Prodan^1, A. Radu^1, and V. Simion^1

1NIPNE, Bucharest, Romania;^2GSI, Darmstadt, Germany

A high-granularity real size TRD prototype, designed to fulfil the requirements of the innermost zone of the first CBM-TRD station of 1 cm^2 readout cell area, combines a multi-wire proportional chamber with a 2× 4 mm amplification region and a drift zone of 4 mm. Architecture details of this type of TRD prototype were described in [1]. The e/π discrimination obtained with other types of radiators than those whose performances were already reported in [1] and the position resolution will be the focus of the present contribution.

Figure 1: Pion misidentification as a function of the number of TRD layers for different types of radiators.

The chamber was tested with a mixed beam of electrons and pions of 2 - 8 GeV/c particle momenta at the T9 beam line of the CERN-PS. A 80%Xe+20%CO_2 gas mixture was flushed through the chamber, operated at 2000 V anode and 800 V drift voltages. Several types of radiators were tested. The signals from three consecutive rows of 16 triangular pads each were processed by FASP V0.1 front-end electronics [2, 3].

Figure 2: Two dimensional hit position reconstruction.

The pion misidentification probability for 90% electron efficiency as a function of the number of TRD layers was obtained with a Monte Carlo simulation using the likelihood method based on the measured pulse height spectra of electrons and pions. The particles were identified and selected based on the information delivered by a Cherenkov

∗ Work supported by EU-FP7/HP3 Grant No 283286, NASR/CAPACITATI-Modul III contract nr. 179EU and NASR/NUCLEU Project PN09370103

detector and a lead-glass calorimeter positioned in front and at the end of the beam line, respectively. A pion misidentification probability of ∼ 1% was obtained with a regular foil radiator (20 μm foil thickness, 250 μm gap, 220 foils) [1]. Fig.1 presents the performance of the chamber with other types of radiators: G30 (fiber radiator made from 16 mats of pure LRP 375 BK polypropylene fibers), D (5 PE foam plates thermally glued to a block), WF110 (30 mm Rohacell plate) and EF700 (50 mm PE foam plate).

The hit position across and along the pads is represented in Fig.2. The position reconstruction is based on the charge sharing among consecutive rectangular and tilted pads obtained by the corresponding pairing of the triangular pads of the three operated rows. It was determined from the standard deviation of a Gauss function fitted to the difference between the positions reconstructed with two identical chambers (Fig.3). A position resolution of 385± 0.02 μm across the pads and of 1.6± 0.2 mm along the pads was achieved considering equal contributions of the two identical chambers.

Figure 3: Difference between the hit position across the pads (left) and along the pads (right) reconstructed with two identical detectors, both fitted with a Gauss function.

The support of the drift electrode of this prototype was made from a 9 mm honeycomb plate sandwiched between 2 Rohacell HF71 plates of 3 mm thickness. The measured transmission of such a structure for 5.9 keV X rays of^{55} Fe is ∼ 43.77%. This could be improved by ∼ 10% if the Rohacell plates are replaced by aluminized carbon foil of ∼ 300 μm. A future TRD prototype will be built using this new drift electrode structure. These very good results in terms of e/π discrimination and position resolution will be further improved using a new version of FASP where the signals delivered by triangular pads will be paired inside the chip, so that the effect of the large dynamical range caused by triangular pads will be drastically reduced.

References

[1] M. Târzilă et al., CBM Prog. Rep. 2012, p. 60 [2] V. Cătănescu et al., CBM Prog. Rep. 2009, p. 47 [3] A. Caragheorgheopol et al., CBM Prog. Rep. 2010, p. 46

NQM-CBM-32 GSI SCIENTIFIC REPORT 2013

48 doi:10.15120 /GR-2014-1-NQM-CBM-32

Design of new SPADIC front-end boards for TRD readout

M. Krieger^{∗1}

1ZITI, University of Heidelberg, Germany

Figure 1: Rendered view (front and back side) of the new FEB for 3 packaged SPADIC 1.0 chips.

The design of the TRD subsystem foresees the use of different types of modules and front-end boards (FEBs). In order to keep the hit rates per channel within controlled limits across the detector, the modules and FEBs cover a range of different channel densities.

This means that between 4 and 10, or even more, SPADIC chips must be assembled on one FEB of approximately 50 cm length. For testing the type of FEB with the lowest SPADIC density, for 2014 a prototype FEB is designed that connects one SPADIC every 114 mm.

As the first prototype of such a multi-chip FEB, a new PCB holding 3 SPADIC chips with this pitch has been designed (Figure 1). It contains voltage regulators and power-on sequencing logic shared by all SPADICs, and for each SPADIC individually a TRD input connector, decoupling capacitors, charge injection, and an HDMI connector for CBMnet data links. Neighboring SPADICs are connected to allow exchange of trigger signals. Additionally, a smaller version of the FEB containing only one SPADIC has been designed (Figure 2b).

For the evaluation of integration options and a simplified FEB assembly, most of the remaining SPADIC 1.0 chips have been cased into ceramic quad-flat packages with 176 pins (QFP176, Figure 2a) and 23 mm× 23 mm in size. This allows saving space by placing the decoupling capacitors on the opposite size of the PCB directly beneath the package, as shown in Figure 3.

∗ michael.krieger@ziti.uni-heidelberg.de

Figure 2: (a) SPADIC 1.0 chip assembled in QFP176 package. (b) The smaller version of the new FEB for only one SPADIC 1.0 chip allows easier testing.

Figure 3: Layout of the top third of the new PCB, containing the voltage regulators and one of three SPADIC chips.

This new 3-SPADIC FEB has a size of 83 mm× 339 mm and requires 4 layers. Using the same layout, the SPADIC pitch could be reduced to approximately 60 mm.

References

[1] M. Krieger, P. Fischer, “Commissioning of the SPADIC 1.0 Amplifier/Digitizer Chip”, this report.

[2] D. Emschermann, “Development of the Münster CBM TRD prototypes and update of the TRD geometry to version v13a”, CBM Progress Report 2013, p. 53

[3] F. Lemke et al., “Status of the CBMnet based FEE DAQ readout”, this report.

GSI SCIENTIFIC REPORT 2013 NQM-CBM-33

doi:10.15120 /GR-2014-1-NQM-CBM-33 49

Commissioning of the SPADIC 1.0 Amplifier / Digitizer Chip^∗

M. Krieger^{†1} and P. Fischer^{‡1}

1ZITI, University of Heidelberg, Germany

The SPADIC chip has been developed for the readout of the CBM TRD. The latest version SPADIC 1.0 has 32 channels on an area of 5 × 5 mm^2. The chip is fully functional and has been extensively tested in 2013.

Figure 1: SPADIC1.0 chip bonded to readout PCB.

Chip Description

SPADIC 1.0 contains 32 identical channels on a die of 5 × 5 mm^2 size. It is fabricated in the 180 nm technology from UMC. The digital part uses custom made mixed mode standard cells and 44 SRAM blocks for data buffering. Each channel contains

• A charge amplifier / first order shaper (τ = 80 ns ) for positive input pulses with a noise of ≈ 800 e at C_{in} = 30 pF . This part consumes ≈ 5 mW . In addition an experimental frontend for negative pulses is available.

• A 25 MHz, 4.8 mW pipeline ADC with 9 bit output and an ENOB of > 8 Bit.

• A fully programmable digital IIR filter with 4 first order stages (16 bit processing, 6 bit coefficients).

• A sophisticated hit detection logic with differential threshold option for double hit detection and forced ’neighbor’ trigger from channels on the same chip or even from different chips.

• A unit to pick an arbitrary set of amplitude samples from each pulse.

• A time ordered derandomization FIFO. • Various error detection and recovery features (mainly for full buffers).

∗ Work supported by BMBF under grant number 05P12VHFCF. † michael.krieger@ziti.uni-heidelberg.de ‡ peter.fischer@ziti.uni-heidelberg.de

The data link backend implements for the first time the CBMNet protocol on an ASIC. It sends out the agglomerated hit data in a compact data format over two serial LVDS links running at up to 500 Mbps. In order to simplify system design as much as possible, SPADIC 1.0 contains all further required infrastructure (current reference, bias DACs, monitoring busses, test pulse injectors) required to operate the chips with a minimum of external components and signals. For simplified assembly of detector readout modules, some chips have been packaged in QFP176 carriers of 26 × 26 mm^2 size.

Test Environment

The chip is bonded to an adapter board (Fig. 1) which is connected to a custom FPGA board holding a CBM net receiver firmware. The FPGA is accessed through USB2.0 using multi threaded Linux applications allowing for configuration of all chip settings, injections and data readout.

Figure 2: Samples sent out for a pulse using selection mask.

Results

All features of the chip have been operated successfully. Only few minor bugs have been identified which do not prevent chip operation on detectors. As just one example, Fig. 2 shows how interesting samples in one pulse can be picked using a freely programmable mask.

References

[1] M. Krieger, “Self-triggered charge pulse processing ASIC”, Conference Proceedings of the TWEPP-13, Perugia, Italy, September 2013

[2] T. Armbruster, P. Fischer, M. Krieger and I. Peric, “Multi- Channel Charge Pulse Amplification, Digitization and Processing ASIC for Detector Applications”, 2012 NSS Conference Record (IEEE), Anaheim, USA, October 2012

[3] http://spadic.uni-hd.de/

NQM-CBM-34 GSI SCIENTIFIC REPORT 2013

50 doi:10.15120 /GR-2014-1-NQM-CBM-34

Testing of 31cm × 31cm GEM Chamber at COSY

R. P. Adak^1, A. K. Dubey^2, J. Saini^2, V. Jain^2, S. Chattopadhyay^2, S. Das^1, U.Frankefeld^3, J.Henner^3, W. Niebur^3, I. Sorokin^3, T. Blog^3, F. uhlig^3, V. Friese^3, P. Ghosh^3, and J. Heuser^3

1Bose Institute, Centre for Astroparticle Physics And Space Sciences, Kolkata-91, INDIA 2Variable Energy Cyclotron Centre, Kolkata-64, INDIA 3GSI Helmholtzzentrum für Schwerionenforschung GmbH (GSI), Darmstadt, Germany

Introduction

Operation of CBM-MUCH at high interaction rate requires a detector with large acceptance, high granularity and high rate capability. In this direction, we have conducted a beam test of triple GEM detectors at COSY using 2.36 GeV/c proton beams. Our goal was to study the response of the detector with high intensity beam using nXYTER based self-triggered readout electronics and also to test for the first time the performance of a large size triple GEM detector. In this study, we compare the results at different peak intensities in a typical spill in a run. The highest intensity as calculated from spill structure is ∼ 565kHz/cm^2 which is close to the peak intensity expected by the 1st MUCH detector station. Here we report preliminary results of the beam test.

Experimental Setup

The schematic layout of the test setup is shown in Fig.1. Out of the three GEM detectors tested, first two detectors (GEM1 & GEM2) are of 10cm × 10cm size having square readout pads of sizes 3mm × 3mm and 6mm × 6mm respectively. The drift, transfer and induction gap of GEM1 are 3mm, 1mm, 1.5mm and the corresponding values for GEM2 are 3mm, 2mm, 2mm . Third detector (GEM3) is made out of large GEM foils of 31cm × 31cm in size with trapezoidal readout pads of radially increasing size [1]. The drift, transfer and induction gap of the chamber are 3mm, 1mm, 1.5mm . A premixed gas mixture of Ar and CO_2 mixed in the ratio of 70:30 by mass was used for all the GEMs. Data were acquired by DABC based DAQ sysytem. GEM1 and GEM2 were read out using 2 nXYTER and one ROC while GEM3 was read out using 8 nXYTERs and 4 ROCs. In this test beam, the feedback parameter v_bf_b of nXYTER was set as per high frequency requirement as reported in [2]. All the hits above a predefined threshold and time-correlated with the trigger window are used for analysis.

STS STN 1

GEM 1

GEM 2

GEM 3

CROSSED SCINTILLATOR

HODOSCOPE

HODOSCOPE

CROSSED SCINTILLATOR

254 700 1234 1549 1784 2184 3015

STS STN 3

STS STN 2

55

BEAM

Figure 1: Experimental Setup at COSY

Results

The beamspots of GEM2 and GEM3 are shown in Fig.2. We do not observe any structure inside the beamspot as was the case in the earlier beam tests at higher intensities. The

ADCs are obtained by assuming a baseline value of 2000 ADC for all the nXYTER channels. The pulse height distributions for GEM2 and GEM3 for both low and high intensity cases fitted to a Landau distribution have been shown in Fig.3 corresponding to the pad with highest ADC taken event by event.

ROW 0 2 4 6 8 10 12 14 16 18

C O L U M N

0 2 4 6 8 1 0 1 2 1 4 1 6 1 8

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0

3 5 0 0

3 1 0 ×

R O W

0 2 4 6 8 10 12 14 16 18 20 22 24

C O L U M N

0

1 0

2 0

3 0

4 0

5 0

0

2 0 0

4 0 0

6 0 0

8 0 0

1 0 0 0

3 1 0×

F i g u r e 2 : B e a m s p o t o f G E M 2 ( l e f t ) a n d G E M 3 ( r i g h t ) a t h i g h i n t e n s i t y

A D C v a l u e s

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0 1 8 0 0

N u m b e r o f E n t r i e s

0

5 0 0

1 0 0 0

1 5 0 0

2 0 0 0

2 5 0 0

3 0 0 0 A )

A D C v a l u e s

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0 1 8 0 0

N u m b e r o f E n t r i e s

0 1 0 0

2 0 0

3 0 0

4 0 0

5 0 0

6 0 0

7 0 0

8 0 0 B )

A D C v a l u e s

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0 1 8 0 0

N u m b e r o f E n t r i e s

0

1 0 0 0

2 0 0 0

3 0 0 0

4 0 0 0

5 0 0 0

6 0 0 0

7 0 0 0 C )

A D C v a l u e s

2 0 0 4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0 1 8 0 0

N u m b e r o f E n t r i e s

0

2 0 0 0

4 0 0 0

6 0 0 0

8 0 0 0

1 0 0 0 0

1 2 0 0 0 D )

F i g u r e 3 : P u l s e h e i g h t s p e c t r a f o r G E M 2 ( A , B ) a n d G E M 3 ( C , D ) r e s p e c t i v e l y f o r Δ V_{GEM} = 359.06V. The peak intensities corresponding to (A), (B), (C), (D) are 30 kHz, 253kHz, 25.23 kHz and 357kHz respectively.

The MPV of the ADC spectra at low and high intensities are 124.85 and 122.53 for GEM2 and 240.0 and 227.0 for GEM3 respectively for given sets of high voltage of GEM2 and GEM3. The MPV values of GEM2 differ from GEM3 due to different configurations of the detectors mentioned earlier. We observed that the MPV remains nearly same for both high and low intensity cases for the two detectors. Preamplifier saturation effects as observed in earlier beam tests is no longer present owing to the choice of appropriate v_bf_b values. Further analysis of the data is under process.

References

[1] A.K.Dubey et al., Building and Testing a Large Size Triple GEM Detector, this proceedings.

[2] J.Saini et al., CBM Progress Report 2012, P.N.47.

GSI SCIENTIFIC REPORT 2013 NQM-CBM-35

doi:10.15120 /GR-2014-1-NQM-CBM-35 51

CBM First-level Event Selector Data Management Developments^∗

J. de Cuveland^1, D. Hutter^1, and V. Lindenstruth^1

1FIAS Frankfurt Institute for Advanced Studies, Goethe-Universität Frankfurt am Main, Germany

The First-level Event Selector (FLES) is the central event selection system in the CBM experiment. Its task is to select data for storage based on online analyses including a complete event reconstruction. To do so, the FLES timeslice building has to combine data from all input links to time intervals and distribute them via a high-performance network to the compute nodes. Data rates at this point are expected to exceed 1 TByte/s.

The FLES system consists of a scalable supercomputer with custom FPGA-based input interface cards and a fast event-building network (Fig. 1). Constructed largely from standard components, it will be situated at the new FAIR data center.

Timeslice Building

A timeslice is the fundamental data structure that manages access to all detector raw data of a given time interval. It provides random access to microslices, each containing data from a small amount of time and a single input detector link (Fig. 2). By duplicating a small number of microslices at the border of a timeslice (overlap region), differences in detector readout timing performance can be accomodated, and it is ensured that every timeslice can be processed independently.

These data structures and a timeslice-based API for the following online data processing have been developed and optimized such that computer memory access (e. g., required by additional copy operations) can be minimized.

For data transfer between the FLES nodes, it has proven practical to use an InfiniBand network. A prototype software for efficient timeslice building based on InfiniBand Verbs has been developed, especially addressing questions regarding data structures and buffer management. It implements the full data structures as intended for the final setup. The feasibility of employing a more high-level interface to the network hardware, like MPI, is currently under investigation.

Efficient Timeslice building over a state-of-the-art Infini- Band FDR network has been successfully demonstrated on a small scale on the Micro-FLES cluster installed at GSI.

FLES Interface Board (FLIB)

The CBM detector data enters the FLES system through custom add-on cards in the FLES PCs. These FLES Interface Boards (FLIBs) require high-speed optical inputs to receive the data from the CBM readout electronics, a highperformance interface to the host PC, and a large buffer memory. A specially developed FPGA-based card with a

∗ Work supported by BMBF (05P12RFFCP) and HIC for FAIR

FEB ROC HUB / OPTO

FLIB

Message Streams

Microslice Containers

Data Control Timing

Detector Subsystem FLES DAQ PC Input Node PC Compute Node

Conf iguration/Control

DPB

Figure 1: The First-level event selector (FLES) in the CBM read-out data path.

Timeslice

DESC MC 0

DESC MC 1

CONTENT MC 0

CONTENT MC 1

. . .

Component 0

DESC MC 99

CONTENT MC 99

DESC MC 100

CONTENT MC 100

DESC MC 0

DESC MC 1

CONTENT MC 0

CONTENT MC 1

. . .

Component 1

DESC MC 99

CONTENT MC 99

DESC MC 100

CONTENT MC 100

. . .

DESC MC 101

CONTENT MC 101

DESC MC 102

CONTENT MC 102

Core region Overlap region

Time

Figure 2: The FLES timeslice data structure provides indexed access to detector raw data packaged in microslices.

PCIe interface at the maximum achievable rate will be employed here.

The FPGA design implements the DAQ protocol for receiving the data, manages the buffer memory, and controls the PCIe transfer. In contrast to the final system, early prototype setups lack the DPB layer (cf. Fig. 1) and do not support the creation of microslices. The current prototype firmware therefore includes a mockup of the foreseen DPB design and is capable of directly receiving CBM-Net messages as delivered by the CBM front-end electronics.

The FPGA design has been ported to the Xilinx Kintex- 7 family of FPGAs, as the current standard readout chain for CBM detector development employs a prototype board with this device. The prototype firmware, implemented in a total of 9700 lines of VHDL code, has been completed and successfully tested in a readout setup. In the future, further optimization of the DMA architecture including the software device driver will have to be performed to minimize memory access operations on the host PC.

Both aspects, input interface and timeslice building over Infiniband, have been intergrated in a common data management software project. This allowed to set up and successfully demonstrate the FLES data chain from data generating boards connected to the FLIB optical inputs to substitute analysis code on a FLES compute node after complete timeslice building.

NQM-CBM-36 GSI SCIENTIFIC REPORT 2013

52 doi:10.15120 /GR-2014-1-NQM-CBM-36

Status of the CBMnet based FEE DAQ readout^∗

F. Lemke^1, S. Schatral^{1,2}, and U. Bruening^1

1University of Heidelberg, Mannheim, Germany;^2GSI, Darmstadt, Germany

Front-end read-out status

In the past year, the CBM read-out data acquisition (DAQ) network capabilities based on the CBMnet protocol [1] have been extended. Currently, there are two FEE ASIC implementations which include the CBMnet module blocks. The first is the SPADIC V 1.0 [2] with functioning communication, which is currently in the process of commissioning. The second ASIC is the STS-XYTER [3] which provides twice the data bandwidth in backend direction compared to the SPADIC. Therefore, the CBMnet has been extended to a four-lane core and a lot of improvements were implemented. The functional verification of the digital part has been done with two Spartan6 FPGAs in a long term test running more than 7 days. Hence, the FEE LVDS interconnect [4] has been proven as stable under laboratory conditions. To get more information about the status and error behaviour of the LVDS link in the STS- XYTER, a CBMnet diagnostics core has been developed. With that, it is possible to get information about the link quality, read the status of the link initialization and collect statistics about bit-error rates and retransmissions of the active interconnect. The test setup of the STS-XYTER connected to a SysCore3 with HDMI cables is shown in figure 1. The Syscore3 firmware has been extended and now provides a full deterministic optical link.

Figure 1: STSXYTER read-out setup

HUB ASIC prototype design

Further research has been done concerning the HUB ASIC to provide a hierachical synchronized DAQ network [5]. In addition to controlling the FEEs, the focus was to achieve a high density and enable early multilayered data aggregation capability. Thus, flexible build-up scenarions are possible, which are required due to varying amounts

∗ Work supported by GSI, BMBF FAIR-CBM 05P12VHFCE

of data for different detector parts. The HUB will support up to 40 FEE links (500 Mb/s) and up to 4 back-end links (5 Gb/s). Besides high density, special difficulties include handling and deadlock avoidance for the traffic, radiation tolerance, and the design of a serializer/deserializer (SERDES) capable of 5Gb/s. A collaboration with the Indian Institue of Technology Kharagpur (IITKGP) was initiated to build this SERDES in partly full-custom design. A SERDES structure diagram is presented in figure 2. It depicts handling of the receive and transmit streams, including features such as clock data recovery (CDR) and eye measurement. Currently, a prototype ASIC is being designed with the focus on testing the SERDES and critical HUB functionality. Therefore, a miniASIC submission will be prepared in 2014 with the TSMC 65nm Europractice process.

Figure 2: SERDES blockdiagram for HUB ASIC

References

[1] F. Lemke, S. Schatral, “Design concepts and measurements of the CBM DAQ network”, Deutsche Physikalische Gesellschaft EV (DPG13), Frühjahrstagung, March 4-8, Dresden, Germany, 2013.

[2] M. Krieger, P. Fischer, “Commissioning of the SPADIC 1.0 Amplifier / Digitizer Chip”, CBM Progress Report 2013.

[3] K. Kasinski, R. Szczygiel, “Status of the STS-XYTER, a prototype silicon strip detector readout chip”, CBM Progress Report 2013.

[4] S. Schatral, F. Lemke, U. Bruening, “Design of a deterministic link initialization mechanism for serial LVDS interconnects”, TWEPP 2013 - Topical Workshop on Electronics for Particle Physics, Sept. 23-27, Perugia, Italy, 2013.

[5] F. Lemke, U. Bruening, “A Hierarchical Synchronized Data Acquisition Network for CBM”, IEEE Transactions on Nuclear Science (TNS), Journal Paper, VOL. 60, No. 5, Part II, Oct. 2013.

GSI SCIENTIFIC REPORT 2013 NQM-CBM-37

doi:10.15120 /GR-2014-1-NQM-CBM-37 53

A Monte Carlo feasibility study of the CBM event reconstruction at high interaction rates based on time information.^∗

A. Senger^{†1}, the CBM collaboration^1, and the FAIR@GSI division^1

1GSI, Darmstadt, Germany

A Monte-Carlo simulation was performed in order to study the feasibility of event reconstruction at high interaction rates based on the timing information provided by the Silicon Tracking System (STS). A parameter which could be used for event separation is the reconstructed interaction time T_0. In our study, the resolution of the reconstructed T_0 is determined mostly by the time resolution of the STS which is in the order of 5 ns. We will study the separation of events in time-base simulations using a cut in Δ T_0 for a reaction rate of 10^7/s . We have to take into account two different situations: if Δ T_0 of two different interactions is smaller than the Δ T_0 cut value, there is the possibility to combine reconstructed tracks of particles from two different interactions in one event; If the T_0 reconstruction resolution is greater than Δ T_0 cut value, there is the possibility to divide the reconstructed tracks of particles from the same interaction in two different events. In Figure 1 the relative numbers of combined and divided events are presented as function of the Δ T_0 cut value, the assumed T_0 resolution is 5 ns. It can be seen that with a Δ T_0 cut value of 5 ns for example the number of divided events (red squares) is about 15%, and the number of combined events (black circles) is about 6%. With increasing Δ T_0 cut value the number of divided events decreases dramatically, but the number of combined events increases up to 20% for a Δ T_0 cut value of 20 ns. It is clear, that for event separation at interaction rates as high as 10^7/s an additional cut variable is needed.

Figure 1: Number of combined (black circles) and divided (red squares) events as a function of the Δ T_0 cut value for a resolution of the reconstructed interaction time of 5 ns.

The separation of different events can be improved by

∗ Work supported by GSI. † a.senger@gsi.de

using the information on the different positions of the primary vertices in addition to the reconstructed T_0 values. For the simulation we assume a Gaussian distribution of the beam particles at the target (i.e. of the primary vertices) with a FWHM of 1cm. In figure 2 the distribution of the primary vertices in horizontal (upper plot) and vertical position (lower plot) is shown as function of time. The height and the length of the symbols correspond to a vertex resolution of 100μm and a reconstruction resolution of 20 ns, respectively. It can be seen that the events are clearly separated in space and time for an interaction rate of 10^7/s . Taking into account the position information of the primary vertex it is possible to reduce the number of combined events by up to 2 orders of magnitude.

Figure 2: Primary vertex distribution in horizontal (upper plot) and vertical (lower plot) direction for a Gaussian distribution of the beam particles with FWHM = 1 cm for an interaction rate of 10^7/s as function of time. The symbol size corresponds to a vertex resolution of 100μm, and a resolution of the interaction time of 20 ns.

NQM-CBM-38 GSI SCIENTIFIC REPORT 2013

54 doi:10.15120 /GR-2014-1-NQM-CBM-38

Employing the CBM Micro Vertex Detector for Background Rejection in Dilepton Analyses^∗

E. Krebs^1, T. Galatyuk^2, J. Markert^1, and J. Stroth^{1,3} for the CBM collaboration

1Goethe-Universität, Frankfurt, Germany;^2Technische Universität Darmstadt, Germany;^3GSI Darmstadt, Germany

Low mass electron (muon) pairs are considered to be excellent probes of the processes taking place in the interior of extreme states of matter formed in the collision zone of heavy-ions. However, the reconstructed distribution of of electron pairs contains in addition contributions from mesons decaying after freeze-out and from combinatorial pairs. Single electron or positron tracks from incompletely detected γ-conversions and Dalitz decays of π^0- mesons are the most abundant source contributing to the significant combinatorial background. The excellent position resolution of the Micro-Vertex Detector (MVD) of the CBM experiment and its proximity to the target offers a chance to reject efficiently the close pairs. This holds in particular for the abundant case, in which the magnetic field of CBM bends the low momentum partner out of the CBM acceptance while the high momentum partner contributes to the combinatorial background of the invariant mass spectrum. We tried to improve the reconstruction the low momentum partner by including points from the MVD into the track reconstruction and to reject the pair based on the reconstructed opening angle.

Not Accepted Track Fragment Track Segment Global Track

Tracks [%]

0 10 20 30 40 50 60 70 80^{No Mvd}

2 Mvd 10/20

3 Mvd 5/10/20

4 Mvd 5/10/15/20

5 Mvd 8.5-24.5

Figure 1: Track topology of dielectrons from π^0-Dalitz decays assuming different configurations of the MVD, i.e. no MVD or a MVD featuring different amount of sensor planes, see text.

Emission from a thermal source was assumed to simulate electron pairs from meson decays for Au+Au reactions at SIS-100 and SIS-300 energies. The simulation parameters were chosen such that the meson spectra are consistent with p_T and rapidity distributions measured by NA49 [1]. The pairs simulated with the Pluto[4] event generator are embedded into hadronic final states calculated with UrQMD. Two versions of the hadronic cocktail were used: one cocktail simulates vector meson decay in vacuum, the second one assumes an in-medium modification of the ρ_0.

∗ This work is supported by BMBF (05P12RFFC7), HIC for FAIR, H- QM and GSI.

] c GeV [ reco

p_ep

0 0.5 1 1.5 2 2.5 3

]° [Θ

0

0.5

1

1.5

2

2.5

3

Yield

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 -10 ×

(a) ρ^0 ] c GeV [ reco

p_ep

0 0.5 1 1.5 2 2.5 3

]° [Θ

0

0.5

1

1.5

2

2.5

3

Yield

0

1

2

3

4

5

-10 ×

(b) π^0-Dalitz

Figure 2: Opening angle vs. momentum of an identified electron and its nearest reconstructed track for pairs from (a) ρ^0 decays and (b) π^0-Dalitz decays.

Figure 1 shows the track type of the low momentum partner of an e^+ /e^− -pair from a π^0-Dalitz decay, where the high momentum partner was reconstructed and identified in the RICH. We distinguish track fragments (only individual hits are seen), track segments (also charge and momentum were reconstructed) and global tracks (also particle ID was reconstructed). The number of reconstructed track segments was found to increases substantially with the amount of MVD stations. This comes with draw backs in terms of increasing computing time. In Figure 2, the opening angle between an identified electron and its nearest track segment is correlated to the product of the momenta of these two tracks. A wedge cut can be applied to reduce the background [2] [3]. The additional number of reconstructed low-momentum electrons increases the number of background pairs, which is rejected by this cut. This suggests that the MVD might help to reduce the related background and that this capability is getting more pronounced with an increasing number of MVD-stations.

Further studies are needed to conclude on the optimal number and positions of MVD stations and the optimal magnetic field configuration. The impact of the numerous δ-electrons emitted from the target remains to be taken into account. Finally, the rejection strategy for γ-conversions occurring in the additional MVD stations has to be optimized.

References

[1] C. Alt et al. (NA49 Collaboration), Phys. Rev. C 78, 044907 (2008) [2] T. Galatyuk, PhD Thesis, Goethe-Universität, Frankfurt am Main, (2009) [3] E. Lebedeva, GSI-SR2012-PHN-NQM-EXP-54, (2012)

[4] I. Froehlich et al., arXiv:0708.2382

GSI SCIENTIFIC REPORT 2013 NQM-CBM-39

doi:10.15120 /GR-2014-1-NQM-CBM-39 55

Production of hyperons at FAIR energies

H. Jahan^{∗1}, S. Chattopadhyay^2, P. Senger^3, N. Ahmad^1, and M. Irfan^1

1AMU, Aligarh, India;^2VECC, Kolkata, India;^3GSI, Darmstadt, Germany

One of the main aims of studying relativistic heavy-ion collisions is to investigate the characteristics of nuclear matter under extreme conditions of temperature and energy density. Under high temperature and/or baryon density, nuclear matter is expected to undergo a transition to a state of free quarks and gluons, known as quark-gluon plasma (QGP)[1]. The determination of yields of strange particles is one of the key parameters to study the properties of the matter created in high energy heavy-ion collisions. The relative enhancement of strange and multistrange baryons as well as their ratios in central heavy ion collisions in comparison to those for proton induced interactions have also been suggested as a possible signature for the formation of QGP [2]. In the present work, A Multi- Phase Transport (AMPT) model [3] is employed to study production of strange particles in cental Au+Au collisions at FAIR energies (i.e. E_{Lab} = 5 to 40 AGeV). In order to see whether the hyperon production is sensitive to the degrees-of-freedom in the collision volume, both the string melting (partonic matter) and the default mode (hadronic matter) of the AMPT model have been used for calculating the particle yields.

The results of the calculations are shown as excitation functions of Λ^0 and Λ̄^0 hyperons, Ξ^− and Ξ̄^+ hyperons, and Ω^− and Ω̄^+ hyperons in the upper, center, and lower panel of Fig. 1, respectively. The yields have been calculated in the FAIR energy range for both modes of AMPT, i.e., string melting (partonic) and default (hadronic). In the case of Λ̄^0 hyperons, the yield for hadronic production is one order of magnitude higher than the yield for partonic production at top SIS100 energies (11 A GeV), an effect which is clearly measurable. A similar effect, although smaller in magnitude, is found for Ξ̄^+ hyperons. In contrast, the yields of Ξ^− and Ω^− hyperons for partonic production are well above the yield for hadronic production in the beam SIS100 energy range. The yield of Ω̄^+ hyperons seems not to be sensitive to the production mechanism. However, this result should be checked by a calculation with much better statistics. In conclusion, according to the AMPD code the yields of hyperons and anti-hyperons produced in central Au+Au collisions at FAIR energies exhibit a measurable sensitivity to the degrees-of-freedom in the fireball.

References

[1] S. A. Bass, M. Gyulassy, H. Stöcker and W. Greiner, J. Phys.

G 25, R1 (1999) [arXiv:hep-ph/9810281]

∗ hushnud.jahan@gmail.com

[2] J. Rafelski and B. Müller, Phys. Rev. Lett. 48, 1066(1982); J.

Rafelski, Phys. Rep. 88, 331 (1982);P. Koch, B. Müller and J. Rafelski, Phys. Rep. 142,167 (1986)

[3] B. Zhang C. M. Ko, B. A. Li and Z. W.Lin, Phys. Rev. C 61, 067901 (2000); Z. W. Lin,S. Pal, C. M. Ko, B. A. Li, and B. Zhang, Phys.Rev. C [arXiv:nucl-th/0011059]

Lab E 5 10 15 20 25 30 35 40

Yield

-4 10

-3 10

-2 10

-1 10

1

10

AMPT(parton) 0Λ AMPT(hadron) 0Λ AMPT(parton) 0Λ AMPT(hadron) 0Λ

Lab E 5 10 15 20 25 30 35 40

Yield

-3 10

-2 10

-1 10

1

AMPT(parton) -Ξ AMPT(hadron) -Ξ AMPT(parton) +Ξ AMPT(hadron) +Ξ

LabE

5 10 15 20 25 30 35 40

Yield

-4 10

-3 10

-2 10

AMPT(parton) -Ω AMPT(hadron) -Ω AMPT(parton) -Ω AMPT(hadron) -Ω

Figure 1: Yield of hyperons in central Au+Au collisions as function of beam energy calculated with the AMPT code with string melting (partonic) and without (hadronic). Upper panel: Λ^0 and Λ̄^0 hyperons. Center panel: Ξ^− and Ξ̄^+ hyperons. Lower panel: Ω^− and Ω̄^+ hyperons.

NQM-CBM-40 GSI SCIENTIFIC REPORT 2013

56 doi:10.15120 /GR-2014-1-NQM-CBM-40

Reaction plane reconstruction in the CBM experiment^∗

S. Seddiki^1 and M. Golubeva^2

1GSI, Darmstadt, Germany;^2INR, Russian Academy of Sciences

The determination of the reaction plane in nucleusnucleus collisions is crucial for several measurements, including anisotropic collective flow. In CBM, the reaction plane can be measured by the forward hadronic calorimeter, referred to as the Projectile Spectator Detector (PSD). The Silicon Tracking System (STS) of the experiment, designed to cover a large fraction of the particle phase space, can also provide a complementary measurement. In this work, we investigated the capabilities of these two detectors for reconstructing the reaction plane at FAIR energies.

The simulations were carried for Au+Au collisions in the CBMROOT framework, using the event generator SHIELD, the simulation package GEANT4 and the physics list FTFP BERT. The detector model includes a 250 μm thick Au target, a STS consisting of 8 stations (located between 30 cm and 1 m from the target) embedded inside a dipole magnet and a PSD constituted transversally of 45 modules of 20 × 20 cm^2 . Each module is composed longitudinally of 60 layers with combined Lead absorber and scintillator material. The central one features a cylindrical beam hole (to let beam ions pass) with a diameter of 6 cm.

The azimuthal orientation of the reaction plane has been determined using the event plane method [1]. The flow of emitted particles (used in the method) is exploited directly by measuring the momentum of charged particles in the STS, while the flow of projectile spectators is reflected in the azimuthal distribution of the energy measured in PSD modules. In this study, Monte Carlo tracks with at least 4 hits in STS stations have been used. As the elliptic flow of charged particles is relatively weak at FAIR energies, the results are given using the directed flow of emitted particles (a selection of forward rapidity particles measured by the STS is performed). The reaction plane resolution is defined as the Gaussian width (σ(Ψ_1 − Ψ_{MC} )) of the distribution of the measured 1^{st} harmonic event plane angle (Ψ_1 ) around the true reaction plane angle (Ψ_{MC} ).

At SIS100 energies, the PSD reaction plane resolution is optimal (σ(Ψ_1 − Ψ_{MC} ) ≤ 40^∘ for collision impact parameters below 11 fm) when the detector is located at 8 m from the target (see Fig.1), accordingly at 15 m at SIS300 due to higher Lorentz boosts of spectators.

The integrated magnetic dipole field is of about 1 Tm in the target region at E_{beam} ≥ 10 AGeV, while it is scaled down with beam momentum at lower energies to reduce the induced bias in the PSD event plane calculation. However, a minimal field is required (of about 0.6 Tm) to keep the tracking performance on an acceptable level. A significant degradation of the PSD resolution was only seen for

∗ Work supported by EU-FP7:283286-HP3

Figure 1: PSD reaction plane resolution (1^{st} harmonic event plane) at several distances from the target in Au+Au collisions (impact parameters below 11 fm) at FAIR energies. The Gaussian fits were performed in the range [-80, 80] degrees. The effect of the magnetic dipole field is also shown for E_{beam} ≤ 4 AGeV and a PSD distance of 8 m.

E_{beam} < 4 AGeV e.g. at E_{beam} = 2 AGeV, σ(Ψ_1 − Ψ_{MC} ) increases from 39^∘ to 51^∘ while enhancing the field from 0.26 Tm to 0.63 Tm.

The resolutions obtained with the PSD and the STS can be compared in Fig.2. At FAIR energies, both detectors provide good and complementary performance: σ(Ψ_1 − Ψ_{MC} ) between 30^∘ and 40^∘ .

Figure 2: Reaction plane resolution (1^{st} harmonic event plane) as a function of beam energy. The PSD is located at 8 (15) m from the target at SIS100 (SIS300) energies. The integrated magnetic dipole field is of 0.63 Tm at E_{beam} = 2, 4 and 6 AGeV and 1 Tm at higher energies.

References

[1] A. M. Poskanzer et al., Phys. Rev. C 58 (1998) 1671-1678

GSI SCIENTIFIC REPORT 2013 NQM-CBM-41

doi:10.15120 /GR-2014-1-NQM-CBM-41 57

The di-muon measurements with CBM at SIS100.^∗

A. Senger^{†1}, the CBM collaboration^1, and the FAIR@GSI division^1

1GSI, Darmstadt, Germany

The CBM muon detection system is designed to measure muon pairs from the decay of vector mesons (ρ, ω, ϕ, J/ψ ) produced in heavy-ion collisions. At FAIR energies the muon momenta can be rather low, therefore, we developed a muon detection concept whith a variable definition of absorber thickness according to the muon momentum. The full design of the muon detector system consists of 6 hadron absorber layers (carbon block of thickness 60 cm with lead shielding around the beam pipe and iron plates of thickness 20, 20, 30, 35, 100 cm). The 18 gaseous tracking chambers are located in triplets behind each hadron absorber. The start version of the muon system consists of 4 hadron absorbers and 4 tracking stations. It will be used for measurements of low mass vector mesons at SIS100 energies. In the following we present results of simulations for central Au+Au collisions at a beam energy of 8 A GeV . It turned out that additional information from the time-of-flight system helps to further suppress protons and kaons. This is illustrated in figure 1. which depicts the mass squared of the particles seen by the muon detector as reconstructed from their time-of-flight as function of momentum measured in the Silicon Tracking System. Muons from ω meson decays and background particles are shown in the left and in the right panel, respectively.

Figure 1: Mass squared of particles in the muon detector as reconstructed by their time-of-flight as function of momentum measured in the Silicon Tracking System. Left panel: muons from ω decays. Right panel: background particles.

The final invariant mass distributions of the remaining background and of low-mass vector mesons is shown in the left panel of figure 2, whereas the resulting signal-to-background ratio is shown in the right panel. The reconstruction efficiencies for mesons are 0.75% for ρ, 0.78% for ω , and 1.1% for ϕ.

∗ Work supported by GSI. † a.senger@gsi.de

Figure 2: Left picture: Invariant mass spectrum of low mass vector mesons for 8 AGeV central Au+Au collisions. Black line - combinatorial background, red - ρ, green - ω , yellow - ϕ, magenta - η, blue - ω Dalitz, light blue - η Dalitz. Right picture: Signal-to-background ratio.

The measurement of J/ψ mesons at 10 A GeV will be an exciting experiment at SIS100 because it will provide information on the process of charm production at energies close to the threshold, in this case even below threshold. According to the HSD transport code [1], in central Au + Au collisions at 10 A GeV the dilepton yield per event is 1.04 × 10^{− 8} for J/ψ mesons. We performed J/ψ simulations in central Au + Au collisions at 10 AGeV using full muon system. The invariant mass distribution of background and signal is shown in Figure 3. The signal-to-background ratio is 0.13, and the J/ψ reconstruction efficiency is 0.2%.

Figure 3: Reconstructed invariant mass distribution of muon pairs for central Au+Au collisions at 10 A GeV. Red histogram: J/ψ meson, black histigram: combinatorial background, blue histogram: background + J/ψ meson.

References

[1] O. Linnyk et al., Nucl. Phys. A 786 (2007) 18

NQM-CBM-42 GSI SCIENTIFIC REPORT 2013

58 doi:10.15120 /GR-2014-1-NQM-CBM-42

Constraining the nuclear matter equation of state around twice saturation density^∗

A. Le Fèvre^{†1}, Y. Leifels^1, W. Reisdorf^1, J. Aichelin^2, Ch. Hartnack^2, and N. Herrmann^3

1GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany;^2SUBATECH, Université de Nantes, IN2P3/CNRS;^3Physikalisches Institut der Universität Heidelberg, Heidelberg, Germany

Heavy ion collisions at intermediate energies as a tool to constrain the properties of the nuclear equation of state EOS is object of intense experimental and theoretical efforts since several decades [3]. During a heavy ion reaction the colliding system reaches densities larger than the nuclear saturation density. The nuclear EOS determines the densities reached during the collisions as well as the forces which are driving the colliding matter apart.

The FOPI Collaboration has measured the excitation function of ’elliptic flow’ between 0.09 to 1.5 A.GeV [1]. Elliptic flow, denoted by v_2(p_t , y ) = < cos (2Φ)) > , where Φ is the azimuthal angle with respect to the reaction plane, is shown in the left panel of Fig. 1. The data is compared to predictions of the IQMD transport model [2] using various phenomenological EOS’s: HM (’stiff momentum dependent’), SM (’soft momentum dependent’), with compression moduli at ground state density K_0 = 380 MeV and K_0 = 200 MeV. The data is best described by using a ’soft’ EOS. In order, to account for the complete shape of v_2(y_0) a new observable is introduced v_{2n} = |v_{20} | + |v_{22} |, v_{20} and v_{22} result from a fit to v_2(y_0) using the function v_2(y_0) = v_{20} + v_{22} y^2_0. Model predictions for the quantity v_{2n} (E_{beam} ) for different EOS are shown together with FOPI data in the right panel of Fig. 1. The predictions vary by a factor ≈ 1.6 which is far above the measured uncertainty (≈ 1.1), the comparison clearly favors a ’soft’ EOS. This is valid not only for protons but for all light charged particles (A ≤ 4 ).

In order to characterize which ’typical’ densities where probed during the collisions we have determined within the same transport model at which times in the course of the collision and which conditions influence the most the development of the proton elliptic flow. The model predicts elliptic flow develops its final shape quite early, just after projectile and target have passed, and that its strength and shape – i.e. v_2 as function of the rapidity – are mostly influenced by the force of the mean field. Therefore, in this scope, the ’typical’ density of the ’measured’ EOS can be built from the mean value weighted by this force up to the passing time. It is depicted in Fig. 2 as a function of the bombarding energy in the Au+Au system at b=3 fm. It shows that the density range, relevant to the EOS evidenced by the FOPI Collaboration, spans in the range ρ = (1 .25 − 2.0)ρ_0.

∗ Supported by the IN2P3-GSI agreement contract number 13-70. † a.lefevre@gsi.de

-0.05

0

0.05

0.1

-0.5 0 0.5 Y^{(0)} v_2

protons

u_{t0}>0.4

HM SM 0

0.1

0.2

0.3

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 beam energy (AGeV) v_{2n}

Figure 1: Left: Proton elliptic flow data for Au+Au collisions at 1.2A GeV as a function of the rapidity − v_2(y_0), and IQMD-SM/HM simulations. See [1] for further explanations. Right: Experimental data of the shape parameter v_{2n} for protons as a function of beam energy for semicentral Au+Au collisions.

Figure 2: Mean value of the reduced density, computed up to the passing time, weighted by the force of the mean field seen by the participant protons, as a function of the incident energy as predicted by IQMD in Au+Au collisions at b=3 fm, for various EOS’s. The error bars are the standard deviations. The blue symbols refer to the SM EOS: the circles depict the instantaneous maximum value of the force-weighted density reached over all times. The triangle is the same, restricted to the central compression zone.

References

[1] W. Reisdorf, et al. (FOPI Collaboration), Nucl. Phys. A 876 (2012) 1.

[2] J. Aichelin, Phys. Rep. 202 (1991) 233. and C. Hartnack, et al., Eur. Phys. J. A 1 (1998) 151.

[3] P. Danielewicz, R. Lacey, W. G. Lynch, Science 298 (2002) 1592.

GSI SCIENTIFIC REPORT 2013 NQM-FOPI-01

doi:10.15120 /GR-2014-1-NQM-FOPI-01 59

Differences in population of the phase space for K^± -mesons produced in π-induced reactions with heavy and light targets.^∗

V. Zinyuk^{†1}, N. Herrmann^{1,2}, and the FOPI Collaboration^1

1Physikalisches Institut, Universität Heidelberg, Germany;^2GSI, Darmstadt, Germany

In hot and dense baryonic matter, several non-trivial inmedium effects such as partial restoration of chiral symmetry, the modification of baryon-meson couplings, and the nuclear potentials are expected. As a result the properties of hadrons (e.g. mass, width, dispersion relation) may change. For K-mesons these changes are parametrized as a density dependent mean field KN ( K̄N )-potential, repelling(attracting) the kaons(anti-kaons) toward nucleons [1]. In pion-induced reactions these potentials can be studied at normal nuclear matter density.

The FOPI Collaboration in cooperation with the GEM- TPC Collaboration has recorded about 4M π^− +^{208} P b collisions and 3M π^− +^{12} C collisions in the S339 experiment. After background subtraction about 16000 K^+ - and about 450 K^− -candidates produced in C target, 19000 K^+ - and about 230 K^− -candidates in Pb target could be identified. Both K^+ - and K^− -mesons could be measured down to p_K = 0 .1GeV/c disclosing the most sensitive phase space region for KN (K̄N )-potential investigation.

To see a possible influence from nuclear potentials we evaluate the momentum distributions of K-mesons. The momentum distribution of K^+ -mesons produced in Pb-target ((dN/dp )_{P b} ) should be shifted to higher momenta with respect to the one of K^+ -mesons from the C-target((dN/dp )_C ) due the stronger repulsion felt by the K^+ -mesons emitted from the heavier nucleus.. The ‘momentum ratio’ R((dσ/dp )_{P b} / (dσ/dp )_C ) (normalized to the geometrical cross section) is expected to undergo a maximum. Fig.1 (upper panel) shows the result for K^+ - mesons from the recent data sample. This measurement is in qualitative agreement with the previous results by the FOPI Collaboration ( K^0_S measurement [2]) and ANKE collaborations (K^+ measurement [3]) showing a maximum around p_K + = 0 .25GeV/c and confirming the expected behavior for the repulsion scenario. However we do not observe the strong decrease, as seen bei ANKE, at smaller momenta, possibly due to different intermediate states.

Since K^− are attracted to nucleons, the ‘momentum ratio’ would have the largest value at smallest momentum and decrease with increasing momenta. Fig. 1 (lower panel) reveals that K^− -mesons show a nearly constant ratio, which might be due to the strong absorption in nuclear matter. The observed K^− -mesons are emitted from the surface of the target nuclei, do not feel the K̄N -potential within the nucleus, and therefore have the same phase space distribution in both targets. The beam momentum of 1.7 GeV/c allows

∗ Work supported by BMBF 05P12VHFC7. † v.zinyuk@gsi.de

the direct production of K^+ K^− -pairs and hence also the production of intermediate ϕ-mesons decaying to K^+ K^− (48.9 % BR ). Currently it is not clear to which extent the observed K^− -mesons originate from ϕ-meson decays.

Figure 1: The ‘momentum ratio’ ofK^+ (upper panel) and K^− (lower panel). See text for details.

To obtain a consistent description of strangeness, especially K^− , in nuclear matter we intend to evaluate further particles connected to K-mesons by production/absorption. In the further analysis steps phase space distributions of particles like K^0 - mesons, ϕ-mesons and Λ -baryons produced in light and heavy systems will be evaluated.

References

[1] C. Fuchs, Prog. Part. Nuclear Phys. 56, 1 (2006). [2] M. L. Benabderrahmane et al. , Phys. Rev. Lett. 102, (2009) 182501.

[3] M. Bueschner et al. , Eur. Phys. J. A 22, 301 (2004).

NQM-FOPI-02 GSI SCIENTIFIC REPORT 2013

60 doi:10.15120 /GR-2014-1-NQM-FOPI-02

Status of the pk Λ Analysis in pp Collisions with the FOPI Spectrometer^∗

R. Münzer^1, L. Fabbietti^1, and M. Berger^1 for the FOPI Collaboration

1Excellence Cluster ’Origin and Structure of the Universe’ , Physik Department E12, Technische Universität München, 85748 Garching The investigation of the kaon-nucleon interaction has been intensified in the last years due to new results on Λ (1405) and indications on the existence of the ppK^− bound state [1]. The possible creation of the ppK^− state has been investigated with the FOPI spectrometer at GSI in proton-proton-collisions at 3.1 GeV beam energy. According to theoretical predictions, this reaction and beam energy favor the formation of the ppK^− [2].

A silicon detector system was placed close to the target in the FOPI setup. It was constructed and employed to improve the vertex determination, and it is used as an on-line trigger for the selection of Λ hyperons. This trigger system allows an enhancement of events containing a Λ -hyperon of a factor 14.1 ± 7.9(stat )^{+4 .3}

− 0.5 with respect to the stan-

dard multiplicity trigger (LVL1)[3]. About 70 ·10^6 events have been collected with the second level trigger selection.

The exclusive events p+p→ p K^+ Λ are extracted in several selection steps. First kaon and Λ candidates are selected. Then follows the major step of the event selection which is to require energy and momentum conservation. It consists in the application of a kinematic refit based on energy and momentum conservation constraints. The remaining background due to misidentified kaons is subtracted by applying a sideband analysis technique. Finally a sample of ≈ 900 exclusive events of the reaction p+p → p K^+ Λ were extracted. The background originating from the reaction p+p → p K^+ Σ( → γ + Λ) is determined to be 1/14 of the total yield. [4]

0 20 40 60 80

2.1 2.2 2.3 2.4 2.5 2.6 2.7 M_{inv} (Λ p) (GeVc^{-2}) counts normalized

Figure 1: Spectrum of the invariant mass p,Λ .

In Fig. 1 the invariant mass spectrum of p,Λ is shown after the background subtraction. The red marked area covers the mass region in which a signal for the ppK^− is be expected.

Since no clear signal is visible only a determination of an upper limit for the ppK^− state possible. For this determination an adequate description of the background is needed.

∗ Work supported by VH-NG-330

The best description was obtained using the Bonn Gatchina Partial Wave Analysis framework. In this fitting procedure different contributions are considered, like the direct production of p K^+ Λ and the production via an intermediate N^{∗,+} resonance, including the interference between different transition waves with the same quantum numbers.

0 20 40 60 80

2.1 2.2 2.3 2.4 2.5 2.6 2.7 M_{inv} (Λ p) (GeVc^{-2}) counts normalized

Figure 2: Spectrum of the invariant mass p,Λ . The different colored line show the 5 best fitting solution of the BG-PWA.

A systematic study was performed using this BG-PWA package. In this study different combinations of N^{∗,+} were included. In figure 2 the invariant mass of p and Λ is shown (black dots). The colored lines show the distribution of the five solutions which fit best to the experimental data. From these results a clear trend for the contributing processes was obtained. The production has a dominant contribution of channels with an intermediate N^{∗,+} resonance. Especially, the N^{∗,+} (1710) contributes with 40-50%. Also the N^{∗,+} (1900) adds 10% to the production within all five best solutions.

Since the BG-PWA reproduces the experimental data rather well (χ^2≈ 1.2), an accurate determination of the upper limit for the ppK^− production could be possible. This will be performed in the near future for different mass and width hypothesis of the ppK^− .

References

[1] G. Agakishiev et al.,arXiv:1208.0205

[2] T. Yamazaki and A. Akaishi, Phys.Rev.C 76(2007)045201

[3] SiΛ ViO - A Trigger for Λ -Hyperons - arXiv:1307.7470v1

[4] R.Muenzer - PhD Thesis - TU München 2014

GSI SCIENTIFIC REPORT 2013 NQM-FOPI-03

doi:10.15120 /GR-2014-1-NQM-FOPI-03 61

Cluster Error of the FOPI TPC^∗

M. Berger^1 and the GEM-TPC Collaboration^{1,2,3,4,5}

1Physik Department E12, Technische Universität München and Excellence Cluster ’Origin and Structure of the Universe;^2GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany;^3Helmholtz-Institut für Strahlen- und Kernphysik, Bonn, Germany;^4Universität Heidelberg, Heidelberg, Germany;^5Stefan Meyer Institut für Subatomare Physik, Wien, Austria

In past experiments, Time Projection Chambers (TPCs) have been equipped with a gating structure to prevent the migration of avalanche ions created during gas amplification – traditionally realized with Multi Wire Proportional Chambers (MWPCs) – in order to maintain drift field homogeneity. This, however, limited the application of TPCs to experiments with trigger rates smaller than O(10^3 Hz). To overcome this limitation a TPC with GEM (Gas Electron Multiplier) foils [1] exploiting their intrinsic ion backflow suppression, has been built [2]. This GEM-TPC has a drift length of 728 mm, an inner radius of 50 mm and an outer radius of 155 mm. For the readout a padplane with hexagonal shaped pads with 1.5 mm radius was used.

For tests with cosmic tracks and different heavy ion beams as well as for a physics experiment with an pion beam the GEM-TPC was employed inside the FOPI spectrometer [3].

To reduce the data rate and to introduce the possibility of an early noise suppression, pad hits are collected in entities called clusters which are defined by an amplitude, a position and a corresponding error. This is done by a full 3D local minima search which is independent of the pad shape or pad plane geometry. The clusters are then passed to the pattern recognition algorithm performing track finding employing a conformal mapping method [4]. Finally, a track can be fitted to these clusters. For this the Kalman Filter implementation provided by the GENFIT [5] framework is used.

For track fitting it is mandatory to have a precise knowledge of the error on the cluster position. By calculating the error for the three spacial directions without taking correlations between them into account one introduces strong dependencies of the track topology. This dependency can be seen in Fig. 1 where the RMS of the cluster error distribution in X direction is plotted for tracks with different azimuth angles but fixed polar angles as a function of the drift length. In this case the error is calculated by: V ar_i =^1_{ACl} ·Σ A_{Padhit} ·(X_{Padhit,i} − X_{Cluster,i})^2,

and σ_i =

�_{V ar i}

A_{Cl} .

To eliminate these dependencies a different way to calculate the cluster position errors was introduced. The errors are calculated by first creating the shape matrix: M =^1_{ACluster} Σ A_{Padhit} · (X_{Padhit} − X_{Cluster}) ⊗ (X_{Padhit} − X_{Cluster}).

∗ Work supported by BMBF

Figure 1: RMS of the standard cluster error distribution for different track topologies (see text) as a function of the drift length.

Figure 2: RMS of the matrix cluster error distribution for different track topologies (see text) as a function of the drift length.

This matrix can be seen as an ellipsoid with its three main axes representing the cluster position error. The eigenvectors of the shape matrix describe the direction of the error and the eigenvalues the magnitude. This way, the correlations between the three spacial coordinates can be taken into account. Figure 2 shows the RMS of the magnitude distribution of the first eigenvalue. One can see that the influence of the track topology can now be completely neglected.

References

[1] F. Sauli, NIM A, 386 (1997), 531 [2] L. Fabbietti et al., NIM A, 628 (2011), 204-208 [3] K. Hildenbrand, GSI Nachr. 91-02, 6 (1992) [4] J. Rauch, Journal of Physics: Conference Series 396 (2012) 022042.

[5] C. Höppner et al., NIM A 620 (2010) 518.

NQM-FOPI-04 GSI SCIENTIFIC REPORT 2013

62 doi:10.15120 /GR-2014-1-NQM-FOPI-04

Discharge probability studies with GEM detectors^∗

P. Gasik^{†1,2}, M. Ball^{1,3}, L. Fabbietti^{1,2}, B. Ketzer^{1,3‡} , J. Margutti^{1,2}, A. Mathis^{1,2}, and S. Weber^{1,2}

1TU München, Excellence Cluster ‘Origin and Structure of the Universe‘, Boltzmannstr. 2, 85748 Garching, Germany;

2TU München, Physik Department E12, James-Franck-Str. 1, 85748 Garching, Germany;^3TU München, Physik Department E18, James-Franck-Str. 1, 85748 Garching, Germany

GEM (Gas Electron Multiplier) [1] foils are commonly known structures used as proportional counters, which permits to obtain high gains at very high radiation rates. However, highly ionizing particles, which may be produced during heavy ion collisions, may trigger an electrical breakdown which may result in damage of the foils or readout electronics. The key parameter for a long-term operation of the GEM-based detectors for high-intensity beams is the stability against electrical discharges. We have successfully started a dedicated discharge probability studies with multi GEM structures in various gas mixtures to find operational conditions for these type of detectors.

The scheme of experimental setup used for discharge probability studies is shown in Fig. 1. The detector housing contains a GEM stack positioned between a drift cathode and a read-out anode. It is equipped with HV feedthroughs for up to 4 GEM foils. The cathode is made out of a PCB covered with copper layer on one side, where the high potential is applied. Charged particles traversing active area of the detector are ionising gas creating electron-ion pairs. Electrons from the primary ionisation are drifting towards the GEM stack, where the charge amplification occurs. High voltage is applied to the GEM stack via a resistor chain which specifies potential differences across each GEM foil and the values of transfer (E_{T1} , E_{T2} ) and induction (E_{IND} ) fields. After the amplification process a signal is induced on a single-pad anode plate and then can be processed in different ways, indicated by different readout branches in Fig. 1. Branch a) is for energy spectra and rate measurements. The information about the rate of the primary ionisation together with measurement of the current induced at the anode (branch b) is used to calculate the effective gain of the detector. Branch c) processes raw signals induced on the readout anode and is used to determine number of discharges which occur during the detector operation. The principle of operation is based on fact that signals induced by sparks are by orders of magnitude higher than signals induced by the primary ionisation.

The discharge probability is defined as a ratio of number of detected discharges over the total number of particles irradiating the detector. For our studies the detector is irradiated with highly ionising, 5.59 MeV α particles emitted with a rate of ∼ 0.5 Hz from gaseous^{222} Rn source randomly distributed within active area of the detector.

So far, the only comprehensive discharge studies in the

∗ Work supported by BMBF † p.gasik@tum.de ‡ Present affiliation: HISKP, Nussallee 14-16, 53115 Bonn, Germany

Figure 1: Experimental setup.

Gas Electron Multiplier were reported in [2] and concerns mainly Ar-based gas mixtures. With our setup we performed a set of measurements in a quencher-rich mixture Ar-CO_2 (70-30). Preliminary results are shown in Fig. 2 for a triple GEM irradiated, at high gains of O(10^4-10^5), and compared with data from [2] obtained with the same gas mixture under similar conditions. Our results are in good agreement with the published data.

Figure 2: Discharge probability in Ar-CO_2 (70-30).

After the successful commissioning of the setup we are planning a long campaign of discharge probability studies involving measurements in various gas mixtures, employing multi-GEM structures (triple, quadruple), using standard as well as exotic GEM geometries.

References

[1] F. Sauli, NIM A386 (1997) 531 [2] S. Bachmann et al. , NIM A479 (2002) 294

GSI SCIENTIFIC REPORT 2013 NQM-FOPI-05

doi:10.15120 /GR-2014-1-NQM-FOPI-05 63

Ion backflow studies with a triple GEM detector^∗

M. Ball^{†1,3}, J. Bloemer^{1,3}, K. Eckstein^{1,3}, L. Fabbietti^{1,2}, P. Gasik^{1,2}, D. Heuchel^{1,3}, A. Hoenle^{1,3}, B. Ketzer^{‡1,3}, J. Margutti^{1,2}, and A. Mathis^{1,2}

1Technische Universität München, Germany;^1TU München, Excellence Cluster ‘Origin and Structure of the Universe‘, Boltzmannstr. 2, 85748 Garching, Germany;^2TU München, Physik Department E12, James-Franck-Str. 1, 85748 Garching, Germany;^3TU München, Physik Department E18, James-Franck-Str. 1, 85748 Garching, Germany

Time Projection Chambers (TPCs) are usually equipped with a gating structure to prevent the migration of avalanche ions created during gas amplification – traditionally realized with Multi Wire Proportional Chambers (MWPCs) – in order to maintain drift field homogeneity. This, however, limits the application of TPCs to experiments with trigger rates smaller than O(10^3 Hz). To overcome this important limitation introduced by gating techniques, one has to find other means of ion suppression. One promising alternative is to employ a TPC with Gas Electron Multiplier (GEM) [1] instead of MWPC. A first GEM TPC prototype [2, 3] has been succesfully built and operated in FOPI at the GSI, Darmstadt.

For a GEM-TPC in a high rate environment it is mandatory to minimize the ion backflow (IB) as a prerequisite for minimal space charge distortions that allows the maintainance of the excellent TPC performance. The GEM technology has been established in the last decade as a robust and well proven amplification technique for gaseous detectors with an excellent detector performance. The usage of GEM detectors in a high rate TPC, however, is new with regard to several aspects. Many conflicting requirements such as a low ion backflow, good point and energy resolution, low discharge probability as well as stable long term behavior have to be optimized. The challenge is not to find an optimal working point for only one of these parameters, but to define a working point that satifies all requirements within an acceptable limit. In the following only results on ion backflow will be shown. For studies concerning the discharge probability I refer to [4].

Our setup consists of a triple GEM setup. We are using 10× 10 cm^2 GEM foils with a pitch of 140 μm, an outer hole diameter of 70 μm, and an inner hole diameter of 50 μm. The effective gain of the system has been kept at 2000 for all measurement. As gas we were using Ne-CO_2-N_2 in the ratio 90-10-5. Neon is advantageous over argon as it has an ion mobility that is 2.5 times higher. As the space charge density is anti-proportional to the ion drift velocity, the higher ion mobility results in a lower space charge density. Figure 1 shows the ion backflow as a function of the first transfer field E_{T1} for several values of the second transfer field E_{T2} . A clear decrease of the ion backflow as

∗ Work supported by BMBF, EU † markus.ball@tum.de ‡ Present affiliation HISKP, Bonn, Germany

Figure 1: Ion backflow in a triple GEM detector as a function of E_{T1} for several values of E_{T2} .

a function of E_{T1} is visible due to the higher extraction of electrons out of GEM1 and higher ion blocking efficiency of GEM1 top and bottom electrode. The minimal IBvalue achieved is about 3 % for an E_{T1} of 5.5 kV/cm and an E_{T2} of 0.2 kV/cm. For a gain of about 2000 this results in a number of back-drifting electrons coming from the amplification system (ε) of about 60 per incoming ion. Present high rate experiments require a much smaller number that is in the order of ε ∼ 20. Future R&D activities will investigate quadruple GEM systems, which is a very promising solution including alternative GEM geometries such as large and small pitch foils. Furthermore Cobra GEMs or a combination of two GEMs and a Micromega might be an interesting options.

References

[1] F. Sauli, “GEM: A new concept for electron amplification in gas detectors” , Nucl. Instr. and Meth. A, 386 (1997), p. 531

[2] L. Fabbietti et al., “The PANDA GEM-based TPC prototype”, Nucl. Instr. and Meth. A, 628 (2011), pp. 204-208

[3] M. Ball et al., “Technical Design Study for the PANDA Time Projection Chamber” , arXiv:1207.0013 (2012)

[4] P. Gasik et al., “Discharge probability studies with GEM dtectors”, GSI Scientific Report (2014)

NQM-FOPI-06 GSI SCIENTIFIC REPORT 2013

64 doi:10.15120 /GR-2014-1-NQM-FOPI-06

Performance of the ALICE Experiment during the LHC Run 1

D. Miśkowiec^1 for the ALICE Collaboration

1Research Division and EMMI, GSI Darmstadt, Germany

ALICE (A Large Ion Collider Experiment) is a major experiment at the CERN Large Hadron Collider (LHC), built for studies of QCD matter created in high-energy collisions between lead nuclei. ALICE took data for all the collision systems and energies offered by the LHC in its Run 1 (2009-2013) (Table 1) and published ∼ 70 physics articles [1]. The ongoing LHC shutdown provides an opportunity to assess the performance of the experiment [2].

Table 1: Data sets recorded by ALICE in 2009–2013. The quoted statistics is that of minimum-bias and centralitytriggered events before the quality cuts. system √ s_{NN} recorded statistics pp 0.9 TeV 9 × 10^6 events pp 2.76 TeV 100 × 10^6 events pp 7-8 TeV 1.4 × 10^9 events Pb–Pb 2.76 TeV 100 × 10^6 events p–Pb 5.02 TeV 140 × 10^6 events

The ALICE group at GSI is strongly involved in two major detectors of the central barrel, the Time Projection Chamber (TPC) and the Transition Radiation Detector (TRD). These two large-volume gas-drift detectors require care during data taking and a sophisticated calibration. The tracking performance of the TPC was as expected; the particle identification power even exceeded the expectations. Figure 1 illustrates the latter by showing the identification of anti-alpha particles, first such measurement at the LHC and contemporaneous with the analogous RHIC result.

The response of the TRD detector is shown in Fig. 2. Measurements performed in ALICE with electrons, pions,

Figure 1: Particle identification in the TPC. The inset plot shows the additional separation between^3He and^4He for tracks with p/Z> 2.3 GeV/c provided by TOF.

γβ 1 10^210^310^410 most probable TRD signal (a.u.)

0

0.5

1

1.5

2

2.5 [85-15]) 2 ALICE TRD (Xe-CO

, e, dE/dx (test beam) π , e, dE/dx+TR (test beam) π =7 TeV) s , e (pp πp, , dE/dx (cosmic rays) μ , dE/dx+TR (cosmic rays) μ fit, ALEPH parametrization fit, ALEPH param. + logistic f.

TR

Figure 2: The TRD signal as a function of βγ .

and protons from pp collisions, as well as with cosmic muons, agree with the results from the chamber tests done with electron and pion beams. The lower branch represents the chamber signal without the contribution of the transition radiation, measured during the chamber tests by removing the radiator and in the ALICE setup by selecting those cosmic muons that entered the detector from outside.

Table 2 compares the observed performance with the expectations. An extensive performance report is in Ref. [2].

Table 2: The expected [3] and achieved [2] performance of the ALICE detectors for selected observables. parameter expected achieved event vertex resolution with ITS–TPC tracks trans. vertex resol. at dN_{ch} / dη = 5 85 μm 97 μm trans. vertex resol. at dN_{ch} / dη = 25 35 μm 32 μm DCA resolution of ITS–TPC tracks in central Pb–Pb coll. trans. DCA resol. at p_T = 0 .3 GeV /c 200 μm 200 μm trans. DCA resol. at p_T = 20 GeV /c 15 μm 15 μm barrel p_T resolution Δ p_T /p_T ITS–TPC p_T = 10 GeV /c 1–2% 1.5% Δ p_T /p_T ITS–TPC p_T = 30 GeV /c 2–3% 2.5% barrel particle identification TPC dE/ dx resol. in pp 5.4% 5.2% TPC dE/ dx resol. in central Pb–Pb 6.8% 6.5% TOF resolution 80 ps 80 ps

References

[1] http://aliceinfo.cern.ch/ArtSubmission/ publications [2] ALICE Collaboration, arXiv:1402.4476 [nucl-ex] [3] ALICE Collaboration, J. Phys. G 32 , 1295 (2006)

GSI SCIENTIFIC REPORT 2013 NQM-ALICE-01

doi:10.15120 /GR-2014-1-NQM-ALICE-01 65

Multiplicity dependence of the average transverse momentum in pp, p–Pb, and Pb-Pb collisions at the LHC^∗

A. Andronic^1, J. Gronefeld^{1,2}, M.L. Knichel^1, P. L üttig^3, M. Marquard^3, D. Mi´ skowiec^1, J. Otwinowski^1, K. Schweda^1 for the ALICE Collaboration

1EMMI & GSI Darmstadt;^2Technische Universität Darmstadt;^3Universität Frankfurt One of the key ways of investigating particle production in high-energy hadron collisions is to measure the relationship between the number, or multiplicity, of particles produced and their momentum transverse to the direction of the colliding beams. The results cast light on processes ranging from the interactions of individual partons (quarks and gluons) to the collective motion of hot, dense matter containing hundreds of partons. We have investigated, using data collected with ALICE in proton-proton (pp), proton-lead (p–Pb) and lead-lead collisions (Pb–Pb) at the LHC, the first moment, ⟨p_T ⟩, of the charged-particle transverse momentum spectrum and its correlation with the charged-particle multiplicity N_{ch} [1].

chN 0 20 40 60 80 100

)c (GeV/

〉_Tp〈

0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85

0.9 ALICE, charged particles c <10.0 GeV/ Tp |<0.3, 0.15< η|

= 7 TeV s pp = 5.02 TeV NNs p-Pb = 2.76 TeV NNs Pb-Pb

Figure 1: Average transverse momentum ⟨p_T ⟩ versus charged-particle multiplicity N_{ch} in pp, p–Pb, and Pb–Pb collisions for |η| < 0.3. The boxes represent the systematic uncertainties on ⟨p_T ⟩. The statistical errors are negligible.

Figure 1 shows the average transverse momentum ⟨p_T ⟩ of charged particles versus the charged-particle multiplicity N_{ch} measured in pp collisions at √ s = 7 TeV, in p–Pb collisions at √ s_{NN} = 5.02 TeV, and in Pb–Pb collisions at √ s_{NN} = 2.76 TeV. We note that the same N_{ch} value corresponds to a very different collision regime in the three systems. The p–Pb data exhibit features of both pp and Pb–Pb collisions, at low and high multiplicities, respectively. The saturation trend of ⟨p_T ⟩ versus N_{ch} is less pronounced in p–Pb than in Pb–Pb collisions and leads to a much higher value of ⟨p_T ⟩ at high multiplicities than in Pb–Pb.

∗ Work supported by GSI, BMBF, Helmholtz Alliance HA216/EMMI, H-QM, and HGS-HIRe

0 20 40 60 80 100

)c (GeV/

〉_Tp〈

0.5 0.6 0.7 0.8 0.9 1 Data

PYTHIA 8, tune 4C

without CR with CR

ALICE, charged particles c <10.0 GeV/ Tp |<0.3, 0.15< η| = 7 TeV s pp

0 20 40 60 80 100

)c (GeV/

〉_Tp〈

0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85

Data

EPOS DPMJET HIJING AMPT Glauber MC

= 5.02 TeV NNs p-Pb

chN 0 20 40 60 80 10 0

)c (GeV/

〉_Tp〈

0.45 0.5 0.55 0.6 0.65 0.7

= 2.76 TeV NNs Pb-Pb

Data

Figure 2: Average transverse momentum ⟨p_T ⟩as a function of charged-particle multiplicity N_{ch} measured in pp (upper panel), p–Pb (middle panel), and Pb–Pb (lower panel) collisions in comparison to model calculations.

Figure 2 shows a comparison of the data to model predictions (see references in [1]). The strong correlation of ⟨p_T ⟩ with N_{ch} is reproduced in the PYTHIA event generator with the mechanism of color reconnections between hadronizing strings. This can be interpreted as a collective final-state effect, in which strings from independent parton interactions do not independently produce hadrons, but fuse prior to hadronization. This leads to fewer, but more energetic, hadrons. The EPOS model, which implements collective behavior in pp collisions, also describes the pp data. Remarkably, also p–Pb collisions are well described, while for Pb–Pb collisions there is a significant discrepancy between model and data. A Glauber Monte Carlo model for p–Pb and Pb-Pb collisions, with inputs from pp data, fails to describe the data. These data are an essential input to improve our understanding of particle production as well as the role of initial and final state effects in these systems.

References

[1] ALICE Collaboration, B. B. Abelev et al., Phys. Lett. B727, 371 (2013).

NQM-ALICE-02 GSI SCIENTIFIC REPORT 2013

66 doi:10.15120 /GR-2014-1-NQM-ALICE-02

Nuclear Modification Factor and Centrality Determination in p-Pb Collisions at ALICE^∗

A. Andronic^1, J. Gronefeld^{1,2}, M.L. Knichel^1, P. L üttig^3, J. Otwinowski^1 for the ALICE Collaboration

1EMMI & GSI Darmstadt;^2Technische Universität Darmstadt;^3Universität Frankfurt

In the ALICE detector at the LHC the physics of the Quark-Gluon-Plasma is investigated, in collisions of lead nuclei. In those collisions not only the created medium but also cold nuclear matter could play a role. The influence of this is investigated by using proton-lead (p–Pb) collisions and calculating the nuclear modification factor R_{pPb} , which is defined as:

R_{pPb} (p_T ) = 1 ⟨T_{pPb} ⟩ d^2N^{pP b}_{ch} /dηdp_T d^2σ^{pp}_{ch} /dηdp_T (1) In this formula N^{pP b}_{ch} represents the multiplicity of charged particles in pPb collisions while σ^{pp}_{ch} describes the cross section in proton-proton (pp) collisions. T_{pPb} is the nuclear overlap function calculated with Glauber Monte Carlo. In case of minimum bias (MB) collisions, the nuclear overlap function is T_{pPb} = 0 .0983 ± 0.0035 mb^{− 1}. In Fig. 1 the measurement of R_{pPb} at |η_{cms} | < 0.3 is compared to shadowing calculations [2] and to predictions in a framework combining leading order (LO) pQCD and cold nuclear matter effects [3]. The predictions for shadowing, performed at NLO with the EPS09s Parton Distribution Functions and DSS fragmentation functions, describe the data very well (the calculations are for π^0), while the LO pQCD model exhibits a trend of decreasing R_{pPb} , which is not supported by the data.

)c (GeV/ Tp 0 10 20 30 40 50

pPb R

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4

ALICE (NSD, preliminary) )^0π

Shadowing, EPS09s ( LO pQCD + cold nuclear matter

| < 0.3 cms η = 5.02 TeV, charged particles, | NNs p-Pb

Figure 1: The measured R_{pPb} compared to model calculations.

While in Pb–Pb collisions centrality determination is straightforward, it remains more difficult in p–Pb colli-

∗ Work supported by GSI, BMBF, Helmholtz Alliance HA216/EMMI, H-QM, and HGS-HIRe

sions. Centrality is determined by measuring the multiplicity of particles with different detector systems within the ALICE apparatus [4]. Figure 2 shows the biased nuclear modification factor Q_{pPb} for two different estimators. ZNA relies on the forward neutron calorimeter located 114 m away from the interaction point, while V0A relies on a forward detector much closer to the interaction point.

pPb Q

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 =5.02 TeV_{NN}s

ALICE Preliminary, p-Pb, |<0.3 cmsη charged particles, |

pPb Q

0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

0-5% 5-10% 10-20% 20-40%

40-60% 60-80% 80-100% min. bias

(GeV/c) Tp 2 4 6 8 10 12 14 16 18 20 0.8 0.9 1 1.1 1.2^{Systematic Uncertainties}

V0A

ZNA

Figure 2: The transverse momentum dependence and the dependence on centrality of the biased nuclear modification factor Q_{pPb} for two different centrality estimators ZNA (upper panel) and V0A (middle panel).

The large difference between the estimators shows, that different events are selected in the different centrality classes. This shows that the geometrical correspondence of experimental centrality selection remains a challenge.

References

[1] ALICE Collaboration, B. B. Abelev et al., Phys. Rev. Lett.

110, 082302 (2013).

[2] I. Helenius et al., JHEP 1207, 073 (2012).

[3] Z.-B. Kang et al., Phys. Lett. B718, 482 (2012).

[4] A. Morsch, arXiv: 1309.5525

GSI SCIENTIFIC REPORT 2013 NQM-ALICE-03

doi:10.15120 /GR-2014-1-NQM-ALICE-03 67

Measurement of charged jets in p-Pb collisions with ALICE

R. Haake^{∗1}, J. Anielski^1, B. Bathen^1, L. Feldkamp^1, M. Heide^1, P. K ähler^1, C. Klein-Bösing^{1,2}, M. Kohn^1, D. M ühlheim^1, A. Passfeld^1, H. Poppenborg^1, J. P. Wessels^1, U. Westerhoff^1, and M. Wilde^1

1Institut für Kernphysik, University of Münster, Germany;^2ExtreMe Matter Institute EMMI, GSI Darmstadt, Germany

Highly energetic jets are sensitive probes for the kinematics and the topology of high energy collisions. Jets originate from high-momentum partons that are produced early in the collision and subsequently fragment into collimated sprays of hadrons.

The measurement of jet production in p-Pb collisions provides an ideal tool to study the effects of cold nuclear matter on hadronization and provides constraints for the nuclear parton density functions. In addition, the measurements of jet properties in p-Pb collisions can also serve as an important reference for Pb-Pb collisions. [1] Our analysis focuses on charged jets in p-Pb collisions. The analyzed data – roughly 100 million minimum bias events – was taken in the beginning of 2013 with the ALICE detector at √ s_{NN} = 5 .02 TeV. The charged constituents of the jets are reconstructed mainly using the Time Projection Chamber (TPC) and the Inner Tracking System (ITS). Tracks with p_T > 0.150 GeV/c and within a pseudorapidity interval |η| < 0.9 were used. The minimum bias events are selected by demanding at least one hit in both of the scintillator trigger detectors (V0A and V0C). For our analyses, the FastJet [2] package is used in conjunction with the anti-k_T algorithm to clusterize the tracks into jets using a jet resolution parameter of R = 0 .4. Those jets have to be corrected for the background momentum density, the fluctuation of those, and for detector effects. The background density is estimated event-by-event using a similar ansatz as in reference [3]. The within-event background fluctuations are determined using a random cone approach. Detector effects, e.g. including the tracking efficiency, are corrected via unfolding with a response matrix from a full detector simulation with PYTHIA and GEANT3. The Singular Value Decomposition unfolding technique is applied by using the RooUnfold package. The two basic observables of our analysis are given by the nuclear modification factor R_{pPb} and the jet shape ratio. The latter is just the ratio of the spectra using R = 0 .2 and R = 0 .4 and is a measure for the collimation of jets in p-Pb collisions. R_{pPb} is defined by

R_{pPb} = pPb yield pp x-section · 1 T_{pPb}

, (1)

and relates to pp collisions. T_{pPb} accounts for the increased ”parton luminosity” in p-Pb and is calculated using the Glauber model.

Since pp data at 5 TeV is not available, the necessary pp cross section is created by scaling of 7 TeV pp data. The

∗ ruediger.haake@uni-muenster.de

scaling is done using PYTHIA at the two energies.

)c (GeV/ ch T,jet p 20 40 60 80 100

ch. jets pPb R

0

0.5

1

1.5

2

Uncertainty reference + Glauber

ALICE charged jets p-Pb 5.02 TeV |<0.5 η =0.4, | R jets Tk anti- Reference: Scaled pp jets 7 TeV Systematic uncertainty

)c (GeV/ ch T,jet p 20 40 60 80 100

=0.4 yield ratio R =0.2/ R

0

0.5

1 ALICE charged jets p-Pb 5.02 TeV |<0.5 η jets, | Tk anti- ALICE charged jets pp 7 TeV |<0.3 η jets, | Tk anti-

Systematic uncertainty

The nuclear modification factor R_{pPb} is shown up to p^{ch}_{T,jet} = 100 GeV /c and no strong nuclear effects on the jet spectra are visible – it is compatible with no effect. The jet shape ratio R = 0 .2/ 0.4 is compatible with 7 TeV pp data and it can be shown that it is also compatible with the predictions from PYTHIA Perugia 2011 at the same energy. There is no indication for a nuclear modification of the jet structure in p-Pb reactions between R = 0 .2 and 0.4.

References

[1] The ALICE Collaboration: [nucl-ex/1311.0633] .

[2] M. Cacciari / G.P. Salam: [hep-ph/0512210] .

[3] The CMS Collaboration: [hep-ex/1207.2392] .

NQM-ALICE-04 GSI SCIENTIFIC REPORT 2013

68 doi:10.15120 /GR-2014-1-NQM-ALICE-04

Measurement of electrons from charm and beauty-hadron decays in p-Pb collisions at √ s_{NN} = 5.02 TeV with ALICE at the LHC^∗

R. Averbeck^1, M. Fasel^{2,3}, S. Masciocchi^1, Y. Pachmayer^2, J. Wagner^1 for the ALICE Collaboration

1Research Division and ExtreMe Matter Institute, GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany;^2Physikalisches Institut, Ruprecht-Karls Universität Heidelberg, Germany;^3Frankfurt Institute for Advanced Studies, Frankfurt, Germany

The characterisation of the Quark-Gluon Plasma (QGP), the deconfined state of strongly-interacting matter produced in high-energy heavy-ion collisions, is the main purpose of ALICE at the LHC. Because of their large masses, charm and beauty quarks are mostly produced in initial hard partonic interactions and thus can be used to probe the medium created in such collisions. The p_T differential heavy-flavour yield is sensitive to the energy loss of heavy quarks in the hot and dense medium. Also, the presence of cold nuclear matter in the initial state may affect the production of heavy-flavour hadrons. With a measurement of the nuclear modification factor R_{pPb} in p–Pb collisions, the initial-state effects can be quantified. Because of large branching ratios to semi-leptonic decay channels, heavyflavour production can be studied via an inclusive electron measurement.

The electron identification strategy involves a combination of the Time Projection Chamber (TPC) and the Timeof-Flight detector (TOF). In the TPC charged particles are identified via their specific energy loss dE /dx in the drift gas. Due to overlapping dE /dx bands from kaons, protons and deuterons, a large hadron contamination is persistent. At low momentum (p < 2 GeV / c), TOF is used to separate nearly massless electrons from kaons and protons by their time of flight to the detector. In Fig. 1 the dE /dx in the TPC, relative to the expected dE /dx for electrons, is shown. The kaon and proton bands, visible in the top left of the plot, are suppressed due to the use of the TOF information.

Figure 1: TPC dE /dx as deviation from the expected energy loss of electrons, normalized by the dE /dx resolution, after TOF selection of charged particle tracks.

∗ Work supported by GSI, BMBF, Helmholtz Alliance HA216/EMMI, HQM, and HGS-HIRe

Electrons from background sources have to be subtracted from the inclusive electron spectrum to obtain the heavyflavour electron spectrum. The main sources of these background electrons are Dalitz decays of π^0 and η mesons or conversions of photons in the detector material. This background can be calculated based on the measured pion spectrum or measured by reconstructing electrons from photonic sources (γ conversions, π^0, η) using the invariant mass of e^+ e^− pairs. Corrections for detector efficiency and acceptance are estimated with a full detector simulation.

In order to obtain a pp reference the cross section measured at √ s_{NN} = 7 TeV [1] was scaled to 5.02 TeV based on a FONLL perturbative QCD calculation [2]. Fig. 2 shows the R_{pPb} measured with ALICE for electrons from heavy-flavour hadron decays together with predictions from pQCD calculations including shadowing effects from cold nuclear matter, calculated on the base of the EPS09 parametrization [3]. The ALICE result is consistent with this calculation and with unity within the current substantial uncertainties of the measurement, indicating that cold nuclear matter effects are small.

Figure 2: R_{pPb} of electrons from heavy-flavour decays with shadowing predictions calculated on the base of the EPS09 parametrization [3].

References

[1] B. Abelev et al. (ALICE Collaboration) Phys. Rev. D, 86:112007, Dec 2012.

[2] R. Averbeck et al. arXiv:1107.3243 [hep-ph], Jul 2011

[3] K.J. Eskola et al., JHEP, 0904:065, 2009.

GSI SCIENTIFIC REPORT 2013 NQM-ALICE-05

doi:10.15120 /GR-2014-1-NQM-ALICE-05 69

J/ψ production in p-Pb collisions measured with ALICE at the LHC^∗

M. Winn^1, A. Andronic^2, I. Arsene^{2,6}, C. Blume^3, J. Book^3, P. Braun-Munzinger^{2,4}, A. Maire^{1,7}, J. Stachel^1, S. Weber^2, J. Wiechula^5 for the ALICE Collaboration

1Universität Heidelberg;^2EMMI & GSI Darmstadt;^3Universität Frankfurt;^4Technische Universität Darmstadt; 5Universität Tübingen;^6University of Oslo;^7Université de Strasbourg Charmonium production in proton-nucleus (pA) collisions is a crucial ingredient for the interpretation of J/ψ production in nucleus-nucleus (AA) collisions, where it is a prominent probe of deconfinement. The measurement of modifications of the J/ψ yield in pA collisions with respect to proton-proton (pp) collisions give access to nuclear effects, which are commonly not attributed to the presence of a deconfined medium.

Figure 1: Nuclear modification factor for J/ψ production in p-Pb collisions measured by ALICE compared to theoretical models. The error bars represent the statistical uncertainty, the boxes the uncorrelated systematic uncertainties and the filled areas the partially correlated systematic uncertainties.

ALICE is unique among the detectors at LHC, since it accesses charmonium production down to transverse momentum p_T =0 at mid-rapidity (|y_{lab}| < 0.9) in the dielectron decay channel.

Preliminary results of inclusive p_T -integrated and p_T - differential cross sections and nuclear modification factors at mid-rapidity were released based on the proton-lead (p- Pb) collisions recorded at √ s_{NN} = 5 .02 TeV with a minimum bias collision trigger in early 2013. They complement the measurements carried out in Pb-Pb [1] and pp [2–5] collisions.

Figure 1 compares the experimental data with theory predictions. The result at mid-rapidity is shown together with the result in the dimuon decay channel at forward and backward rapidity [6]. The measurements are consistent with predictions based on parametrisations of nuclear Parton Distribution Functions (nPDF) including moderate gluon shadowing [7,8] and on coherent energy loss [9]. The color class condensate model is disfavoured by data [10].

∗ Work supported by GSI, BMBF, Helmholtz Alliance HA216/EMMI, HQM, HGSFP, HGS-HIRe and the Studienstiftung des deutschen Volkes

The p_T -differential R_{pA} is depicted in Fig. 2. The result is consistent with theoretical models based on shadowing [7].

Figure 2: The nuclear modification factor as a function of transverse momentum compared with calculations by R.Vogt. The uncertainty denotations are analogous to Fig. 1.

Further analyses on J/ψ production are ongoing in the p- Pb collision system. The fraction f_B of J/ψ at mid-rapidity from decays of hadrons carrying bottom quarks and the dependence of J/ψ production on the charged hadron multiplicity will be measured. The acquired data sample with TRD triggers in p-Pb collisions at mid-rapidity will increase the available statistics for transverse momenta of J/ψ larger than 1 GeV/c [11].

References

[1] B. Abelev et al. [ALICE Collaboration], arXiv:1311.0214, see also I. Arsene et al., this Report.

[2] K. Aamodt et al. [ALICE Collab.], Phys. Lett. B 704 (2011) 442 [Erratum-ibid. B 718 (2012) 692] [3] B. Abelev et al. [ALICE Collab.], JHEP 1211 (2012) 065 [4] B. Abelev et al. [ALICE Collab.], Phys. Lett. B 718 (2012) 295 [5] B. Abelev et al. [ALICE Collab.], Phys. Lett. B 712 (2012) 165 [6] B. Abelev et al. [ALICE Collab.], arXiv:1308.6726, accepted for publication in JHEP [7] J.L. Albacete et al., Int. J. Mod. Phys. E22 (2013) 1330007 and private communication with R. Vogt [8] E. G. Ferreiro et al., Phys. Rev. C 88 (2013) 047901 [9] F. Arleo and S. Peigné, JHEP 1303 (2013) 122 [10] H. Fujii and K. Watanabe, Nucl. Phys. A 915 (2013) 1 [11] J. Klein for the ALICE Collaboration, arXiv:1112.5110

NQM-ALICE-06 GSI SCIENTIFIC REPORT 2013

70 doi:10.15120 /GR-2014-1-NQM-ALICE-06

J/ψ production in Pb-Pb collisions measured with ALICE^∗

I.C. Arsene^{1,6}, A. Andronic^1, C. Blume^2, J. Book^2, P. Braun-Munzinger^{1,3}, A. Maire^{4,7}, J. Stachel^4, S. Weber^1, J. Wiechula^5, M. Winn^4 for the ALICE Collaboration

1EMMI & GSI Darmstadt;^2Universität Frankfurt;^3Technische Universität Darmstadt;^4Universität Heidelberg; 5Universität Tübingen;^6University of Oslo;^7Université de Strasbourg Heavy quarkonium production is a prime probe for the investigation of the deconfined nuclear medium created during ultra-relativistic nuclear collisions, also dubbed quark-gluon plasma. Early predictions assumed that, depending on their binding energy, some of the quarkonium states melt in such a hot and dense medium due to colour screening [1]. At the LHC energies, and to a smaller extent at the RHIC top energy, the large number of charm quark pairs produced in the initial partonic interactions open the possibility for creating charmonium by combining cc̄ pairs during the lifetime of the fireball [2] or at its phase boundary (chemical freeze-out) [3].

Figure 1: Centrality dependence of the R_{AA} for inclusive J/ψ measured by ALICE and PHENIX.

ALICE is a very well suited detector to measure J/ψ mesons via their di-leptonic decay channels [4] in a wide range of rapidity and down to zero transverse momentum. The nuclear effects on the J/ψ production are quantified using the nuclear modification factor, R_{AA} , which is the ratio between the yields obtained in nuclear collisions and the yield in pp collisions scaled by the number of binary nucleon-nucleon collisions corresponding to a given collision centrality.

Figure 1 shows the inclusive J/ψ R_{AA} at mid-rapidity as a function of the number of nucleons participating in the collision. The ALICE results [5] are obtained for Pb-Pb collisions at √ s_{NN} = 2 .76 TeV while the PHENIX [6] ones come from Au-Au collisions at √ s_{NN} = 0 .2 TeV.

The lower energy data shows an increasing suppression of the J/ψ yield with increasing the collision centrality, being very suggestive of the colour screening effect predicted in [1]. The ALICE results indicate a much smaller suppression for larger system sizes and, within the uncertainties, no

∗ Work supported by GSI, BMBF, Helmholtz Alliance HA216/EMMI, HQM, HGSFP, HGS-HIRe and the Studienstiftung des deutschen Volkes

centrality dependence. The striking difference in R_{AA} in central collisions indicates that a new mechanism, namely charm quarks (re)combination, is at play at LHC energies.

Figure 2: Transverse momentum dependence of the R_{AA} for inclusive J/ψ measured by ALICE and PHENIX.

In figure 2, we show the p_T dependence of the J/ψ R_{AA} for the 40% most central collisions from both ALICE and PHENIX. Our data is compatible with no suppression in the low p_T region (p_T < 2.5 GeV/c), opposite to the strong suppression seen at the RHIC top energy. At higher p_T , the J/ψ R_{AA} obtained by ALICE drops to ≈ 0.5 and is compatible with the one observed by PHENIX. If J/ψ mesons would be formed via the coalescence or statistical hadronisation of charm quarks, it is expected from phase space considerations that these mechanisms contribute especially in the low p_T region, as observed in our data.

These results, together with the ones obtained at forward rapidity in the di-muon channel [5], provide important evidence for deconfinement and for a new mechanism of charmonium creation. Further studies on understanding the cold nuclear matter effects using p-Pb collisions are currently ongoing [7].

References

[1] T. Matsui and H. Satz, Phys. Lett. B 178 (1986) 416

[2] R. L. Thews, M. Schroedter and J. Rafelski, Phys. Rev. C 63 (2001) 054905

[3] P. Braun-Munzinger and J. Stachel, Phys. Lett. B 490 (2000) 196 [4] ALICE Collaboration, arXiv:1402.4476

[5] ALICE Collaboration, arXiv:1311.0214

[6] PHENIX Collaboration, Phys. Rev. C 84 (2011) 054912

[7] M. Winn et al., this Report

GSI SCIENTIFIC REPORT 2013 NQM-ALICE-07

doi:10.15120 /GR-2014-1-NQM-ALICE-07 71

Azimuthal correlation measurements with ALICE at the LHC^∗

M. Krzewicki^{1,2}, J. Onderwaater^{1,2}, and I. Selyuzhenkov^{1,2} for the ALICE Collaboration

1ExtreMe Matter Institute EMMI and GSI Helmhotzzentrum für Schwerionenforschung, Darmstadt;^2Frankfurt Institute for Advanced Studies (FIAS), Germany Anisotropic flow in heavy-ion collisions is a key observable related to the early time evolution of the nucleusnucleus interaction. We report on recent results of the ALICE Collaboration at the LHC on the directed flow of charged particles relative to the spectator plane in Pb-Pb collisions at √ s_{NN} = 2 .76 TeV. Also recent findings from the search for effects of local parity violation in the strong interaction are presented.

Figure 1: Directed flow versus transverse momentum in Pb–Pb collisions at √ s_{NN} = 2.76 TeV. (a) v_1 for 5-80% centrality range. (b) v^{odd}_1 in Pb-Pb collisions compared to Au-Au collisions at RHIC at √ s_{NN} = 200 GeV downscaled with a factor 0.37.

Directed flow, v_1, is a probe of the spatial orientation and fluctuations of the shape of the fireball created in a heavy-ion collision. The observed negative slope [1] of the rapidity-odd v_1 component is about three times smaller than observed at the highest RHIC energy, suggesting a smaller longitudinal tilt of the initial system and disfavours the picture of strong fireball rotation predicted at the LHC energies. Measured for the first time with respect to the spectator nucleons, the rapidity-even v_1 component is found to be independent of pseudorapidity and changes sign at transverse momenta around 1.2 − 1.7 GeV/c (figure 1). This is expected for dipole-like energy fluctuations when momentum of the low p_T particles is balanced by that of the high p_T particles. The magnitude of the rapidityeven v_1 w.r.t. the participant plane has a similar shape, but is a factor of forty larger, which indicates that fluctuating participant and spectator planes are weakly correlated. Compared to the measurements at the highest RHIC energy, in figure 1(b), v^{odd}_1 shows a similar trend including the sign change around p_T ∼ 1.5 GeV/c in central collisions and negative value at all p_T for peripheral collisions.

∗ Supported by GSI, BMBF, HGS-HIRe, and Helmholtz Alliance HA216/EMMI

Figure 2: Centrality dependence of the correlation Δ ⟨cos[φ_α − (m + 1) φ_β + mΨ_2]⟩ in comparison with the Blast Wave model incorporating effects of local charge conservation. Δ denotes the difference between same and opposite charge correlations.

The parity symmetry violation in strong interactions remains one of the open fundamental questions about QCD. It is argued that parity symmetry can be locally violated in a heavy-ion collision which will result in an experimentally observable separation of charges along the extreme magnetic field generated by the moving ions, the so called chiral magnetic effect (CME). An experimental probe of CME are the azimuthal correlations with respect to the collision reaction plane which is perpendicular to that magnetic field.

ALICE observed a clear charge dependence of the twoparticle correlation with respect to the reaction plane [2]. This can be due to a number of other charge-dependent effects which preserve parity, such as local charge conservation (LCC). Higher order charge-dependent correlations help to disentangle parity conserving contributions from CME. Recent ALICE results, in figure 2 , show that models which combine LCC and the radial expansion of the medium, while failing to describe the correlation Δ ⟨cos n(ϕ_α − ϕ_β )⟩in figure 3 [3]), give a good description of the correlations shown in figure 2 up to higher orders. This suggests that a significant fraction of the observed two-particle correlation may be due to LCC. A study of charge-dependent correlations with identified particles was also recently started to further disentangle the CME and LCC contributions.

References

[1] B. Abelev et al. [ALICE Collaboration], Phys. Rev. Lett. 111 (2013) 232302 [2] B. Abelev et al. [ALICE Collaboration], Phys.Rev.Lett. 110 (2013) 012301 [3] Y. Hori [ALICE Collaboration], Nucl. Phys. A904-905 2013 (2013) 475c

NQM-ALICE-08 GSI SCIENTIFIC REPORT 2013

72 doi:10.15120 /GR-2014-1-NQM-ALICE-08

Deuteron production in Pb–Pb collisions measured with ALICE at the LHC^∗

B. Dönigus^{†1}, A. Kalweit^2, N. Martin^{3,4} for the ALICE Collaboration

1Institut für Kernphysik, Goethe-Universität Frankfurt, Frankfurt, Germany;^2European Organization for Nuclear Research (CERN), Geneva, Switzerland;^3ExtreMe Matter Institute EMMI and Research Division, GSI Helmhotzzentrum für Schwerionenforschung, Darmstadt, Germany;^4Institut für Kernphysik, Technische Universität Darmstadt, Darmstadt, Germany

Heavy-ion collisions at the LHC give the opportunity to measure all known particles in higher abundances than it was possible before, like for example light nuclei. These heavy particles are rarely produced, because the production probability decreases with increasing mass. But the energy regime reached at the LHC leads to large production probabilities even for these particles, as described for example by thermal models [1, 2]. The excellent performance of the Time-Projection Chamber (TPC) [3] and the Time- Of-Flight detector (TOF) [4] allows for the clear identification of charged stable particles over a range of 0.15 to 5 GeV/ c in rigidity R = p/z , where p is the track momentum and z is the charge number. The measurement of deuterons is affected by a large background, as for all nuclei, coming from knockout from material. Rejection of this background is possible by restricting the distance-of-closest-approach (dca) of the track to the primary vertex in z-direction dca_z and then fitting the dca_{xy} distribution to extract the signal in the transverse momentum (p_T ) window between 0.6 and 1.9 GeV/c (technique is described in more detail in [6]). The deuterons are identified using only the specific energy loss (dE /dx) measurement in the TPC for p_T < 1.5 GeV and combining the TPC and TOF information for higher p_T . A sample of deuteron selected within a 3σ cut around the expected dE /dx value is initially used to build the m^2 − m^2_d -distribution, where m_d is the deuteron mass and m is the mass measured with TOF using m^2 = p^2/ (γ^2 − 1). Then, this distribution is fitted in p_T intervals. The extracted yields are then efficiency and acceptance corrected and the final spectra are shown in Figure 1 for five different collision centralities. The spectra show a characteristic hardening with increasing centrality, qualitatively similar to proton spectra. To extract p_T integrated yields the spectra in the different centrality bins are fitted by individual blast-wave distributions. The ratios of these yields with those of protons are shown in Figure 2 for five different centralities. The measured ratio agrees well with the mean of the d/p and the d̄/ p̄ from PHENIX [7], which is a fair comparison since the baryo-chemical potential μ_B at the LHC is getting close to 0 MeV [2].

References

[1] A. Andronic et al. , Phys. Lett. B 697 (2011) 203

[2] J. Cleymans et al. , Phys. Rev. C 84 (2011) 054916

∗ Work supported by GSI, BMBF, Helmholtz Alliance HA216/EMMI, H-QM, and HGS-HIRe.

† b.doenigus@gsi.de

ALI-PREL-51980

Figure 1: Measured deuteron spectra at √ s_{NN} = 2.76 TeV for five different centralities. The lines through the measured points are individual blast-wave fits.

ALI-PREL-51984

Figure 2: Deuteron-to-proton ratio over centrality compared with the PHENIX measurement [7] of deuteron-to-proton ratio and the anti-deuteron-to-anti-proton ratio at √ s_{NN} = 200 GeV.

[3] J. Alme et al. (ALICE TPC Collaboration), Nucl. Instr.

Meas. A 622 (2010) 316 [4] K. Aamodt et al. (ALICE Collaboration), JINST 3 (2008) S08002 [5] B. Dönigus (for the ALICE Collaboration), Nucl. Phys. A 904-905 (2013) 457c [6] B. Abelev et al. (ALICE Collaboration), CERN-PH-EP- 2013-019, (2013) arXiv:1303.0737v2 [hep-ex] [7] S. S. Adler, Phys. Rev. Lett.94 (2005) 122302

GSI SCIENTIFIC REPORT 2013 NQM-ALICE-09

doi:10.15120 /GR-2014-1-NQM-ALICE-09 73

Validation of Bayesian PID in ALICE, for the channel D^0 → K^− π^+ in pp at √ s = 7 TeV^∗

J. Wilkinson^1 and K. Schweda^2

1Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Germany;^2Research Division and ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fur Schwerionenforschung, Darmstadt, Germany In order to make measurements of open heavy-flavour production, ALICE makes use of its excellent tracking and vertexing capabilities, as well as particle identification (PID) provided by dE/dx measurements in the Time Projection Chamber (TPC) and time-of-flight information from the Time-Of-Flight (TOF) detector. The standard PID method uses an nσ approach, meaning that a cut is made based on a number of standard deviations from the expected responses for a given species at a given momentum. The alternative Bayesian PID method instead has a probabilistic approach, basing its cuts on knowledge of the detector responses combined with additional information on the relative abundances of different particle species (π, K, p, etc.). These abundances are obtained using an iterative Bayesian procedure on data and used as a priori probabilities in Bayes’ theorem, which is applied as follows:

P(species |response) =

P(species) ·P(response |species) � species P(response |species) , (1) where P(species|response) is the probability of the particle belonging to a given species; P(species) is the prior probability discussed above; and P(response|species) is based on the expected detector response for each species. Cuts can then be made on this probability, for example by accepting only the most likely species as the identity (hereafter referred to as the “maximum-probability” method); selecting candidates only if they pass some predetermined probability threshold, with a higher threshold signifying a stricter cut (“threshold”); or applying a weight to all candidates in the invariant mass spectra, based on the product of the species probabilities of the decay daughters (“weighted”).

In order to ensure that the choice between Bayesian and nσ PID does not cause a bias in the corrected yield, the method was tested in a variety of channels and compared directly to nσ results. Among these channels was D^0 → K^− π^+ in pp collisions at √ s = 7 TeV, for which all of the aforementioned Bayesian selection strategies were studied. The topological selections used were the same as those used for the D^0 analysis published in [1].

First, a standard invariant mass analysis was performed in order to extract the raw yields for each method by fitting the spectra with a Gaussian function for the signal and an exponential function for the background. A comparison of the invariant mass spectra for analysis without PID, with nσ PID and with maximum-probability Bayesian PID is shown for 1 < p_T < 4 GeV/c in Figure 1. From this it

∗ Work supported by HGS-HIRe, BMBF and HA216/EMMI

)^2

)(GeV/c π Invariant Mass (K

1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1

2 Entries / 15 MeV/c

410

510

418 ± ) 3220 σ S (3 209 ± ) 247500 σ B (3

) 0.0130 σ S/B (3 189 ± ) 1722 σ S (3 83 ± ) 50980 σ B (3

) 0.0338 σ S/B (3

116 ± ) 1264 σ S (3 49 ± ) 18092 σ B (3

) 0.0699 σ S/B (3

30/10/2013

-1 = 5nb int = 7TeV, L s pp

< 2 GeV/c T 1 < p

)^2

)(GeV/c π Invariant Mass (K

1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1

2 Entries / 15 MeV/c

310

410 213±

) 2196 σ S (3 108 ± ) 62327 σ B (3

) 0.0352 σ S/B (3

73 ± ) 1130 σ S (3 31 ± ) 5969 σ B (3

) 0.1893 σ S/B (3

124 ± ) 1763 σ S (3 56 ± ) 19977 σ B (3

) 0.0883 σ S/B (3

< 3 GeV/c T 2 < p

+π^−K

→^0D

and charge conjugates

)^2

)(GeV/c π Invariant Mass (K

1.7 1.75 1.8 1.85 1.9 1.95 2 2.05 2.1

2 Entries / 15 MeV/c

310

410

95 ± ) 1595 σ S (3 43 ± ) 10555 σ B (3

) 0.1511 σ S/B (3

58 ± ) 1079 σ S (3 24 ± ) 3213 σ B (3

) 0.3359 σ S/B (3

134 ± ) 1781 σ S (3 64 ± ) 23344 σ B (3

) 0.0763 σ S/B (3

< 4 GeV/c T 3 < p

no PID PID σ3 Bayesian (maximum probability)

Figure 1: Invariant mass plots for D^0 → K^− π^+ in three p_T bins for (top) no PID, (middle) nσ PID, and (lower) maximum-probability Bayesian PID.

can clearly be seen that in this p_T region, there is a sharp increase in the significance and signal-to-background ratio when applying 3σ PID compared to no PID, which is further improved when applying Bayesian PID. A similar trend was seen in the other PID methods, with an increase in signal-to-background ratio for all PID strategies over nσ at all p_T . In addition, apart from when applying especially strict probability threshold cuts of 70 or 80%, the significance was found to be generally higher than for nσ at low p_T , and remained similar to nσ at higher p_T .

Once the raw yields were corrected for their respective efficiencies, the yields for each method were compared to the result for 3σ PID. Despite large differences in the efficiencies between these methods, it was found that there was little significant deviation between the 3σ method and the various Bayesian PID strategies. On average, the deviations for the weighted and maximum-probability PID methods were on the order of 5%, and various probability thresholds varying between 40% and 80% gave an agreement within approximately 8%. This can be attributed to systematics in determining the PID response. A further check, scaling the kaon abundances up and down by 10%, showed that there was also no significant dependence of the yield on the choice of priors.

We can therefore conclude that the Bayesian PID strategy does not bias our results, and so is valid for use in other analyses. In particular, it will allow us to extend our analysis of D^0 mesons to ultra-low p_T , and enable new measurements such as Λ_c → pKπ, which is currently being studied in pp, Pb–Pb and p–Pb collisions using this method.

References

[1] B. Abelev et al. (ALICE Collaboration), JHEP 01 (2012) 128

NQM-ALICE-10 GSI SCIENTIFIC REPORT 2013

74 doi:10.15120 /GR-2014-1-NQM-ALICE-10

Study of Higher Order Net-Particle Fluctuations at LHC Energies^∗

J. Thäder^{†1}

1Institut für Kernphysik, Technische Universität Darmstadt, Darmstadt, Germany

Higher moments of net-particle fluctuations are used to study the QCD phase structure of matter which is created in high-energy heavy-ion collisions. Theoretically, the fluctuations of net-charge, net-baryon, and net-strangeness distributions allow to explore the QCD phase diagram, including the search for a critical point and the cross-over transition. Experimentally, they are accessible via higher order moments of those distributions, expressed in cumulants c_k and their ratios of net-charge, net-proton, and net-kaon fluctuations, eg. the 4th order moment κ = c_4/c^2, see [1]. At LHC energies, these measurements allow to test Lattice QCD calculations at zero chemical potential (μ_B = 0 ) [2].

Experimental measurements are influenced by detector effects, such as limited detector acceptance, reconstruction and particle identification inefficiencies, as well as contamination from miss-identified particles. Typically inefficiencies are fluctuating due to detector inhomogeneities and can not be corrected on an event-by-event basis, but rather on average. Recent developments take these effects into account by calculating factorial moments for the socalled K-cumulants [3]. The typical available statistics of recorded heavy-ion collisions at LHC experiments impose limitations on the observables, which are possible to calculate.

A Toy Monte-Carlo simulation was developed, assuming Poisson statistics for particle and anti-particle distributions, mimicking a Hadron Resonance Gas (HRG) distribution and a finite reconstruction and identification efficiency. The difference of two Poissonian distributions is described by a Skellam distribution, the net-particle distribution. The mean of the particle and anti-particle distributions, as well as the efficiencies are variable input parameters for this simulation. The reconstruction efficiency is assumed independent of the transverse momentum p_T . In general the efficiencies are dependent on p_T . These dependences are taken into account in [4] and will be studied further within the context of this work.

To study the influence on the observables of the number of simulated events, several independent samples with varying number of events have been produced in steps from 10^5 to 10^9 events. Furthermore, the efficiencies have been varied in 10% steps in the range of 20-100%.

The results of these simulations with different efficiencies for cumulants and efficiency corrected K-cumulants have been compared to the expected values from the generated particles as well as analytical calculations.

∗ Work supported by GSI, BMBF, Helmholtz Alliance HA216/EMMI. † jochen@thaeder.de

It can be seen in Figure 1, that the 4th order moment κ obtained from cumulants of reconstructed particles agrees with the analytical value after the efficiency corrections for K-cumulants are applied. It was found that for a mean number of particles/anti-particles (M = 40 ) a minimum of 5 ·10^7 events are required in order to estimate the 4th order moment.

The above describe procedure will be applied to LHC data, in particular to the experimental data of the upcoming high-statistics RUN 2.

Figure 1: Ratio of the calculated κ to the exact value obtained from the Skellam distribution for a reconstruction efficiency ϵ_{1,2} = 80% of each particle and anti-particle type and a mean of 40 (anti-)particles per event. The open and closed circles show κ for generated particles, while the boxes (crosses) show κ for the reconstructed cumulants (K-cumulants) with different number of simulated events N_{max} .

References

[1] P. Braun-Munzinger, B. Friman, F. Karsch, K. Redlich, and V. Skokov, Phys. Rev. C 84 (2011) 064911

[2] F. Karsch arXiv:1202.4173 [hep-lat] (2012)

[3] A. Bzdak and V. Koch, Phys. Rev. C 86 (2012) 044904

[4] A. Bzdak and V. Koch, arXiv:1312.4574 [nucl-th] (2013)

GSI SCIENTIFIC REPORT 2013 NQM-ALICE-11

doi:10.15120 /GR-2014-1-NQM-ALICE-11 75

NQM-ALICE-11 GSI SCIENTIFIC REPORT 2013

76 doi:10.15120 /GR-2014-1-NQM-ALICE-11

GSITemplate2007

Collaboration report PANDA progress in 2013

K. Peters^1

1GSI, Darmstadt, Germany

The PANDA Experiment (antiProton- Annihilation at Darmstadt) is a dedicated hadron physics experiment with a focus on the structure and dynamics of hadrons with explicit scientific programs in

charm spectroscopy and the search for exotic hadronic matter, hadron dynamics of baryons and m esons, hadron structure and proton formfactors, hypernuclei (single and double strange), and hadrons (in particular J/psi) in nuclear media.

These goals will be achieved by utilizing a 1.5 -15 GeV/c antiproton beam which annihilates off a proton or a n uclear target. The PANDA experiment comprises an onion - like detector structure enabling tracking, calorimetry and particle identification for a variety of particle species over a wide momentum and rapidity range.

The phase of development and construction of PA NDA is progressing very well at GSI and it’s partners and is in line with the FAIR construction schedules. A great success is that three more TDRs of PANDA were approved by FAIR: Straw Tube Tracker (STT) in January 2013, Micro Vertex Detector (MVD) in Febr uary 2013 and the Cluster Target in August 2013. Apart from development and construction of several detectors and parts, the GSI group is also responsible for the technical coordination and the infrastructure for the PANDA experiment.

For the construction of the PANDA solenoid is well under way and a cooperation with the ATLAS magnet group was initiated. The mechanical design of the yoke and support platform were studied with FEM calculations and a construction contract is envisaged for 2014. The architectural design of the PANDA Experimental Hall reached the next level of detail and was checked and i mproved and at the same time the routing of services and installation planning were expedited. Another important step is that new crystals have been produced b y SICCAS in Shanghai (China) for the PANDA calorimeter and were characterized at Gießen.

GSI is involved in the research, development and the construction of the DIRC (Detector for Internally reflec ted Cherenkov Light), the EMC (Electromagnetic Cal orimeter) and the GEM-Discs (Gas Electron Multiplier).

The DIRC is an assembly of either narrow slabs or bars of artificially fused silica, where Cherenkov light of tra versing particles is internally reflected to one end, where the individual photons are registered and time tagged with photon detectors. In simulations the layout of radiators and focusing elements of the barrel DIRC was optimized with respect to resolution, granularity and expected pr oduction cost. The GSI partners in Erlangen characterized micro-channel plate photomultipliers that have an e nhanced lifetime achieving now for the first time the limits necessary for a long-term operation in the PANDA experiment. Both are important steps towards the completion and the start of construction of this particular device.

The EMC consists of several lead -tungstate crystal a rrangements in a backward, a barrel and a forward section. The light collected by the crystals from electromagnetic showers is detected with LAAPDs (Large Area Av alanche Photodiode s) with a large collection area (1 square cm) and a high gain. The final version of the LAAPD for the PANDA EMC was established and a pre- production batch was ordered by RU Bochum to be characterized at GSI. For maximum throughput and quality assurance the construction of the APD screening lab was started at a new dedicated location and will be finished in 2014.

The GEM Tracker consists of a series of circular planes to cover mainly particles from the forward -peaked event topologies. In 2013 the layout of the readout pad plane was simulated to find an optimal value for occupancy, resolution and number of channels. In addition the quality assurance for large -scale GEM foils was successfully d eveloped. Finally for the reconstruction of realistic tracks in the GEM Tracker a time -based approach was impl emented.

In addition the GSI groups are involved in electronics, software and data acquisition. Details can be found throughout the report. Since several decades, the year 2013 was the first year without beamtimes at GSI. Var ious NUSTAR detectors and sub -systems for FAIR are already in operation and the collaboration looks forward to their implementation and use at FAIR. The lack of beamtime induced a serious change of the daily scientific work and hampered the bea m-related preparations of FAIR experiments, component tests and R&D -work, including pilot experiments for FAIR.

GSI SCIENTIFIC REPORT 2013 HSD-01

doi:10.15120 /GR-2014-1-HSD-01 77

Invariant mass reconstruction of^3_Λ H and^4_Λ H

O.Bertini^1

1GSI, Darmstadt, Germany

One of the main goal of hypernuclear physics is to improve our understanding of baryon-baryon interactions under flavored SU (3) symmetry. Standard nuclear reaction experiments provide information only about the nucleonnucleon interaction while, experiments focusing to hypernuclear physics provide information to the hyperonnucleon and hyperon-hyperon interaction.

The first HypHI [1] experiment was designed to study the mesonic weak decay (MWD) of light hypernuclei produced by the coalescence of a projectile fragment with a Λ -hyperon at the projectile rapidity. The experiment, was performed at GSI Helmholzzentrum für Schwerionenforschung GmbH in Darmstadt. The hypernculei are produced by the collision of a primary^6Li beam at 2.0 A GeV with intensity of 3 × 10^6 particles per second impinging into a 4 cm thick^{12} C target.

The HypHI Phase 0 experiment focuses on producing and identifying mainly:^3_Λ H,^4_Λ H, and^5_Λ He by their mesonic weak two or three body decay channels^3_Λ H → π^− +^3He, 4 Λ H → π^− +^4He,^5_Λ He → π^− +^4He+ p.

In the previous analysis [2] the invariant mass reconstruction was done without performing a vertex fit, but using only the geometrical criteria. In the current analysis the secondary vertices are obtained with a vertex fitting procedure which improved the significance of the signal by providing a selection criteria deduced from the vertex fit.

A dedicated track fitting algorithm based on the Kalman Filter technique was implemented for the track reconstruction [3]. In order to improve the performance of the method, a precise calculation of the physical effects, mainly the energy loss and multiple scattering effects affecting the track parameters and its errors, have been included at each iteration of the Kalman filter algorithm. In order to optimize the removal of fake tracks, the canonical Kalman filter has been modified and supplemented by a smoothing algorithm. Average achieved relative momentum resolution is about 8% for the^4He, 6% for^3He and around 4% for protons and π^− .

The independent secondary-vertex fitting algorithm, a global χ^2 fit, was developed in order to perform secondary vertex reconstruction with a statistical selection criterion. It had shown that addition of the vertex fitting improve significantly the final invariant mass resolution. Achieved position resolution in both methods for secondary vertex is 0.08 cm in X and Y (transversal) and 0.83 cm in Z (longitudinal) direction.

The black point in Figure 1 shows the obtained invariant mass distribution for the^3He + π^− and^4He + π^− respectively. The blue points correspond to the distributions obtained from the mixed event analysis.

Figure 1: Invariant mass distribution (black dots) fitted with the signal+ background distribution for^3_Λ H (top) and 4 Λ H (bottom). The blue lines represent the most probable solution returned by the fit, the red lines and yellow area show the 1σ uncertainty band. The light purple markers correspond to the scaled mixed event invariant mass distribution

References

[1] T. Fukuda and T. Saito ”The study of hypernuclei with heavy ion beams at GSI”, Nucl. Phys. A, 790(14), 2007, p. 161 [2] C. Rappold et al.C ”Hypernuclear spectroscopy of products from^6 Li projectiles on a carbon target at 2 A GeV”, Nucl. Phys. A, 913(0), 2013, p.170 [3] O. Bertini ”Study of^3_Λ H and^4_Λ H in the reaction of^6Li+^{12} C at 2 A GeV” , PhD thesis Mainz 2013, http://ubm.opus.hbznrw.de/volltexte/2013/3421/pdf/doc.pdf

HSD-02 GSI SCIENTIFIC REPORT 2013

78 doi:10.15120 /GR-2014-1-HSD-02

Breakthrough in the Lifetime of Microchannel Plate PMTs^∗

A. Britting^1, W. Eyrich^1, A. Lehmann^{†1}, F. Uhlig^1, and PANDA Cherenkov subgroup

1Physikalisches Institut IV, Universität Erlangen-Nürnberg, Erwin-Rommel-Str. 1, D-91058 Erlangen

The charged particle identification in the PANDA experiment will be done with DIRC detectors. Since their focal planes will be placed inside the magnetic field of up to 2 Tesla microchannel-plate (MCP) PMTs are the favored photon sensors. These devices show very promising properties except that aging was a serious issue until very recently. Due to ion backflow the photo cathode (PC) gets damaged and the quantum efficiency (QE) drops rapidly. Just 3 years ago the best MCP-PMTs were unusable after < 200 mC/cm^2 integrated anode charge [1], while for the PANDA DIRCs at least 5 C/cm^2 are needed.

With novel techniques the manufacturers recently succeeded in significantly increasing the lifetime of MCP- PMTs. This was accomplished by reducing the ion backflow either with a protection film (Hamamatsu R10754X) between the two MCPs or by applying an atomic layer deposition (ALD) technique to coat the micro pores and reduce the outgassing of the MCP glass (PHOTONIS XP85112, and now also Hamamatsu), but also by using a modified PC (BINP).

]^2 integrated anode charge [mC/cm

210^310^410

quantum efficiency [%]

0

5

10

15

20

25 real PANDA time [a] 2 4 6 8 10

BINP #82 PHOTONIS XP85112 (9001223) BINP #1359 PHOTONIS XP85112 (9001332) BINP #3548 Ham. R10754X-01-M16 (JT0117) PHOTONIS XP85012 (9000296) Ham. R10754X-07-M16M (KT0001) PHOTONIS XP85112 (9000897) Ham. R10754X-07-M16M (KT0002)

Lifetime of various MCP-PMTs (400nm)

Figure 1: QE at 400 nm for old (open) and latest (solid dots) MCP-PMTs versus the integrated anode charge.

Our group is doing a long-term comparative measurement of the lifetime of the most recent MCP-PMTs by permanently illuminating the sensors with a single photon rate comparable to that expected at PANDA [2]. Gain, dark rate and QE (spectral and as a function of the PC surface) are measured in irregular intervals as a function of the integrated anode charge. A compilation of the QE of all tubes investigated are displayed in Fig. 1. While the QE of older models (open dots) drop to less than half the original value after < 200 mC/cm^2 the situation for the most recent mod-

∗ Work supported by GSI contract No. EREYRI1012 and BMBF † Albert.Lehmann@physik.uni-erlangen.de

els (solid dots) is very different. Especially the ALD coated PHOTONIS XP85112 has meanwhile accumulated an anode charge of 5.9 C/cm^2 with only minor QE degradations. This corresponds to over 10 years of PANDA running.

We have also measured the spatial distribution of the QE at the PC surface for all MCP-PMTs. For the Hamamatsu R10754X (with protection film) and the BINP MCP-PMTs we observe that the QE starts degrading from the corners and the rims of the PC [3] and proceeds to the inner regions afterwards. In Fig. 2 a QE chart of the ALD coated PHOTONIS XP85112 is shown. For this tube we observe only moderate QE degradations of 1-2% up to 5.1 C/cm^2. Beyond this charge the sensor shows more QE damage, but still at a tolerable level. At 5.9 C/cm^2 a clear step emerges around x = 0 mm. This stems from the fact that the right half of the PC (x > 0 mm) was covered during the illumination process.

These new results can be considered as a breakthrough in the lifetime of MCP-PMTs and will have implications also on other experiments.

x [mm]

-20 -10 0 10 20 y [mm]

-20

-10

0

10

20

10 12 14 16 18 20 22 2 5903 mC/cm

x [mm]

-20 -10 0 10 20

Q.E. [%]

18

19

20

21

22 23 y = 20.5 mm

x [mm]

-20 -10 0 10 20

Q.E. [%]

18

19

20

21

22

23

2 125 mC/cm_2 2996 mC/cm_2 5135 mC/cm_2 5903 mC/cm

2 2 2

y = 0 mm

x [mm]

-20 -10 0 10 20

Q.E. [%]

18

19

20

21

22 23 y = -20.5 mm

Figure 2: QE at 372 nm as a function of the PC surface for the PHOTONIS XP85112 (9001223) MCP-PMT. Upper left: 2-dim. QE chart (in % [color level]); other plots: QE x-projections at different y-positions and anode charges.

References

[1] A. Lehmann et al., GSI Scientific Report 2010, p. 106 [2] A. Lehmann et al., Nucl. Instr. and Meth. A 718 (2013) 535 [3] A. Lehmann et al., J. Instr. 9 (2014) C02009

GSI SCIENTIFIC REPORT 2013 HSD-03

doi:10.15120 /GR-2014-1-HSD-03 79

In-Beam Tests of Double-Sided Silicon Microstrip Sensors Employing Flex-PCB Readout for the PANDA MVD^∗

R. Schnell^{� 1}, K.-Th. Brinkmann^1, T. Quagli^1, and H.-G. Zaunick^1

1II. Physikalisches Institut, Justus-Liebig-Universität Gießen, Heinrich-Buff-Ring 16, 35392 Gießen, Germany

Introduction

Detectors close to the interaction point, such as the P ANDA Micro-Vertex-Detector (MVD), should feature a low material budget. Hence, the amount of passive material needs to be kept small and materials with high radiation lengths should be used. In terms of detector readout electronics, the utilization of thin flexible PCB technology is favored. Detector modules based on standard rigid-PCB applying flex-PCB pitch-adapters to interconnect between the silicon microstrip detector and the front-end chip, as reported in [1], were succesfully tested. Together with the high-density flex-PCB pitch-adapters, designs for flex-PCB were developed to test the transition from rigid to thin and flexible readout boards [2]. Several beam tests were performed using detector modules based on these designs in beams of electrons at the CERN SPS in Sept. 2012 as well as protons at COSY in Dec. 2013 and Jan. 2014.

Flex-PCB Detector Module

The front-end board is based on a ThinFlex-A® doublesided electrodeposited copper clad polyimide film with a dielectric thickness of 50 � m and 12 � m copper. The total thickness is approximately 100 � m. Figure 1 shows a photograph of the detector module to read out a doublesided silicon microstrip sensor using the APV25 front-end chip [3]. The flexible PCB is glued to a glass-fiber rein-

Figure 1: Photo of the detector module based on flex-PCB.

∗ This work was supported by BMBF (grant no. 05P12RGFP6), JCHP- FEE and HIC for FAIR.

� Robert.Schnell@exp2.physik.uni-giessen.de

forced plastic frame that supports the flex-PCB and the sensor in a way that both sensor sides are accessible for wire bonding. A pitch-adapter fan-out structure is integrated in the 2-layer board to read out every third strip of a doublesided silicon detector with a strip pitch of 50 � m. The frontend board is connected to a transition card by a flex-PCB cable based on the same board specifications.

Results

The aforementioned module was used in beam tests with proton beams of 2.95 GeV/c and 0.8 GeV/c momentum. A hitmap from a measurement with 0.8 GeV/c protons can be seen in figure 2. The signal-to-noise ratio that was obtained from this measurement was (54.5 ± 16.2) for the p-side and (15.2 ± 5.1) for the n-side, respectively. The excellent performance proved the concept of this flex-PCB technology for future application in the P ANDA MVD.

0 20 40 60 80 100 120 0

20

40

60

80

100

120 Entries 4491559

100 200 300 400 500 600 700 800

Figure 2: Raw hitmap from test beam with protons at COSY (unordered channel mapping).

References

[1] R. Schnell et al., GSI-SR2012-PHN-HSD-EXP-10, (2013). [2] GS Swiss PCB AG [3] L. Jones, “APV25-S1: User guide version 2.2”, RAL Microelectronics Design Group, (2001).

HSD-04 GSI SCIENTIFIC REPORT 2013

80 doi:10.15120 /GR-2014-1-HSD-04

Quality assurance for large-scale GEM-foils^∗

N. Saito^{1,2}, A. Ehret^{1,3}, T.R. Saito^{1,2}, and B. Voss^1

1GSI, Darmstadt, Germany;^2HI Mainz, Mainz, Germany;^3Hochschule Darmstadt, Darmstadt, Germany

A large scale GEM-based tracker has been designed [1] as a forward particle-track detector for the PANDA experiments. The detector system consists of three GEM-Discs, each working as a large-area planar GEM detector. The size of GEM-foils is three orders of magnitudes larger than the ’standard’ one (10x10cm^2), therefore a fast and automated quality assurance method has to be established.

A 2D-scanning system has been designed to optically inspect the quality of GEM foils and micro-patterned readout structures to be exploited with a prototype GEM-tracker (active area of 30x30cm^2). The current system is capable to scan a maximum area of 40x40cm^2 at a time by moving a sample with a high-precision 2D-stage (ALS36240 Aerotech). The system is designed to use various devices for detector inspection and tests [2]. For an optical inspection of GEM-foils, a digital microscope can be mounted on the scanning system.

A control software of the 2D-scanning system has been made using LabVIEW to perform an automated image taking. Figure 1 demonstrates the scan results for a scale. The scanning reproducibility has been measured using a microscope (VHX-600 KEYENCE) by comparing images of the same scan position for different runs using an pattern matching algorithm. In order to inspect micro scale structure of GEM foils (fig.2 top), an analysis program has been developed detecting pre-definable objects e.g. contours of GEM holes (fig.2 bottom). The diameters which have been fitted with circles and resulting in parameters such as location of the respective centers and deviation from the ideal circle are plotted and stored in a file.

The scanning reproducibility has been deduced to be (1.7± 1.1)μm for the test performed on a stone table in the clean room of the GSI detector laboratory. The 2D-stage and microscope head will be mounted on a dedicated supporting structure in spring 2014 to be constructed as the complete scanning system. Similar reproducibility tests are foreseen after the assembly.

Image analysis has been performed for 5 samples of standard GEM-foils with various optical settings to find an optimum setting for an appropriate image analysis. Currently, the analysis process is sensitive to the image quality and time consuming. Appropriate algorithms to speed up the whole processing as well as improvements on the hardware are under investigation.

∗ Work supported by GSI(RBDL) / HI Mainz / BMBF FKZ 05E12CD2 / HIP Helsinki, Finland / Universidad Antonio Nariño, Bogotá, Colombia / RD51 collaboration (CERN) / EU-FP7:283286-HP3-WP24-JointGEM

Figure 1: An example of an automated scan showing 121 consecutive images of a scale with 2mm pitch, unstitched (left) and successfully joined (right).

Figure 2: A sample GEM foil (top left) and a zoomed view (top right). GUI of the image analysis program (bottom). An example of analyzed contours and circular fit of an inner hole in the base material and an outer rim in the copper cladding of a GEM hole are shown. A large deviation from the ideal circle is detected and marked by a triangle.

References

[1] B. Voss et. al., GSI scientific rep. 2011, p123 (2012)

[2] A. Ehret et.al., contribution to this report

GSI SCIENTIFIC REPORT 2013 HSD-05

doi:10.15120 /GR-2014-1-HSD-05 FAIR@GSI 81

The PANDA GEM-Tracker Prototype ’GEM2D’, Simulations and Pad-Plane design

A. Gromliuk^{1,2}, J. Kunkel^1, and B. Voss^1

1GSI, Darmstadt, Germany;^2HGS-HIRe for FAIR

In the PANDA experiment particles emitted at angle in the range 5°-22° will be tracked with a set of three large-area planar gaseous micro-pattern detectors based on Gaseous-Electron-Multiplier (GEM) foils as amplification stages [1]. According to simulations [2] of the particle flux of up to 140 kHz/cm^2 the granularity of the readout structures, the so called ‘pad planes’, is purely driven by the required resolution of 150μm, not by particle occupancy.

Simulations of a triple-GEM system have been performed using the Garfield++ toolkit. The ANSYS model of the single conical GEM cell with a top diameter of 70 μm and a bottom diameter of 50 μm was used as an input. According to these simulations the expected gain, which is the number of electrons produced per number of initial electrons is 4000, which reproduces the COMPASS triple GEM detector data within a factor of 2. The endpoints of electrons at the pad plane exhibit a 2-dimensional Gaussian distribution with σ=270 μm, which is in agreement with the simple estimation σ = √ L × D = 240μm , where L is a 1cm drift gap and D is the transverse diffusion coefficient extracted from the Magboltz program. If the size of an electron cloud could be neglected with respect to the strip/pad size, the resolution would be simply P itch/ √ 12. For a pitch of 400μm it would be 115μm and would be significantly improved in case of a weighted mean calculation (best achievable ∼ 30μm , see Fig. 1). In order to verify the feasibility of the targeted spatial resolution of 150μm , a ∼ 200μm thin pad plane was designed realizing two-dimensional readout structures on both faces. The structure of the top projection (see Fig. 2 left) consists of vertical stripes with 75μm width to provide information on the x coordinate and interconnected pads with the sizes 100× 100μm to provide information on the y coordinate. In such a configuration the pitch in x and y coordinates is the same and equals 400μm . The structure of the bottom projection (see Fig. 2 right) is almost the same as on top, but rotated by 45°, which increased the pitch by factor of √ 2 (400× √ 2=566μm ), which additionally allows us to test different strip capacitances. The active area of the ’GEM2D’ GEM-Tracker prototype exploiting this design is 310× 310mm^2 and exhibits 3072 readout channels in total (see Fig. 3. which are routed to high-density connectors. The readout is done exploiting 12 nXYTER-based GEMEX front-end boards[3].

Figure 1: Distribution of the residuals between the generated and the reconstructed track X-positions.

Figure 2: Top (left) and Bottom (right) projection patterns. The insets visualize details of the structures.

Figure 3: Outer part of the GEM2D PadPlane. The blanked inner part is patterned with structures shown in fig.2

References

[1] Voss B. et al., GSI Scientific Report 2008, GSI Report 2009- 1, p.242.

[2] Voss B. et al., GSI Scientific Report 2009, GSI Report 2010- 1, p.338.

[3] Voss B. et al., GSI Scientific Report 2011, GSI Report 2012- 1, p.247.

HSD-06 GSI SCIENTIFIC REPORT 2013

82 doi:10.15120 /GR-2014-1-HSD-06

Time-based reconstruction in the GEM Tracker

R. Karabowicz^1

1GSI, Darmstadt, Germany

Introduction

The GEM Tracker, a set of three planar Gaseous Electron Multiplier detectors, is a forward part of the central barrel of the PANDA experimental setup. Covering polar angles from 5 to 20 degrees it is responsible for track reconstruction. The charged particles are crossing two drift volumes (front and back) per each station and ionize the gas.The signal is detected on the double sided pad plane located in the centre of each station. Each side is equipped with sensitive pads that are connected into strips in two directions per pad plane. This results in recording particle trajectory position on each station in 4 different views. The paper presents the reconstruction chain of the time-based digitized data from the GEM Tracker, that was introduced in [1].

Implementation

The time-stamped digitized data from the GEM Tracker is stored in the time ordered buffer assuming PANDA goal event rate of 2 × 10^7 events per second. The reconstruction tasks request data from these filled buffers and obtain time slices of data, as presented in Figure 1. The time slices are defined by gaps in the data stream and thus are independent of the simulated events structure, often consisting of several events or spreading event data between different slices.

-1 10

1

10

210

time [ns]

3500 3600 3700 3800 3900 400 -1 10

1

10

210

Figure 1: GEM Tracker’s digitized data versus time. Top panel shows different simulated events in different colors (vertical line indicates the beginning of a corresponding event), in the bottom panel different colors represent different time slices.

The reconstruction chain include finding of clusters, hits and eventually tracks. The original idea was to operate on the data from individual time slices with the help of the previously developed algorithms that worked on events. However obtained results, specifically the low track finding efficiency of about 57% for the primary tracks from the DPM event generator, forced searching for new solutions. The first change was to use the time information when combining data, that was originally combined only geometrically. That increased the efficiency by few percent, but still well below the acceptable levels.

In many cases events are inseparably close in time, resulting in higher combinatorics and thus lowering track finding efficiency. The other sources of the tracking inefficiencies are the high occupancy in the GEM Tracker and relatively large strip dead time of 100 ns, resulting in up to 7% chance of any strip being hit again while being inactive. The original hit finding algorithm identified hits from intersections of strips on front (radial and concentric) or back (horizontal and vertical) readout planes. In case of the time-based reconstruction that resulted in hit finding inefficiencies of 10% with about 70% of the found hits being fake hits, stemming from combining signals from different particle trajectories.

In order to cope with these problems it was necessary to amend for the possible influence of previous events. To achieve this, for each reconstructed hit on front (or back) pad plane a confirmation in the form of fired strips on the back (or front) is required. The confirmation may come from the currently analyzed time slice, or from previous time slices. This information is stored in newly developed GEM Tracker Monitor, that gathers information about last activation of each strip.

This method reduced drastically the number of combinatorial fake hits, cutting only small number of real hits, and resulted in improving track finding efficiency to 87% for primary tracks with momentum larger than 1 GeV/c .

p [GeV/c]

0 1 2 3 4 5 6 7 8 9 10 efficiency [%]

30

40

50

60

70

80

90

Figure 2: Track finding efficiency in the GEM Tracker as a function of momentum magnitude.

Summary

The current efforts in the PANDA computing community focus on the reconstruction of constant data stream from various detectors. In this report it has been shown that the data from the GEM Tracker can be analyzed with satisfactory results. Further improvements are still necessary to increase the tracking efficiency and reduce reconstruction time, which amounts today to about 50 ms per simulated event.

References

[1] R. Karabowicz, “Panda GEM Tracker software status”, GSI Scientific Report 2012 (2013) 301

GSI SCIENTIFIC REPORT 2013 HSD-07

doi:10.15120 /GR-2014-1-HSD-07 83

Comparison of Radiation Damage Effects in PWO Under Proton Irradiation at 150 MeV and 24 GeV Energy^∗

V. Dormenev^†, T. Kuske, R.W. Novotny, R. Schubert, and for thePANDA collaboration

II. Physikalisches Institut, Justus-Liebig-Universität Gießen, Heinrich-Buff-Ring 16, 35392 Gießen, Germany

The electromagnetic target calorimeter [1]. of the future PANDA detector is based on PbWO4 scintillation crystals of improved, so called PWO-II quality. To reach sufficient resolution down to a few tens of MeV, the calorimeter has to be operated in addition at a low temperature of T = − 25^∘C. As a consequence, high radiation resistivity of the crystals is required since thermo-activated recovery processes are drastically slowed down. One can overcome or at least significantly compensate the damage by stimulated recovery [2] using external infrared light of ∼ 1000 nm wavelength. The mechanism has been applied even at low temperatures but leading to longer recovery times. However, it turns out that the recovery technique is limited to damage originating from interactions of electromagnetic probes. Recent investigations of radiation damage of lead tungstate under hadron beams with high fluence show a similar behavior of the degradation of optical transmittance like under γ-irradiation. Moreover, an additional shift of the fundamental absorption edge in the wave-length range below 400 nm is observed after irradiation at a total fluence above 1012 particles/cm^2 as illustrated in Fig. 1.

Figure 1: Longitudinal optical transmittance of 22 cm CMS type PWO crystal before irradiation, three month later after irradiation with 24 GeV/c protons (integral fluence = 1013 protons/cm^2), after illumination with blue LED light ( max = 464 nm) for 276.5 hours and after annealing at 300^∘C for 3 hours

Only additional thermal annealing at 300^∘C can reverse the observed shift of the transmission curve and recover the collectable light output. The effect is addressed to local macro defects leading to Rayleigh scattering or the for-

∗ This work was supported by BMBF (grant no. 05P12R6FP7) and HIC for FAIR.

† Valery.Dormenev@exp2.physik.uni-giessen.de

mation of clusters of so called Frenkel defects. The severe damage might be caused by highly ionizing fission and fragmentation products initiated by interactions of protons in the crystal matrix. In that respect, similar effects should appear using protons at significantly lower energies as long as fission processes become possible. In close

Figure 2: Comparison of the experimental data for the irradiation damage due to 24 GeV/c and 150 MeV protons. The results at lower energy have been rescaled to a crystal length of 22 cm using the experimental absorption coefficient dk(λ) obtained for the 5 cm sample

collaboration with the group at KVI (Groningen) we have performed an investigation using 4 samples of PWO crystals produced by Czochralski method (BTCP) and 4 samples produced by modified Bridgman method (SICCAS), respectively. Each sample was cut from a full size (20 cm) crystal to rectangular dimensions of 2 cm · 2 cm · 5 cm. The irradiation was performed with 150 MeV proton beam provided by the AGOR Facility. Four samples (2 BTCP + 2 SICCAS) were irradiated with an integral fluence of 1012 protons/cm^2 (low), the remaining four with 1.8 1013 protons/cm^2 (high). After irradiation the samples were placed in a freezer at a tem-perature well below 0^∘C to decelerate spontaneous recovery processes of the radiation damage. Finally, all measurements were started four months later. At the high fluence a similar shift of the fundamental absorption edge and the typical damage in the range above 400 nm are observed. The deterioration above 400 nm can be recovered with illumination of red light (780 nm). However, the onset of the shift of the fundamental edge can be only compensated after 10 hours annealing at 200^∘C. Rescaling the damage effect to an crystal length of 22 cm shows a similar picture as illustrated in Fig. 2. This provides the opportunity to use low energy

HSD-08 GSI SCIENTIFIC REPORT 2013

84 doi:10.15120 /GR-2014-1-HSD-08 protons for systematic studies of the mechanisms and perform tests searching for alternative new materials for future calorimetry focusing components with lower Z-values.

References

[1] ”Technical Design Report for: PANDA Electromagnetic Calorimeter (EMC)”, arXiv:0810.1216v1, (2008).

[2] V. Dormenev et al., Nucl. Instr. and Meth. in Phys. Res. A 623 (2010) 1082-1085.

[3] V. Dormenev et al., IEEE Trans. on Nucl. Sci. Vol. 61 (2014) 501-506.

GSI SCIENTIFIC REPORT 2013 HSD-08

doi:10.15120 /GR-2014-1-HSD-08 85

Quality of PbWO_4 Crystals Manufactured at SICCAS^∗

V. Dormenev^{†1}, T. Eissner^1, R. W. Novotny^1, R. Schubert^1, I. Tarasov^{1,2}, and for the P ANDA collaboration^1

1II. Physikalisches Institut, Justus-Liebig-Universität Gießen, Germany;^2GSI, Darmstadt, Germany

The electromagnetic target calorimeter of the future P ANDA detector is based on PbWO_4 scintillator crystals of improved, so called PWO-II quality. These crystals provide a nearly doubled luminescence output and a superior radiation hardness comparad to PWO-I quality. These improvements are mandatory for the challenging aim to detect high energy photons from 15 GeV down to a few tens of MeV. To reach this goal, the calorimeter has to be operated at a low temperature of T = -25^∘C. The extremely high radiation hardness of the crystals is required since thermally activated recovery processes are drastically suppressed. Therefore, the maximum loss of light output due to the deterioration of the optical transparency is primarily determined by the concentration of intrinsic defects created during the growing process. One can overcome or at least significantly compensate the damage by the recently discovered new effect of stimulated recovery [1].

Before completing the production of the total number of ≈ 11,000 PWO crystals for the barrel part of the calorimeter the former manufacturer BTCP (Bogoroditsk Technical Chemical Plant) in Russia went out of business due to lack of funding for the missing 8,350 crystals. The barrel section comprises 11 different geometries in two symmetric versions. Presently, the company SICCAS at Shanghai is the only active manufacturer of PWO crystals. Therefore, an R&D project has been restarted to inspect and further improve the quality of crystals to meet the PANDA-EMC requirements. Tab. 1 summarizes the relevant parameters of the quality specifications.

Parameter Unit Limit Light yield LY phe/MeV ≥ 16.0 measured at T = +18^∘ C, polished crystal LY(100 ns)/LY(1 μ s) > 0.9 light yield integrated over 100 ns and 1 μ s Induced absorption coefficient Δ k m^{− 1} ≤ 1.1 measured at RT, integral dose: 30 Gy

Table 1: Some relevant quality specifications.

Within this project 25 full size crystals of geometry type 11L have been produced and completely tested at the facilities at Giessen and CERN. In the latter case, the semiautomatic testing machine ACCOS has been used to determine the geometrical dimensions, the optical performance, luminescence parameters like the relative light yield and decay kinetics. At the detector laboratory and radiation facility at Giessen, the absolute light yield at different operating temperatures as well as the radiation hardness were

∗ This work was supported by BMBF (grant no. 05P12RGFP7), and HIC for FAIR.

† valery.dormenev@physik.uni-giessen.de

tested with gamma rays originating from a set of^{60} Co sources.

LY in phe/MeV

8 10 12 14 16 18 20 22 24 26 28

Samples per 1 phe/MeV

0 0.5 1 1.5 2 2.5 3

Figure 1: Distribution of absolute light yield measured at T = +18^∘C for all 25 PWO crystals.

Time in ns

0 500 1000 1500 2000 2500 3000 3500 4000

Light Yield in phe/MeV

20 30 40 50 60 70 80 90

C° T=+18 C° T=0 C° T=-25

Figure 2: Light yield of one PWO sample (#120904) as function of and integration time for selected temperatures.

Figs. 1 and 2 illustrate the determined light yield at +18^∘C and the increase at lower temperatures as a function of integration time. Most of the crystals reach the limits and show no dominant slow scintillation components. The optical performance delivers sufficient transmittance over the relevant wavelength region. However, the required radiation hardness, expressed by the change of absorption coefficient at 420 nm due to an integral radiation dose of 30 Gy need further improvement of the used raw material or the growing technology. Fig. 3 shows the distribution of the obtained Δ k values.

References

[1] V. Dormenev et al., Nucl. Instr. and Meth. in Phys. Res. A 623 (2010) 1082-1085.

HSD-09 GSI SCIENTIFIC REPORT 2013

86 doi:10.15120 /GR-2014-1-HSD-09

-1 k in m Δ 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

-1 Samples per 0.2 m

0 2 4 6 8 10

Figure 3: Distribution of the measured Δ k values at 420 nm.

GSI SCIENTIFIC REPORT 2013 HSD-09

doi:10.15120 /GR-2014-1-HSD-09 87

Dark count measurements of SiPM detectors^∗

A. M. Ketchieumen Tchitnga^1, H. Orth^2, C. Sahin^{†3}, A. Sanchez^3, and C. Schwarz^2

1Justus-Liebig-University, Giessen, Germany;^2GSI Helmholtzzentrum GmbH, Darmstadt, Germany;^3Johannes Gutenberg University, Mainz, Germany

The advantages of SiPMs as compared to conventional photomultipliers are high photon detection efficiency, moderate bias voltages, magnetic insensibility, and small size. Limitations for their usage in experiments come from dark count rate and after pulsing. These properties are a function of temperature and were measured here for two sensors. The temperature of the sensors was controlled by placing them in a Peltier-cooled light-tight aluminum box.

Figure 1: Oscilloscope example for dark count signals from a SiPM S10362-11-100P [1] at room temperature. The top trace shows a dark count with two after pulses. The middle one shows a gate from a discriminator which counts all signals, the bottom gate counts the groups, excluding the after pulses.

Electronic sensors (LM35AH) measured the temperature at two positions of the walls. Measurements were done when the temperature difference was below 0.5^oC. The dark count signals were followed by after pulsing, an example is shown in Fig. 1, top trace. In order to distinguish between true dark counts and after pulsing, we counted the hits with the help of two electronic gates from a discriminator. The 1μs long gate (bottom row) counted the dark counts, the short one of 100ns (middle row) includes after pulsing.

The count rate per second and square millimeter is shown in Fig. 2, for two devices. The error bars are within the symbol size. The top curves are for a S10362-11-100P from Hamamatsu [1], the bottom curves for PM3375 with trench technology from Ketek [2]. The closed symbols and

∗ EU FP7 grant, contract number 227431, HadronPhysics3. † sahin@kph.uni-mainz.de

PM3375 S10362-11-100P Area 3x3 mm^2 1x1 mm^2 Cell pitch 75 μm 100 μm Geo. effi. 72% 78.5%

Table 1: Geometric properties of the measured sensors.

open symbols denote the count rate without and with after pulsing, respectively. For each measurement the breakthrough voltage was determined and the device operated at 1 V overvoltage. The decrease of the dark count rate with decreasing temperature is clearly seen. It drops by a factor of two for a temperature decrease of 8.2^oC and 9.8^oC for the Hamamatsu and Ketek sensor, respectively. These values are close to the expected decrease of a factor 2 every 8^oC [3]. For both sensors the amount of after pulses decreases with decresasing temperatures as can also be seen in Fig,2 by the larger rate difference for closed and open symbols at the higher temperatures

Figure 2: Dark count rates for two SiPMs. The open symbols denote the pulse rate including after pulsing, the closed symbols denote the pulse rate excluding after pulses.

References

[1] http://www.hamamatsu.com

[2] http://www.ketek.net/

[3] NIM A567 (2006) 48, D. Renker

HSD-10 GSI SCIENTIFIC REPORT 2013

88 doi:10.15120 /GR-2014-1-HSD-10

Further Development of Lattice-FPGA based TDC and Its Implementation on different Platforms

C. Ugur^{∗1}, J. Fr ühauf^1, J. Hoffmann^1, N. Kurz^1, T. Schweitzer^1, and M. Traxler^1

1GSI, Darmstadt, Germany

The research on the Lattice ECP3 FPGA based TDC described in [1] was carried out during the year 2013 in order to implement further features (e.g. semi-asynchronous stretcher, calibration trigger) and fix bugs in the design. Moreover, the design was adapted to other readout platforms (e.g. MBS) and implemented on different boards (e.g. FEBEX3, CBMTOF) and several tests were applied to assess the TDC in detail.

Some detectors used in particle physics experiments - e.g. Microchannel Plate (MCP) Detectors used for single photon detection - can generate pulses as short as 1 ns . These short signals cannot be measured by the traditional TDL based TDCs, where the state of the start signal has to be preserved until the rising edge of the stop signal, as the falling edge of the start signal would induce another transition in the delay line. In our case the start signal has to conserve the logic high state until the rising edge of the next clock cycle. Therefore, a semi-asynchronous pulse stretcher is designed to extend the length of the hit signals more than one clock period. The stretcher is shown in Figure 1(a).

The stretcher was tested with a ∼ 500 ps wide pulse. In order to measure the width of the short pulse the rising and falling edges of the pulse were measured on two channels. The difference between these two channels was recorded in a histogram after calibration. In Figure 1(b) it can be seen, that the mean of the peak is at 519 ps, which gives the width of the pulse. Also the measured precision not considerably deteriorated (12 ps).

As the delay lines of the TDC channels don’t have a constant propagation delay and each of them is unique, they have to be calibrated using random input signals with enough statistics (∼ 10^5). However, during the experiments it might not be possible to get enough statistics on every channel. Therefore, the TDC was designed to be prompted with a calibration trigger (if supported by the readout platform) to fire every channel with random pulses generated by the on-chip oscillator of the FPGA. After several tests, no deterioration was observed and this unprecise oscillator (130 MHz ± 15% [2]) proved to be an excellent candidate as a random hit generator.

The performance of the TDC was tested for long time intervals between the hit signals (up to 1 us ). The long time intervals were spawned by using a data timing generator (Tektronix DTG5078) and were measured on two TDC channels on different boards (TRB3, FEBEX3, CBMTOF). In the FPGAs, which are powered by DC-DC convert-

∗ c.ugur@gsi.de

(a) (b)

Figure 1: (a) The falling edge of the input signal is delayed for two clock rising edges. (b) ToT measurement of a 500 ps wide pulse was done on two channels of the TDC with a precision of 12 ps.

ers, a periodic change of the precision over the delay time was discovered. The amplitude of this degradation was recorded as ∼ 35 ps (Figure 2(a)). This effect seems to be caused by the noise induced in the supply voltage of the FPGA. In order to test the assumption the DC-DC converters on the board were removed and the test was repeated after the FPGAs were powered with a linear power supply. The peak-to-peak change in the precision over the same delay time was logged as < 3 ps (Figure 2(b)).

(a) (b)

Figure 2: The precision change of the TDC over long delay measurements in an FPGA powered by (a) DC-DC converters and (b) linear power supply.

During the July 2013 PANDA Barrel-DIRC Detector Prototype beamtime tests at MAMI-Mainz (Mainzer Mikrotron) the TDC design on TRB3 platform was operated successfully.

References

[1] C. Ugur et.al, “GSI Scientific Report 2012”, p.299. [2] Lattice Semiconductors, “LatticeECP3 Family Handbook”, July 2013, HB1009 Version 05.2.

GSI SCIENTIFIC REPORT 2013 HSD-11

doi:10.15120 /GR-2014-1-HSD-11 FAIR@GSI 89

Study of PANDA Barrel DIRC design options^∗

R. Dzhygadlo^{†1}, K. G ötzen^1, G. Kalicy^1, H. Kumawat^3, M. Patsyuk^{1,2}, K. Peters^{1,2}, C. Schwarz^1, J. Schwiening^1, and M. Zühlsdorf^{1,2}

1GSI, Darmstadt, Germany;^3BARC, Mumbai, India;^2Goethe Universität Frankfurt, Germany

The PANDA Barrel DIRC detector [1] will be an essential component of the PANDA experiment at FAIR. It will perform hadronic particle identification, in particular to separate charged pions and kaons for momenta between 0.5 and 3.5 GeV/c. The physics program of PANDA requires the separation to be better than three standard deviations for polar angles between 22^∘ and 140^∘.

To achieve this performance a number of design options for the PANDA Barrel DIRC geometry are considered. In the baseline design 16 modules, each comprising 5 narrow fused silica radiator bars (1.7 cm × 3.2 cm × 240 cm) surround the beam line at a radial distance of 47.6 cm. A charged particle passing through a bar produces Cherenkov photons, which are guided inside the radiator via total internal reflection to the mirror at the one side and to the expansion volume (EV) at the other. Fused silica or mineral oil are candidate materials for the EV. The photons are detected by an array of micro-channel plate photomultiplier tubes [2] with a pixel size of about 6.5 mm × 6.5 mm. A doublet lens between bar and EV focuses the hit pattern on the imaging plane.

Figure 1: Geant-based simulation of the PANDA Barrel DIRC using narrow bars as radiators in combination with an oil-tank (left) and with compact solid fused silica prisms (right) as expansion volumes. The colored histogram shows the accumulated hit pattern from 20 charged kaons of the same momentum and angle.

In order to optimize the performance and reduce the detector cost, realistic simulations of different design options are performed using Geant [3] within the PandaRoot framework [4]. Fig. 1 shows two example geometries for different EV materials and shapes together with accumulated hit patterns.

The performance of each design is evaluated in terms of the reconstructed single photon resolution (SPR) and the

∗ Work supported by HGS-HIRe, HIC for FAIR, EU FP6 grant #515873, and EU FP7 grant #227431.

† R.Dzhygadlo@gsi.de

photon yield per particle. The SPR is defined as the difference between the expected and reconstructed Cherenkov angle of each photon. Fig. 2 shows an example of the obtained SPR and photon yield as a function of the kaon polar angle for an oil-tank EV without focusing and with a twocomponent spherical lens. Of the two geometries only the focusing design, with 12–60 photons per particle and an SPR around 10 mrad, meets the Barrel DIRC requirements for PANDA.

Figure 2: SPR and photon yield for an oil-tank EV with (red line) and without (blue line) a focusing system. The bands correspond to the rms of the distributions in each bin.

The evaluation of others detector design options, in particular the use of wide plates instead of narrow bars, in combination with different cylindrical and spherical lens designs, is ongoing. Several of the most promising designs will be implemented in a prototype and tested with particle beams at GSI in the summer of 2014.

References

[1] J. Schwiening, Nucl. Instr. and Meth. Phys. Res. Sect. A 639 (2011) 315.

[2] A. Lehmann et al., Nucl. Instr. and Meth. Phys. Res. Sect. A 718 (2013) 535.

[3] S. Agostinelly et al., Nucl. Instr. and Meth. Phys. Res. Sect.

A 506 (2003) 250; J. Allison et al., Nuclear Science, IEEE Transactions 53 (2006) 270-278.

[4] S. Spataro, J. Phys. Conf. Ser. 119 (2008) 032035; M. Al- Turany and F. Uhlig, Proceedings of Science (ACAT08) 048.

HSD-12 GSI SCIENTIFIC REPORT 2013

90 doi:10.15120 /GR-2014-1-HSD-12

Study of a PANDA Barrel DIRC design based on radiator plates^∗

R. Dzhygadlo^1, K. G ötzen^1, G. Kalicy^{1,2}, H. Kumawat^{1,3}, M. Patsyuk^{1,2}, K. Peters^{1,2}, C. Schwarz^1, J. Schwiening^1, and M. Zühlsdorf^{†1,2}

1GSI, Darmstadt, Germany;^2Goethe Universität Frankfurt, Germany;^3BARC, Mumbai, India

A Cherenkov detector based on the DIRC (Detection of Internally Reflected Cherenkov light) principle [1] will be used in the target spectrometer of the PANDA experiment to distinguish between charged pions and kaons for momenta between 0.5 and 3.5 GeV/c. It is centered around the target point, in the shape of a barrel to cover polar track angles between 22 and 140^∘. The design of the PANDA Barrel DIRC is based on the BABAR DIRC [2] (the first successful DIRC counter) with some important improvements, such as fast photon timing, focusing optics, and a compact expansion volume [3].

In the PANDA Barrel DIRC baseline design the barrel of 47.6 cm radius comprises 16 sections with 5 fused silica radiator bars (1.7 cm× 3.2 cm× 240 cm) each. Cherenkov photons, produced along the charged particle track in the bar, are guided inside the radiator via total internal reflection. A mirror is attached to the forward end of the bar to reflect photons towards the read out end, where they are focused with a lens and projected onto a flat photo detector plane behind the 30 cm-deep oil-filled expansion volume. An array of Micro-Channel Plate Photomultiplier Tubes (MCP-PMTs) is used to detect the photons and measure their arrival time with a precision of about 100 ps.

Figure 1: Geant simulation of one half of a barrel DIRC using radiator plates.

In order to meet the PANDA resolution requirement and reduce the detector cost, the influence of different parameters and geometry options on the detector performance are being studied in simulations. The use of one wide plate per bar box significantly reduces the total detector produc-

∗ Work supported by HGS-HIRe, HIC for FAIR, EU FP6 grant #515873, and EU FP7 grant #227431.

† m.zuehlsdorf@gsi.de

Figure 2: A single DIRC module, comprising a radiator plate, forward mirror, prism, and MCP-PMT array. The kaon track is shown in red, Cherenkov photon trajectories in orange. For clarity, the path of a single photon is highlighted in blue.

tion cost in comparison to the baseline design with narrow bars, as there are fewer pieces to be polished. In addition, a compact fused silica prism can be used as a photon camera in front of each bar box instead of the single volume filled with mineral oil. This option reduces the number of pixels and provides better optical properties, which improves the photon yield. Figure 1 shows a simulation of a DIRC where both options are applied. Figure 2 illustrates the propagation paths of Cherenkov photons inside the plate and prism.

In 2013, two reconstruction approaches were developed for these design options and tested with Geant [4] simulations. The first approach, reconstructing the Cherenkov angle with lookup tables and geometrical photon path reconstruction, fails to meet the PANDA requirements due to excessive combinatorial backgrounds created by chromatic dispersion.

Figure 3: Propability density functions of pion (red) and kaon (black) hypotheses for a selected pixel.

A second approach uses the photon arrival time for each track momentum and direction, pixel by pixel, to produce

GSI SCIENTIFIC REPORT 2013 HSD-13

doi:10.15120 /GR-2014-1-HSD-13 FAIR@GSI 91

Figure 4: Log-likelihood difference for pion and kaon hypotheses for a sample of pions (red) and kaons (black) at 3.5 GeV/c track momentum and 22^∘ polar track angle.

probability density functions (PDF, see fig. 3), so that for each particle track time-based likelihoods can be assigned to the particle hypotheses. This approach shows promising results with realistic DIRC geometries and PDFs created from simulation, and seems to meet the resolution requirements for PANDA, even without the aid of focusing elements. A critical region in the final state kaon phase space for the barrel DIRC is at 3.5 GeV/c track momentum and 22^∘ polar track angle, as most of the kaons are expected in forward direction at high momenta, and a pion/kaon separation is challenging due to the small Cherenkov angle difference at higher momenta. The separation power, which is defined by the difference of the kaon and pion likelihoodratio distribution divided by the average standard deviation, is a figure of merit for the PID performance. Figure 4 shows a separation power of 4.7 standard deviations at 3.5 GeV/c track momentum and 22^∘ polar track angle, which is better than the 3 standard deviations set as goal of the PANDA PID. Simulation studies of the performance of the wide plate in combination with a cylindrical lens are ongoing.

The reconstruction approach is currently being applied to experimental data taken with a DIRC prototype at CERN in 2012. Additional data will be taken with an improved prototype setup at GSI in summer 2014.

References

[1] B. N. Ratcliff, SLAC-PUB-5946 (1992), SLAC-PUB-6047 (1993); P. Coyle et al., Nucl. Instr. and Meth. Phys. Res. Sect. A 343 (1994) 292.

[2] I. Adam et al., Nucl. Instr. and Meth. Phys. Res. Sect. A 538 (2005) 281.

[3] J. Schwiening, Nucl. Instr. and Meth. Phys. Res. Sect. A 639 (2011) 315.

[4] S. Agostinelly et al., Nucl. Instr. and Meth. Phys. Res. Sect.

A 506 (2003) 250; J. Allison et al., Nuclear Science, IEEE Transactions 53 (2006) 270-278; S. Spataro, J. Phys. Conf. Ser. 119 (2008) 032035; M. Al-Turany and F. Uhlig, Proceedings of Science (ACAT08) 048.

HSD-13 GSI SCIENTIFIC REPORT 2013

92 doi:10.15120 /GR-2014-1-HSD-13

Study of the timing resolution of a PANDA Barrel DIRC prototype

M. Krebs^{∗1,2}, K. Peters^{1,2}, C. Schwarz^1, and J. Schwiening^1

1GSI, Darmstadt, Germany;^2Goethe Universitaet, Frankfurt, Germany

A prototype of the PANDA Barrel DIRC [1] detector was tested with hadronic beams at the CERN PS in the summer of 2012. The outcome of this test was analysed during the last year and converted into design improvements. A synthetic fused silica bar (17 × 35 × 1225 mm^3) with a focusing lens attached to one end and a mirror to the other end was placed into a light-tight container. A large synthetic fused silica prism with a depth of 30 cm, located about 2 mm from the lens, served as expansion volume. The hit location and the photon propagation time of photons were measured with an array of nine Micro-Channel Plate Photomultiplier Tubes (MCP-PMTs) coupled with optical grease to the back surface of the prism. The data acquisition for 896 channels was performed using the TRB (version 2) boards [2] in combination with TOF addOns [3], customized for MCP-PMT readout. The primary goal were the determination of the single photon Cherenkov angle resolution and the photon yield for several design options, including different focusing systems and radiator sizes.

Figure 1: Schematic of signal amplitude vs. time, illustrating the influence of noise on the timing resolution.

The observed timing resolution of σ ≈ 150 − 200 ps was significantly worse than the goal of σ < 100 ps. Since test bench measurements had previously demonstrated that the intrinsic resolution of the Photonis Planacon MCP-PMT is less than 50 ps [4], the readout system was studied in detail at GSI after the beam time. For this study we used a Tektronix pulse generator (AFG3252) to vary amplitude and rise time of the signal. Any noise on the pure single photon signal, picked up by the MCP-PMT or the cable connecting the sensor to the discriminator, contributes to the measured timing jitter σ_m via the slope of the signal, as shown in Fig. 1, taking the timing jitter of the discriminator σ_d into account. The results of a measurement for one of the addOn boards used during the beam time are shown in Fig. 2 for a range of signal amplitudes. The slopes of

∗ M.Krebs@gsi.de

the signals were adjusted by changing the rise times for the corresponding signal heights. The timing resolution drops as as a function of the signal slope, independent of the signal amplitude and converges asymptotically to the timing jitter value of the discriminator. The slope of the rise time of a Planacon MCP-PMT is about 5 mV/ns, which corresponds to a contribution of 60 ps from the readout to the single photon timing resolution.

Figure 2: Timing resolution sigma m vs. slope of the signal for a NINO threshold of 1.65 mV. The symbols represent different signal amplitudes.

The time resolution observed during the CERN test beam experiment would be consistent with a rather high noise level of σ_{noise} = 1 .2 mV. This noise may have been pick-up from the 2 m-long cables between the MCP-PMT array and the addOn boards with the long cables acting as antennas in the busy T9 beam line area.

The next PANDA Barrel DIRC prototype, with an improved readout system based on the TRB version 3 [5] in combination with a new discriminator board (PADIWA), will be tested with particle beams at GSI in the summer of 2014.

References

[1] J. Schwiening, et al., Nucl. Instr. and Meth. Phys. Res. Sect.

A 639 (2011) 315.

[2] I. Fröhlich, et al., IEEE Trans. Nucl. Sci. 55 59 (2008). [3] F. Anghinolfi, et al., Nucl. Instr. and Meth. Phys. Res. Sect.

A 533 183 (2004);

J. Christiansen, et al., “HPTDC High Performance Time to Digital Converter,” 2004 CERN/EP-MIC.

[4] A. Lehmann, et al., Nucl. Instr. and Meth. Phys. Res. Sect. A 718 (2013) 535-540.

[5] A. Neiser, et al., 2013 JINST 8 C12043.

GSI SCIENTIFIC REPORT 2013 HSD-14

doi:10.15120 /GR-2014-1-HSD-14 FAIR@GSI 93

HSD-14 GSI SCIENTIFIC REPORT 2013

94 doi:10.15120 /GR-2014-1-HSD-14

GSITemplate2007

Collaboration report NUSTAR progress in 2013

C. Scheidenberger^1

1GSI, Darmstadt, Germany

Since several decades, the year 2013 was the first year without beamtimes at GSI. Various NUSTAR detectors and sub -systems for FAIR are already in operation and the collaboration looks forward to their implementation and use at FAIR. The lack of beamtime i nduced a serious change of the daily scientific work and hampered the beam-related preparations of FAIR experiments, comp onent tests and R&D-work, including pilot experiments for FAIR.

NUSTAR collaboration

The NUSTAR collaboration is fully operational. All bodies and gremia are established and work continuously since several years.

Like in previous years, NUSTAR has held its two m ajor collaboration meetings: in spring 2013 the NUSTAR Annual Meeting took place as usual at GSI, and in fall the NUSTAR Week, w hich is traveling to the major NU S- TAR partner countries and institutes, took place in He lsinki (Finland). These meetings focus on the scientific achievements, on technical developments and they are important meeting platforms for the various groups and boards of the collaboration; they also give opportunity to present status and progress of the NUSTAR common working groups to the whole collaboration. Besides these meetings, the NUSTAR News Letter appears regularly several times per year and keeps all collab oration me mbers and other people up- to-date on all relevant collabor ation activities. For the missing LEB building, a task force was established to firmly promote the realization of the LEB hall. The Super -FRS experimental program was e stablished as comprising part of NUSTAR, and a scientific high-level program has been identified, which is chara cteristic for the high -energy accelerator capabilities at FAIR. With few, dedicated ancillary detectors, a NU S- TAR science program extended in scope and quality, competitive on the world scale, will become possible by the time when FAIR operation will start.

The NUSTAR groups at GSI and FAIR fulfil im - portant integrating activities and play a vital role for the whole scientific collaboration. They are an essential pr erequisite for the exploitation of existing instruments at UNILAC and SIS -ESR of GSI and the future facilities of FAIR. They are a melting pot of all relevant scientific activities and provide organizational support and coordination. Together with the scie ntific-technical infrastru cture departments and the collaboration, they perform cross-sectional developments, for instance data acquis ition, electronics, data analysis, quality assurance etc., and integrate and coordinate the collaborative efforts for ope rating, maintaining and upgrading the experimental i nstruments and laboratories.

Project developments

NUSTAR builds on a continuous transition from GSI towards FAIR. The central device of the NUSTAR co llaboration at FAIR will be the superconducting fragment separator (Super-FRS), which is in preparation. The sep arator itself and its three exit branches will be equipped with complex detectors for forefront experiments. These detector systems are mostly built modularly and allow for a stepwise setup and integr ation. Already today, all of them have reached the status of a basic “start version” for experiments.

Also the procurement of Super -FRS components is well underway. The collaborative work with FAIR members and in-kind partners is in full swing. Also the f ruitful scientific-technical collaboration with KVI continues with work packages like the cryogenic ion catcher for the Low- Energy Branch of the Super-FRS or the slit system for the separator itself. The layout of the energy buncher spe ctrometer at the Low-Energy Branch of the Super-FRS was finalized. The new layout has many experimental advantages and will solve several technical challenges. It builds mostly on standard Super -FRS components and reduces R&D efforts and costs. Target and material tests, R&D work of detectors, new ion -optical modes and separation schemes are carried out as a concentrated effort of the whole NUSTAR collaboration with a large degree of synergy and cross -fertilization among the various NU S- TAR sub-collaborations and the GSI NUSTAR groups.

Scientific achievements

The NUSTAR groups at GSI made several important scientific achievements. The year prompted many publ ications and conference contributions, and awards for se veral group members. They are described in this annual report, and the most important ones are briefly mentioned here.

In the theory groups the main focus of last year’s activities was on astrophysical applications of nuclear physics. The inclusion of charged -current interactions for muon neutrinos in supernova calculati ons showed a significant change in opacities that will have consequences for the neutrino spectra emitted from a proto neutron star. In studies of nuclear matter at low densities the relativistic density functional approach was extended with an explicit treatment of clusters of light nuclei and nucleon -nucleon correlations. These additional degrees of freedom are nec -

GSI SCIENTIFIC REPORT 2013 NUSTAR-FRS-01

doi:10.15120 /GR-2014-1-NUSTAR-FRS-01 95 essary to obtain a correct low-density limit as provided by the virial equation of state.

Calculations within an extended Hartree-Fock- Bogoljubov (HFB) approach with multiphonon excit ations provided an improved description of M1 strength distributions and neutron -capture cross sections at low energies. Microscopic calculations for resonances and continuum states with the ferm ionic molecular dynamics (FMD) approach were extended with an explicit treatment of coupled channels, and used to investigate the structure of the continuum states in ^{12}C. Realistic nucleon -nucleon interactions have a non -trivial momentum dependence. A phase-space representation was developed to provide a better visualization of interaction properties.

The activities of the superheavy element research groups concentrated on the analysis of previously mea sured data, technical developments for their experime ntal setups and FAIR injectors, and participation in exper iments elsewhere.

Together with the partners at the University of Mainz, the Helmholtz Institute in Mainz, and several foreign groups, the chemistry group performed two experiments at the RIKEN facility in Japan. The goal was the synthesis and chemical characterization of a compound class, which would be new for superheavy elements: seaborgium hexacarbonyl (element 106). The physics group pe rformed in collaboration with the superheavy element group of RIKEN an experiment at the GARIS separator: in reactions ^{48}Ca + ^{248 296}116* several decay chains of Z=116 isotopes were observed, whose decay pattern were previously measured at SHIP. This experiment was a starting point for the future experiments wi th 248Cm targets at RIKEN. Further, the physics group participated in transfer and fusion -fission reaction experiments at JINR in Dubna and contributed a diamond dE -E-TOF telescope as a new asset to the CORSET set-up for studies at the Coulomb barrier. The se activities help to maintain the experimental expertise and develop practical skills for working towards the future FAIR facility.

Other main activities included performing the data analyses from the long experiments in 2011/12 on the search for the new elements 119 and 120 as well as the synthesis of element 117, which were partially completed, and the preparations for experiments foreseen for 2014 at GSI, including experimental and theoretical studies of chemical properties of superheavy elements. Analy sis of spin distributions for compound nuclei from compound nuclei from Ni-64 + Mo -100 reactions at energies around the Coulomb barrier measured previously at INFN Legnaro was performed, decay properties of neutron def icient Fr - and Ra -isotopes were studie d, nuclear shell strengths towards N = 162 was analyzed.

Construction and purchase for the new focal plane d etector system for SHIP was sustained, first off -line tests were started. Improved detection for trapped ions using the 'phase imaging ion cyclotronresonance' (gaining more than one order of magnitude higher mass resolution) was successfully applied in off -line measurements. The R A-

DRIS method for laser spectroscopy of superheavy el ements was further optimized on the basis of results from test experim ent in late 2012 and is now ready for laser spectroscopy experiments on 254No. As a new activity an upgrade program to optimize the operation of the UN I- LAC gas stripper with respect to the requirements of FAIR was started.

The first determination of radii of proton distributions of B nuclides from charge changing cross section

radii are deduced from a finite -range Glauber model anal- 13B to ^{17}B. The measurements show the existence of a thick neutron surface with a neutron -proton radius difference of 0.51(0.11) fm in 17B.

The in-flight decay measurement of the short-lived proton-drip-line nuclide ^{31}Ar has been analysed. The exper iment setup was similar to the pr eviously successfully measured two-proton emitter ^{19}Mg.

The FRS group worked also intensively on the ionoptical layout of the LEB of the Super -FRS and its experimental performance in different scenarios with the ion - catcher in combination with the Multipl e- Reflexion Time-of-Flight Mass Spectrometer (MR -ToF-MS). Highresolution Super -FRS spectrometer experiments can be performed with the dispersion -matched energy buncher combined with the main Separator. The extraction eff iciency of the stopping cell has b een significantly i mproved to about 60% by higher gas purity and lower te mperatures of 70 -100 K. The average extraction time for uranium fragments was 24 ms. Broad band mass spectra have demonstrated the cleanliness of the gas -filled sto pping cell. The per formance of the MR -ToF-MS has been investigated experimentally at the FRS with isobars of A=211 produced with 1000 MeV/u ^{238}U projectiles in a Be target. The achieved accuracy and resolution of the MR-ToF-MS has not yet reached the off -line results but with the performed technical changes it will be possible. However, the presently achieved online resolving power i- fy the nuclides of hot fusion products in the range of Z>113. This identification was not possible in the past.

The analysis of the data obtained from two different isochronous mass measurements with the correlation m atrix has made a lot of progress.

The analysis of data obtained at the R^3B-LAND setup yielded several highlights concerning the spectroscopy of nuclear systems beyond the drip lines. On the proton- rich side, the ground state of the unbound nucleus ^{15}Ne could be identified for the first time. Several cases beyond the neutron drip line have been studied, including the ne utron-unbound systems ^{25,26}O, which are presently the heaviest nuclei beyond the neutron drip line which can be reached experimentally. The structure of the unbound 13Be nucleus has been investigated in detail on the basis of high-quality data from knockout reactions measured at the R^3B-LAND setup in conjunction with results from

NUSTAR-FRS-01 GSI SCIENTIFIC REPORT 2013 previously published data. A consistent description of the 13Be excited states was obtained resolving previous di screpancies in the interpretation. For the nucleus ^{14}Be, the second 2+ excited state was identified and its structure and decay mechanism was investigated for the first time.

The program concerning the investigation of collective dipole excitations, in particular low-lying Pygmy strength in neutron-rich nuclei has been continued. The analysis of the data on electromagnetic excitation of ^{68}Ni has been finalized and published. The dipole polarizability has been measured for the first time for a short -lived nucleus from which a neutron -skin thickness for 68Ni of 0.17(2) fm has been extracted, which provides constraints on the density dependence of the symmetry energy. The Pygmy dipole resonance (PDR) was observed at 9.6 MeV exhausting 2.8(5)% of the energy -weighted sum rule. In addition, a gamma decay branch for the PDR of 7(2)% could be extracted by combining our result with a prev ious measurement.

The activities of the nuclear spectroscopy group was dominated by the preparations of the PRESPEC exper iments using the AGATA-detector. The set-up was further optimized, based on the experience gained in the bea mtimes in 2012, and the data analysis of the 2012 runs was continued and data integrity confirmed. A new concept for the DESPEC DEGAS array, backed by simulations, has been worked out. A new segmented scintillator dete ctor (finger detector) for very high beam particle rates has been realized. As spin -off a novel position sensitive gamma-detector for industrial applications has been d eveloped and successfully tested. A conceptually new data analysis software suite has been developed and impl emented, allowing to analyse data from FRS, PRESPEC and other detection systems in an easy and versatile ma nner.

Awards

• Michael Block was awarded the Flerov Preis 2013 of the JINR Dubna

• Timo Dickel received the GENCO Young - Scientist Award 2013 of the GSI Exotic Nuclei Comm unity

• Sophie Heinz has been named by Elsevier for excellence in reviewing as “one of the most valued r eviewers of 2013”

• Sigurd Hofmann became member of the “Polish Academy of Arts and Sciences”

GSI SCIENTIFIC REPORT 2013 NUSTAR-FRS-01

Progress on the Super-FRS Experimental Program

J. Äystö^1, K. Gales^2, H. Geissel^{3,4}, C. Nociforo^3, C. Scheidenberger^{3,4}, H. Simon^3, I. Tanihata^{5,6}, H. Weick^3, M. Winkler^3, and for the Super-FRS Collaboration^1

1Helsinki Institute of Physics, FI-00014 University of Helsinki, Finland;^2IPN Orsay/IN2P3-CNRS and University Paris XI, 91406 Orsay Cedex, France;^3GSI Helmholtzzentrum für Schwerionenforschung GmbH, 64291 Darmstadt, Germany;^4Justus-Liebig-Universität Gießen, 35392 Gießen, Germany;^5Research Center for Nuclear Physics, Osaka University, Osaka 567-0037, Japan;^6School of Physics and Nuclear Energy Engineering, Beihang University, Beijing, China

The superconducting fragment separator (Super-FRS) will not only provide several thousand different shortlived isotopes to the experimental destinations of its three branches, but, taking advantage of its nature being a highresolution spectrometer [1], it will enable a variety of unprecedented, unique nuclear physics experiments, too. The key feature common to these “spectrometer experiments” is the high-resolution momentum measurement. The highest possible momentum resolution will be reached with the energy-buncher/spectrometer [2] at the LEB when this is coupled to the main separator in a dispersion-matched ionoptical mode: to first order, this combination will yield a momentum resolving power up to p/ Δ p ∼ 20, 000. Another important trait is the multi-stage operation, where the separator-spectrometer capabilities as such are a comprising and integral part of the measurement. With this intention, the Super-FRS Collaboration has identified experiments, which are complementary to the other NuSTAR experiments and emerge as new physics opportunities with the Super-FRS instrument. The common feature is that these experiments will employ

• individual stages of the Super-FRS (roughly speaking:

pre-separator, first and second half of the main separator, spectrometer/energy buncher at the Low-Energy Branch)

• different ion-optical modes of the Super-FRS (achromatic, mono-energetic, dispersive)

• several target and degrader stations at the major focal

planes (including secondary or tertiary targets)

• various functions (separation including the suppression of the primary beam or unwanted species, identification, momentum measurement).

This opens up a large variety of experimental conditions, customized for the specific goals of the measurement, including new measurement concepts, not fully explored yet. For most of the experiments, the standard equipment of the Super-FRS can be used, while some experiments will need additional ancillary detector setups, which are currently under development. Scientific contributions to the following main topics can be expected:

Basic studies: this category of Super-FRS experiments goes hand in hand with the performance verification of the separator and its standard detector systems; ionoptical measurements will also include atomic collision experiments of ions penetrating (shaped) matter over the full energy range down to thermalized reaction products (e.g. in the cryogenic gas-filled stopping cell of the Low-Energy Branch [3]). These studies will also aim at the search for new isotopes, production cross section and rate measurements and provide data needed for all other NuSTAR experiments.

Nuclear structure and nuclear matter: the structure of nuclei far off stability is a major topic of modern nuclear physics and a central pillar of all next-generation radioactive beam facilities. The present approach is associated with nuclear reactions at relativistic speed and subsequent high-resolution longitudinal momentum-distribution measurements that give access to nuclear radii and matter distributions of the most exotic nuclei. The discoveries of neutron and proton halos, neutron skins and new ”‘magic numbers”’ originated from such inclusive experiments. The experiments will provide information on the equation-of-state (EOS) of cold asymmetric matter by nuclear density distributions and neutron skin thicknesses, where the saturation density of asymmetric nuclear matter can be extracted from systematic data on interaction cross sections, charge changing cross sections, and proton elastic scattering of neutron rich nuclei. Exotic decay modes, such as 2-proton radioactivity, appear near the drip-lines at the limits of stability. Multiple neutron or proton radioactivity, appearing in extremely short-lived nuclei (T_{1/ 2} ∼ 10^{− 10} s), can only be studied with the in-flight decay technique, which was pioneered at the FRS [4], and which is based on relativistic exotic nuclei impinging on a secondary target within a fragment separator and subsequent identification. Also beta-delayed ternary fission is so far unobserved, but with the sensitivity of novel detector systems, such as an O-TPC [5], combined with the universal isotope production capabilities, short separation times and the selectivity of Super- FRS, even very weak decay branches can be identified. Finally, the study of tensor forces is an important new direction in nuclear physics [6]. The tensor interaction introduces a high-momentum component in the nucleus through specific proton-neutron correlations, which can be “visual-

NUSTAR-FRS-02 GSI SCIENTIFIC REPORT 2013

98 doi:10.15120 /GR-2014-1-NUSTAR-FRS-02

Figure 1: Schematic view and characteristic features of the Super-FRS with its three branches and the LEB energybuncher/spectrometer system. The different separator stages and the experimental areas, which will be used for highresolution separator-spectrometer experiments, are indicated.

ized” by high-momentum transfer reactions and subsequent high-resolution momentum analysis of the beam-like reaction product at beam energies above 400 A MeV.

Exotic atoms: at relativistic energies and with sufficiently intense beams (typically in excess of ∼ 10^5 ions per second), various exotic atoms can be produced, for instance hypernuclei or Δ and N^∗ excitations in nuclei, or mesic nuclei respectively mesic atoms. Both are of interest to study chiral symmetry breaking via direct measurements of in-medium mass modifications. Also interactions between such exotic particles and nucleons or nuclear matter are subjects of interest. Resonance physics in radioactive nuclei is completely unexplored. A recent pilot experiment [7] with the FRS has demonstrated that new properties of the Δ resonances can be observed in charge-exchange reactions of heavy ions. Also the possibility to produce (multiple) strangeness in nuclei by coalescence in fragmentation reactions, recently demonstrated [8], opens up a completely new and wide field of studies. Production rates for exotic atoms are sufficiently high in the region of 1 . . . 1.5 A GeV (cross sections are at the micro-barn level), and the Super- FRS with its capability to serve as zero-degree spectrometer, its momentum resolution down to δp ∼ 10^{− 4} (essential for missing-mass measurements of bound states with a precision of ∼ MeV/c2), and its high primary-beam or contaminant suppression will allow unique experiments in this emerging field.

References

[1] H. Geissel et al., Nucl. Instr. Meth. B204 (2003) 71.

[2] H. Geissel et al., Nucl. Instr. Meth. B317 (2013) 277.

[3] W. R. Plaß et al., Nucl. Instr. Meth. B317 (2013) 457.

[4] I. Mukha et al., Phys. Rev. Lett. 99, 182501 (2007).

[5] M. Ćwiok et al, IEEE TNS 52, 2895 (2005), K. Miernik et al., Nucl.Instr.Meth. A581, 194 (2007).

[6] H. J. Ong et al., Phys. Lett. B725, 277(2013).

[7] J. Benlliure et al., publication in preparation.

[8] C. Rappold et al., Nucl. Phys. A 913, 170 (2013).

GSI SCIENTIFIC REPORT 2013 NUSTAR-FRS-02

doi:10.15120 /GR-2014-1-NUSTAR-FRS-02 99

Spectroscopy of η^′-mesic nuclei at FRS and Super-FRS^∗

H. Fujioka^{†1}, K.-T. Brinkmann^2, S. Friedrich^2, H. Geissel^3, E. Gutz^2, R.S. Hayano^4, Y. Higashi^5, S. Hirenzaki^5, K. Itahashi^6, M. Iwasaki^6, D. Jido^7, N. Kurz^3, V. Metag^2, T. Nagae^1, H. Nagahiro^5, M. Nanova^2, T. Nishi^4, H. Outa^6, A. Prochazka^3, K. Suzuki^8, T. Suzuki^4, Y.K. Tanaka^4, H. Weick^3, E. Widmann^8, and H. Yamakami^1

1Department of Physics, Kyoto University, Kyoto, Japan;^2II. Physikalisches Institut, Universität Gießen, Gießen, Germany;^3GSI, Darmstadt, Germany;^4Department of Physics, The University of Tokyo, Tokyo, Japan;^5Department of Physics, Nara Women’s University, Nara, Japan;^6RIKEN Nishina Center, RIKEN, Saitama, Japan;^7Department of Physics, Tokyo Metropolitan University, Tokyo, Japan;^8Stefan Meyer Institut für subatomare Physik, Wien, Austria A meson-nucleus system is a good tool to investigate the properties of mesons at finite density, which may be altered as a consequence of partial restoration of chiral symmetry. A series of pionic atom experiments at FRS has revealed partial restoration of chiral symmetry, by deducing the isovector parameter in the pion-nucleus potential. The (d,^3He) reaction was used to produce deeply-bound pionic states in Sn or Pb atoms.

We will search for and investigate η^′(958)-nucleus bound states by using the (p,d) reaction on^{12} C target with the incident energy of 2.5 GeV [1]. The η^′ meson is expected to have a smaller mass at finite density, due to the suppression of the U_A (1) anomaly effect. We will make use of the FRS and later of the Super-FRS as a spectrometer for zero-degree deuterons.

S437: First experiment at FRS

The first experiment (S437) will take place in July 2014. The detectors to be used in the experiment are almost ready. We will perform an integrity test for them by using the proton beam at the COSY synchrotron, Forschungszentrum Jülich, in January-Feburary 2014 (Fig. 1).

Figure 1: Experimental setup at the COSY-JESSICA site. Two sets of MWDC’s, two types of high-refractive-index aerogel Čerenkov counters, and a total-internal-reflection Čerenkov counter are aligned along the beam axis.

∗ Work supported by Grants-in-Aid for Scientific Research (Nos. 24105705 and 25707018) in Japan and HIC-for-FAIR.

† fujioka@scphys.kyoto-u.ac.jp

Future plans at Super-FRS

The prolonged Super-FRS will enable us to carry out not only an inclusive measurement but also a semi-exclusive measurement. Each measurement has its own advantage, and we will improve the sensitivity of finding the signature of η^′-mesic nuclei by the two different ways.

inclusive measurement

Since more intense beam from SIS-100 can be anticipated, we plan to upgrade the current VME-based DAQ system in order to cope with higher trigger rates. We will adopt an all-in-one readout board with Amplifier-Shaper- Discriminator (ASD) chips, Flash-ADC, and FPGA, based on the readout board for the Cylindrical Drift Chamber in the Belle-II experiment [2]. We will develop a new DAQ system for MWDC’s with these readout boards.

semi-exclusive measurement

One promising idea for improving the signal-to-noise ratio, which is poor in an inclusive measurement, is to tag fast protons from the target. η^′ mesons in nuclei will be partly absorbed by two nucleons like η^′NN → NN , and the kinetic energy of the ejected nucleons will be around 500 MeV, larger than from any other process.

Monte Carlo simulations of a microscopic transport model, JAM [3], is under way to get a better understanding of background processes with proton emission as well as the signal, i.e. the production of η^′-mesic nuclei.

References

[1] K. Itahashi et al., “Spectroscopy of η^′ mesic nuclei with (p,d) reaction — Interplay of UA (1) anomaly and chiral restoration in η^′ mass —”, Letter of Intent for GSI-SIS (2011); K. Itahashi, H. Fujioka et al., Feasibility Study of Observing η^′ Mesic Nuclei with (p,d) Reaction”, Prog. Theor. Phys. 128 (2012) 601–613.

[2] N. Taniguchi et al., “All-in-one readout electronics for the Belle-II Central Drift Chamber”, Nucl. Instrum. Meth. A732 (2013) 540–542.

[3] Y. Nara et al., “Relativistic nuclear collisions at 10A GeV energies from p+Be to Au+Au with the hadronic cascade model”, Phys. Rev. C 61 (1999) 024901.

NUSTAR-FRS-03 GSI SCIENTIFIC REPORT 2013

100 doi:10.15120 /GR-2014-1-NUSTAR-FRS-03

Experimental Setup for hypernuclear study at the Super-FRS

C.Rappold^{∗1,2}, T.R. Saito^{1,3,4}, C. Scheidenberger^{1,2}, and H. Geissel^{1,2}

1GSI, Darmstadt, Germany;^2Justus-Liebig-Universität Giessen, Germany;^3Johannes Gutenberg-Universität, Mainz, Germany;^4The Helmholtz Institute Mainz, Mainz, Germany

The first experiment of the HypHI collaboration aimed to demonstrate the feasibility of the hypernuclear spectroscopy by means of heavy ion beam induced reactions. The final results show that the experimental method is viable for the study of hypernuclei [1, 2, 3].

The study of exotic hypernuclei which can not be produced in typical missing mass experiments involved at JPARC or JLab and MamiC is the topic of the future phases of the project[4]. The use of rare-isotope beams is mandatory to the study of exotic hypernuclei toward the protonand neutron-drip line. The Super-FRS is crucial to the future phases of the HypHI project at FAIR, a feasibility study of the Super-FRS capability toward high energy of several GeV had to be achieved. A dedicated apparatus for exclusive measurement can be set up within the fragment separator Super-FRS, as an alternative to the experimental apparatus devoted to inclusive measurement as it was performed during the first experiments of the HypHI project. A detection apparatus consisting of an additional set magnetic optics could be install in order to separate the π^− meson of the mesonic weak decay of produced hypernuclei, while the second part of the Super-FRS is used as a fragment spectrometer to determine precisely the momentum of the fragment of hypernucleus of interest. Two different strategies have been investigated. The first strategy is to use a couple of dipole magnets in order to deflect the π^− meson from the positively charged particles and fragments with a first dipole magnet. The induced deflection to the fragments is then compensated with the second magnet in order to allow them to enter appropriately the second part of the Super-FRS. The second approach consists of using a solenoid magnet in order to analyze the momentum of the π^− meson while the fragments is to enter the second part of the Super-FRS as in the case of first approach. The detection apparatus is then to be considered to allow the vertex reconstruction of the hypernuclear decay. In the first case, detectors already developed and used in the first experiment of the HypHI project such as the fiber detectors can used in a similar way to track charged particles around the decay volume and in the upstream of the dipole magnets. π^− meson are then detected with a set of a hodoscope wall and drift chambers already available from the first HypHI experiment in order to complete the information needed for the track reconstruction. In solenoid magnet approach, a dedicated detection apparatus has to be developed in order to perform the position and energy-loss measurements

∗ c.rappold@gsi.de

within the solenoid magnet and the solenoid end-cap.

In both case, Monte Carlo simulations of the experimental apparatus has been carried out in the case of the study of the d+π^− final state of the^3_Λ n that was reported to be found by the HypHI collaboration [3]. In those case studies, dedicated detection apparatus as described above was designed. The main purpose of those first Monte Carlo simulations was to estimate the possible improvement that the use of the Super-FRS as spectrometer could provide. The invariant mass distributions of d+π^− final state of the event reconstruction of the simulated data is shown figure 1. On the left panel, the invariant mass was calculated exclusively with the track reconstruction involving the simulated data from the detection apparatus, without including the Super- FRS momentum measurement of the deuteron fragment, while on the right panel, the distribution include the expected momentum measurement of the deuteron with the momentum reconstruction of the π^− within the detection apparatus. An improvement on the mass resolution of a factor 4.5 is expected when the momentum resolution δp/p of deuteron is about 10^{− 3}. It demonstrates the gain of performing a exclusive measurement of hypernuclear matter with the Super-FRS.

Mean 2.056

RMS 0.004815

Constant 2639

Mean 2.056

Sigma 0.003598

Invariant Mass (GeV)

2.04 2.05 2.06 2.07 2.08 2.09

Counts

0

1000

2000

M2

RMS : 3.6 MeV

Mean 2.059

RMS 0.000811

Invariant Mass (GeV)

2.055 2.06 2.065 2.07 2.075

Counts

0

2000

4000

6000 inv_mass

RMS : 0.8 MeV

1% δp/p for π^− 0.1% δp/p for d

Figure 1: The invariant mass distribution of simulated d+π^− final state of^3_Λ n, without (left panel) and with (right panel) the expected momentum measurement of the deuteron fragment by Super-FRS as a spectrometer.

References

[1] C. Rappold et al., Nucl. Phys. A 913, 170 (2013).

[2] C. Rappold et al., Phys. Lett. B 728, 543 (2014).

[3] C. Rappold et al., Phys. Rev. C 88, 041001 (2013).

[4] T.R. Saito et al., Letter Of Intent of HypHI project.

GSI SCIENTIFIC REPORT 2013 NUSTAR-FRS-04

doi:10.15120 /GR-2014-1-NUSTAR-FRS-04 101

Measurement of β-delayed neutrons around the third r-process peak^∗

R. Caballero-Folch^1, C. Domingo-Pardo^2, J. Agramunt^2, A. Algora^2, F. Ameil^3, Y. Ayyad^4, J. Benlliure^4, M. Bowry^5, F. Calviño^1, D. Cano-Ott^6, G. Cortès^1, T. Davinson^7, I. Dillmann^{3,8,9}, A. Estrade^{3,10}, A. Evdokimov^{3,8}, T. Faestermann^{11}, F. Farinon^3, D. Galaviz^{12}, A. García-Rios^6, H. Geissel^{3,8}, W. Gelletly^5, R. Gernhäuser^{11}, M.B. Gómez-Hornillos^1, C. Guerrero^{13}, M. Heil^3, C. Hinke^{11}, R. Kn öbel^3, I. Kojouharov^3, J. Kurcewicz^3, N. Kurz^3, Y. Litvinov^3, L. Maier^{11}, J. Marganiec^{14}, M. Marta^{3,8}, T. Martínez^6, F. Montes^{15,16}, I. Mukha^3, D.R. Napoli^{17}, Ch. Nociforo^3, C. Paradela^4, S. Pietri^3, Z. Podolyák^5, A. Prochazka^3, S. Rice^5, A. Riego^1, B. Rubio^2, H. Schaffner^3, Ch. Scheidenberger^{3,8}, K. Smith^{18,19}, E. Sokol^{20}, K. Steiger^{11}, B. Sun^3, J.L. Taín^2, M. Takechi^3, D. Testov^{20,21}, H. Weick^3, E. Wilson^5, J.S. Winfield^3, R. Wood^5, P. Woods^7 and A. Yeremin^{20}

1DFEN-UPC, Barcelona, Spain;^2IFIC, CSIC-UV, València, Spain;^3GSI, Darmstadt, Germany;^4USC, Santiago de Compostela, Spain;^5Department of Physics, University of Surrey, Guildford, UK;^6CIEMAT, Madrid, Spain;^7School of Physics and Astronomy, University of Edinburgh, UK;^8II. Physikalisches Institut, Justus-Liebig Universität Giessen, Germany;^9TRIUMF, Vancouver, Canada;^{10}St. Mary’s University, Halifax, Nova Scotia, Canada;^{11}Department of Physics E12, TUM, München, Germany;^{12}CFNUL, Lisboa, Portugal;^{13}CERN, Geneva, Switzerland;^{14}EMMI, GSI, Darmstadt, Germany;^{15}NSCL, MSU, East Lansing, Michigan, USA;^{16}JINA, MSU, East Lansing, Michigan, USA; 17INFN, Legnaro, Italy;^{18}Department of Physics, University of Notre Dame, South Bend, Indiana, USA;^{19}JINA, University of Notre Dame, South Bend, Indiana, USA;^{20}Flerov Laboratory, JINR, Dubna, Russia;^{21}IPN Orsay, France

This report summarizes the present status of the data analysis of the S410 experiment, which is about to reach final results. The measurements will give new relevant data such as half-lives and β-delayed neutron emission branching ratios of neutron rich nuclei beyond N =126 for isotopes of mercury, thallium and lead. The measurement used a primary beam of^{238} U at 1 GeV/u impinging on a 1629 mg/cm^2 Be target with a 223 mg/cm^2 Nb stripper behind it. The FRS was operated using degraders at S1 and at S2 and the separation was done with the Bρ-Δ E-Bρ method. Nuclei identification was determined with standard FRS tracking detectors which allowed to identify about 40 isotopes in the range from Platinium (Z =78) to Francium (Z =87), all of them identified previously in [1] and [2].

The detection system consisted of SIMBA (Silicon IMplantation detector and Beta Absorber) [3], based on a double side silicon detectors array.

In order to determine the half-lives for the implanted nuclei, several correlation methods have been studied. As a first approach the numerical method reported by [4] and [5] was applied as described in [6]. Recently we have been able to successfully apply a more conventional analysis method [7], based exclusively on time correlations for each implant, with all β -decay events in the neighboring pixels. Furthermore, it has been possible to determine the half-life of^{216} Pb via two different approaches: using the information of the alpha line of 6.778 MeV (^{216} Po), in a similar way as it is reported in [8] for^{215} Pb, and by means of implant-β correlations. The good agreement between both values confirms that the implant-β method gives consistent half-lives for the measured nuclei.

∗ This work was supported by Spanish Ministry of Enonomy and Competitivity under grants FPA 211-28770-C03-03 and AIC-D-2011-0705 and the Helmholtz association via the Young Investigators Group VH- NG-627.

In summary there are at least eight nuclei with enough statistics to determine their half-lives:^{209 ,210} Hg,

211 − 213 Tl, 215 − 217 Pb. Some of them were measured in

previous experiments [5] [8]. The obtained half-lives are in reasonable agreement with those reported in these references. Neutron emission events in correlation with implant-β have been observed for several of the measured nuclei using the Beta dELayEd Neutron (BELEN) detector [9]. First values of P_n for nuclei beyond N =126 will be given for the first time for several nuclei in the region of interest.

References

[1] H. Alvarez-Pol et al., Phys.Rev. C 82, (2010) 041602(R)

[2] L. Chen et al., Nucl.Phys A 882 (2012) 71-89

[3] C. Hinke, ”Spectroscopy of the doubly magic nucleus 100 Sn and its decay” (PhD thesis), TU München (Germany) (2010).

[4] T. Kurtukian-Nieto et al., Nucl.Instr. and Meth. A 589 (2008) 472-483

[5] G. Benzoni et al., Phys.Lett. B, 715 (2012) 293.

[6] R. Caballero-Folch et al., Int.Conf.Proc. (ND2013).

[7] M. Bernas et al., Z.Phys.A - Atomic Nuclei 336, 41 (1990)

[8] A.I. Morales et al., Phys.Rev. C 89, (2014) 014324

[9] M.B. Gómez-Hornillos et al., J.Phys.: Conf. Ser. 312 (2011) 052008.

NUSTAR-FRS-05 GSI SCIENTIFIC REPORT 2013

102 doi:10.15120 /GR-2014-1-NUSTAR-FRS-05

A Cherenkov detector as a possible TOF detector for the Super-FRS

N. Kuzminchuk-Feuerstein^{∗1}, N. Ferber^{1,2}, E. Fiks^3, and B. Voss^1 for the SFRS collaboration

1GSI, Darmstadt, Germany;^2University of Applied Science, Rüsselsheim, Germany;^3National Research Tomsk Polytechnic University, Tomsk, Russia

In order to separate and identify fragmentation products with the Super-FRS (SFRS) [1] at FAIR a high resolving power detection system is required for position and Timeof-Flight (TOF) measurements. In order to separate the heaviest ions with masses of 200u and 201u with an energy of ∼ 1GeV/u at the distance of 52 m from the middle plane FMF2 to the final FMF4 a detection system with σ∼ 54 ps time resolution is required. Along with a fast timing response the detector has to satisfy requirements of the harsh environmental surroundings of the SFRS. The rate of particles at FMF2 is expected to be up to 10^7 ions/spill (spill=500 ns÷ 10 s). This requires a highly radiation resistant material.

In many relativistic heavy ion experiments gaseous [2] or solid [3], [4] Cherenkov radiator materials are used for particle identification and energy measurements. The application of gaseous or liquid active materials allows to refresh them by circulation and therefore greatly reduces the degradation of the performance due to aging after exposure to the high ion rates. Typically the refractive index (n) of gases equals to 1.0003 at normal ambient conditions and is pressure depended. Even for the maximum ion energy at the SFRS that does not allow to reach the Cherenkov threshold velocity of photon creation β=^1_n , where β=1/ � 1 − γ^2/ 2. To measure Cherenkov photons with heavy ions of 400 MeV/u, a radiator material with n≈ 1.5÷ 2 is required. In order to achieve this for gases one has to increase significantly its pressure what makes it impossible to easily use them under usual experimental condition. Fig. 1 illustrates the dependency of the refractive

Figure 1: Refractive index as a function of wavelength for materials commonly used as Cherenkov radiators. Left ordinate shows n for argon. The threshold velocity β is indicated for n at 589 nm.

∗ n.kuzminchuk@gsi.de

index on wavelength for several materials with the corresponding threshold velocity.

Consequently, for a future TOF detector an Iodine Naphthalene liquid (C_{10} H_7I) radiator with n=1.705@589nm is proposed. The liquid is kept in a cuvette made out of float/quartz glass and glued together with an optical glue. The entrance and exit window of the cuvette will be coated with Al to act as a mirror for the Cherenkov photons. To be sure that the C_{10} H_7I does not react with the optical glue several samples from fused silica have been glued and stored for several months in the liquid as well as heated and shaken. The transmission spectra were measured with an UV spectrometer before and after an exposure to light and contact with optical glue (Fig. 2). No change of the transmission has been recorded after contact with the glue.

As an example after pathing of^{59} Ni ion with an energy of ∼ 400 MeV/u about 3·10^4 Cherenkov photons are created. The measurement of the efficiency of the liquid radiator was performed with cosmic muons as a reference to 2 plastic scintillators and equals to 24%. The detection efficiency of Cherenkov photons was investigated as well by the GEANT based Monte Carlo simulations. PMTs for photon detection and several concepts of redout system were tested. First test of the prototype detector will be performed early 2014 at the SIS/GSI.

Figure 2: UV transmission spectra of C_{10} H_7I liquid before and after exposure to light and contact with optical glue as well as of borosilicate float glass and quantum efficiency (QE) of the photomultiplier tube (PMT).

References

[1] H. Geissel et. al., NIM B204, (2003) p.71-85 [2] T. Chujo, NIM A383, (1996) p.409-412 [3] J. Ruzicka et. al, NIM A369, (1996) p.23-28 [4] J. Schwiening et. al, NIM A369, (2011) p.315

GSI SCIENTIFIC REPORT 2013 NUSTAR-FRS-06

doi:10.15120 /GR-2014-1-NUSTAR-FRS-06 103

Performance of the Prototype Cryogenic Stopping Cell for the Low-Energy Branch of the Super-FRS^∗

M.P.Reiter^1, A-K.Rink^1, P.Dendooven^3, T.Dickel^{1,2}, J.Ebert^1, H.Geissel^{1,2}, E.Haettner^{1,2}, C.Jesch^1, W.R.Plaß^{1,2}, S.Purushothaman^2, M.Ranjan^3, H.Weick^2, F.Amjad^2, S.Ayet^2, M.Diwisch^1, A.Estrade^2, F.Farinon^2, F.Greiner^1, C.Hornung^1, N.Kalantar-Nayestanaki^3, R.Knoebel^{1,2}, J.Kurcewicz^2, J.Lang^1, I.Moore^4, I.Mukha^2, C.Nociforo^2, M.Petrick^1, M.Pfutzner^2, S.Pietri^2, A.Prochazka^2, S.Rinta-Antila^4, C.Scheidenberger^{1,2}, M.Takechi^2, Y.Tanaka^2, J.S.Winfield^2, and M.I.Yavor^5

1Justus-Liebig-Universität, Giessen, Germany;^2GSI, Darmstadt, Germany;^3KVI-CART, University of Groningen, Netherlands;^4University of Jyväskylä, Finland;^5Institute for Analytic Instrumentation, St. Petersburg, Russia

At the Low-Energy Branch [1] of the Super-FRS at FAIR, projectile and fission fragments will be produced at relativistic energies, separated in-flight, range-bunched, and then slowed down and thermalized in a cryogenic stopping cell (CSC) [2] filled with helium gas, extracted and delivered to precision experiments at MATS and LaSpec. The key goal is to operate the stopping cell at high stopping and extraction efficiencies, requiring a high density and an ultra pure stopping gas. To get access to rare and shortlived exotic nuclei, short extraction times (< 50 ms) are needed. To achieve these goals the prototype of the LEB stopping cell has been designed as a cryogenic stopping cell, using DC and RF electric fields for the extraction of the ions. The CSC is filled with He at 50 to 100 mbar and 70 to 100 K, resulting in an areal density of up to 5 mg/cm^2. The cryogenic operation increases the buffer gas density for the same pressures and drastically enhances the cleanliness of the stopping gas, via the freeze out of contaminants. The CSC has been commissioned online as part of the FRS Ion Catcher [3] using heavy Uranium fragments produced at 1000 MeV/u during two experiments. The spatial isotopic separation in flight and the momentum compression were performed by the FRS. A total efficiency of up to 15 % and a combined ion survival and extraction efficiency of about 50 % have been achieved [4].^{223} Th,^{221} Ac,^{220} Fr, 213 Fr,^{211} Fr,^{219} Rn,^{218} Rn,^{213} Rn,^{211} Rn,^{211} Po,^{210} Pb and 207 Tl ions have been successfully thermalized, extracted and identified at the FRS Ion Catcher using different detection methods (Si-detector, MR-TOF-MS). No element dependent ion survival and extraction efficiencies have been seen, showing the universality of the CSC. Using an electric field of 22.2 V/cm along the body of the CSC, a mean extraction time of 24 ms for^{221} Ac ions has been measured, agreeing well with simulations and theory.

Figure 1 shows a broadband spectrum of the ions extracted from the CSC taken by a multiple reflection time-of-flight mass spectrometer (MR-TOF-MS) [5] connected to the CSC. All prominent ions measured result from a^{218} Rn

∗ Work supported within the collaboration agreement between the GSI and KVI, University of Groningen, by the BMBF under contracts no. 06GI185I, 06GI9114I and 05P12RGFN8, by the state of Hesse (LOEWE Center HICforFAIR), by JLU Giessen and GSI under the JLU-GSI strategic Helmholtz partnership agreement, and by EC FP7 - Capacities, contract ENSAR no. 262010

� � 218Rn 35(5) ms

214Po 146.3(20) μs

210Pb 22.3(2) y

�^-

�^- �

� � � 219Rn 3.96(1) s

215Po 1.781(4) ms

Pb 36.1(1) m

Bi 2.14(2) m

207Tl 0.516(3) s

207Pb

223Ra

�

200 210 220 230 240 250 0 5 10 15 20 25 30

210 Pb^{218}Rn^{219}Rn 207 Tl

Counts

Mass / Charge (u/e)

211 Pb

Figure 1: Broadband mass spectrum of a^{218} Rn beam and a^{223} Ra source extracted from the CSC. No major contaminants or adducts are formed in the CSC.

beam or the^{223} Ra source installed inside the CSC. The ions are extracted without addition of adducts, demonstrating the excellent cleanliness of the CSC.

For further investigation of the behavior of the CSC, two new ion sources have been implemented. First, a movable 223 Ra source, which allows studies of the focussing DC electric fields and the behavior of the RF carpet. Second, a laser ion source with a movable target wheel, allowing the production of reference and calibration ions of different elements and therefore measurments of mass dependencies. Using short laser pulses (∼ 10 ns) for the production of the reference ions, the extraction time of the CSC can be measured and monitored during operation.

The intensity limitations of the CSC will be investigated in an upcomming experiment at GSI, and the final version of the LEB stopping cell will be designed.

References

[1] J.S. Winfield et al., NIM A 704 (2013) 76-83. [2] M. Ranjan et al., Eur. Phys. Lett. 96 (2011) 52001. [3] W.R. Plass et al., NIM B 317 (2013) 457-462. [4] S. Purushothaman et al., EPL 104 (2013) 42001. [5] W.R. Plass et al., NIM B 266 (2008) 4560-4564.

NUSTAR-FRS-07 GSI SCIENTIFIC REPORT 2013

104 doi:10.15120 /GR-2014-1-NUSTAR-FRS-07

A Laser Ablation Carbon Cluster Ion Source and an RFQ-based Switchyard for the FRS Ion Catcher^∗

C. Hornung^1, D. Short^2, T. Dickel^{1,3}, J. Ebert^1, C. Jesch^1, H. Geissel^{1,3}, F. Greiner^1, W. R. Plaß^{1,3}, A-K. Rink^1, and C. Scheidenberger^{1,3}

1Justus-Liebig-Universität, Giessen, Germany;^2TRIUMF, Vancouver, Canada;^3GSI, Darmstadt, Germany

At the FRS Ion Catcher [1] projectile and fission fragments can be produced at relativistic energies, separated in-flight, range-bunched, slowed down and thermalized in a cryogenic stopping cell. Afterwards a Multiple-Reflection Time-Of-Flight Mass Spectrometer (MR-TOF-MS) [2, 3] can perform ultra-high accuracy mass measurements of very short-lived exotic nuclei at low yields, which are not accessible by other methods. In Addition, the MR-TOF- MS can be used as isobar separator to deliver an isobarically clean beam to experiments downstream of the device. The FRS Ion Catcher serves as test setup for the Low- Energy Branch of the Super-FRS at FAIR. Additionally the MR-TOF-MS can be used as isobar separator to deliver an isobarically clean ion beam to future downstream precision experiments at MATS and LaSpec.

A long term stable Laser Ablation Carbon Cluster Ion source (LACCI) for the MR-TOF-MS at the FRS Ion Catcher was developed and commissioned [4]. LACCI can provide calibrant ions over a broad mass range with a^{13} C enriched fullerene target. The use of^{13} C allows to create isobaric ions to the ions of interest, which are ideal calibrants, because they experience almost the same fields in the MR-TOF-MS. LACCI can be operated at very high repetition rates (100 Hz) and is thus ideally suited for the needs of the MR-TOF-MS (repetition rates ∼ 100 Hz).

In the commissioning, LACCI was successfully operated with glassy carbon (Sigradur^® ) and^{13} C enriched fullerene targets. Single positively charged carbon clusters were produced by laser ablation with a frequency-doubled Nd:YAG laser with frequencies up to 100 Hz. C^+_n cluster with a mass up to 240 u were detected and identified by their flight time along a short drift space in the test chamber (Fig.1). To increase the long term intensity stability of LACCI, an x-y-movable target-table which also provides space for different targets was developed and tested. It is now possible to change the target materials in a short time (∼ s). This xy-movable table shows high reliability and accuracy during long term operation.

At the FRS Ion Catcher, a very compact, electrically switchable, gas-filled RFQ switchyard will connect the LACCI with the current beam line. An RFQ switchyard is a novel device which acts like six gas-filled RFQs leading away from a central point along three perpendicular axes. A prototype switchyard has been commissioned [5] and

∗ Work supported by the BMBF under contract No. 05P12RGFN8, by the state of Hesse (LOEWE Center HICforFAIR) and by JLU Gießen and GSI under the JLU-GSI strategic Helmholtz partnership agreement.

Figure 1: Mass spectrum of C^+_n clusters produced by laser ablation with a frequency-doubled Nd:YAG laser from a Sigradur target. Carbon clusters up to C^+_{20} with a mass of 240u were detected and identified by a mass calibration.

initial results are promising. Modes with input or output along multiple axes at once are possible, allowing for beam splitting or combination, and the user may easily switch between input/output configurations during operation. The switchyard is quite compact (it fits inside an 8 cm cube) and it is a gas-filled device, meaning that it may be coupled to other ion optics requiring a buffer gas with no additional differential pumping stages. These features - small size with no additional pumping requirements - allow users to install new ion optical components on existing beam lines even in confined spaces. The RFQ switchyard has already enabled an MR-TOF-MS upgrade to the TITAN experiment at TRIUMF in Vancouver, Canada (scheduled for installation in 2015). Due to tight mechanical constraints on the beamline at TRIUMF, this upgrade would be impossible without the switchyard.

In the future, LACCI will be completed with the x-y-movable table and switchyard and will be installed at the FRS Ion Catcher facility at GSI.

References

[1] W.R. Plaß et al., NIM B 317 (2013) 457-462.

[2] W.R. Plaß et al., Int. J. Mass Spectrom. 349 (2013) 134-144.

[3] T. Dickel, PhD thesis, JLU Gießen, 2010.

[4] C. Hornung, Master thesis, JLU Gießen, 2013.

[5] F. Greiner, Bachelor thesis, JLU Gießen, 2013.

GSI SCIENTIFIC REPORT 2013 NUSTAR-FRS-08

doi:10.15120 /GR-2014-1-NUSTAR-FRS-08 105

Conceptual Design of A Next-Generation Cryogenic Stopping Cell for the Low-Energy Branch of the Super-FRS^∗

T. Dickel^{1,2}, W. R. Plaß^{†1,2}, M. P. Reiter^1, H. Geissel^{1,2}, and C. Scheidenberger^{1,2}

1Justus-Liebig-Universität, Gießen, Germany;^2GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany

The conceptual design of a next-generation cryogenic stopping cell (CSC) for the Low-Energy Branch (LEB) [1] of the Super-FRS has been developed. It builds on advanced stopping cell techniques implemented in the first version of the cryogenic stopping cell for the LEB [2, 3], which has recently been commissioned as part of the FRS Ion Catcher [4]. These include in particular (i) a cryogenic operation to ensure a high purity of the stopping gas and (ii) high density operation enabled using an RF carpet with a small electrode structure size.

The new CSC is shown schematically in Fig. 1. It consists of two main vacuum chambers, an outer chamber that provides the insulation vacuum for the inner chamber, which is held at cryogenic temperature (∼ 70 K). The inner chamber is divided into a high-density stopping region and a low-density extraction region and is pumped differentially. The ion beam enters the stopping region horizontally through two windows and is stopped in the buffer gas. Using electric DC fields the ions are transported in the vertical direction to a wall of RF carpets, which focuses the ions onto the intermediate extractions nozzels. There the ions are swept into the low-pressure extraction region by the gas flow, where they are transported to the main exit nozzle from the stopping cell.

Figure 1: Schematic figure of the next-generation cryogneic stopping cell for the LEB of the Super-FRS.

Compared to conventional stopping cells, the new design features several important advantages: (i) Due to the vertical extraction the extraction path is shortened consid-

∗ This work was supported by the BMBF under contract no. 05P12RGFN8 and by JLU Gießen and GSI under the JLU-GSI strategic Helmholtz partnership agreement.

† W.Plass@gsi.de

erably. (ii) Higher DC field strengths can be applied in the direction of extraction, extending the rate capability of the CSC. (iii) Compared to stopping cells with an RF body the ratio of RF carpet area to stopping volume is reduced significantly, thus minimizing power disspipation, which is crucial for cryo-operation. (iv) The design scales favorably with an increased length of the stopping volume; the length can be increased without increasing extraction times or decreasing ion extraction efficiencies or rate capability. (v) A segmented anode opposite to the RF carpet wall collects the electrons created during the stopping; the electron current indicates the stopping distribution of the ions. (vi) A detector can be mounted on the inner side of the CSC opposite to the entrance windows. Alternatively, two windows can be implemented, through which ions with a longer range leave the cell. These ions can be identified in a detector positioned behind the CSC. (vii) The ion beam does not hit the RF carpet and desorption of atoms and molecules from the RF carpet is avoided. (viii) The dual-density design enables very efficient pumping of the CSC.

In the stopping region, a dual-layer RF carpet with rectangular geometry and electrode lines that overlapp at right angles is used. It has a structure size with up to 6 electrodes / mm. A maximum helium buffer gas pressure of 300 mbar at 70 K will be achieved. The stopping volume has a width of 25 cm, a height of 10 cm and a length of 2 m. The corresponding maximum areal density amounts to 40 mg/cm^2, an increase by a factor of 8 from the areal density of the present CSC. The extraction region is kept at a pressure of 10 mbar at 70 K. Due to the lower pressure, an RF carpet with a larger structure size can be used in this region and fast ion transport is achieved.

In combination with the momentum compression provided by the energy buncher of the Super-FRS [1], stopping efficiencies close to unity are expected for all but light nuclei. Ion survival and extraction effciencies of better than 50% are expected. The extraction time of the ions will be about 5 ms, shorted by a factor of 5 compared to the present CSC. The novel CSC will thus remove the performance bottleneck of present stopping cells and give access to very exotic and short-lived nuclei available at the Super-FRS.

References

[1] J. Winfield et al., Nucl. Instrum. Methods A 704 (2013) 76.

[2] M. Ranjan et al., Eur. Phys. Lett. 96 (2011) 52001.

[3] S. Purushothaman et al., Eur. Phys. Lett. 104 (2013) 42001.

[4] W. R. Plaß et al., Nucl. Instrum. Methods B 317 (2013) 457.

NUSTAR-FRS-09 GSI SCIENTIFIC REPORT 2013

106 doi:10.15120 /GR-2014-1-NUSTAR-FRS-09

Recent Technical Improvements for the Multiple-Reflection Time-of-Flight Mass Spectrometer at the FRS Ion Catcher^∗

S. Ayet^{1,2}, J. Ebert^1, T. Dickel^{1,2}, W. R. Plaß^{1,2}, J. Bergmann^1, H. Geissel^{1,2}, E. Haettner^2, C. Hornung^1, C. Jesch^1, J. Lang^1, W. Lippert^1, A. R. Pikhtelev^3, S. Purushothaman^2, M. P. Reiter^1, A.-K. Rink^1, C. Scheidenberger^{1,2}, and M. I. Yavor^4

1Justus-Liebig-Universität, Gießen, Germany;^2GSI, Darmstadt, Germany;^3Institute of Energy Problems of Chemical Physics of the Russian Academy of Science, Chernogolovka, Russia;^4Institute for Analytical Instrumentation of the Russian Academy of Sciences, St. Petersburg, Russia

The multiple-reflection time-of-flight mass spectrometer (MR-TOF-MS) [1, 2] is part of the FRS Ion Catcher experiment [3], which serves as a test facility for the Low Energy Branch (LEB) of the Super-FRS at FAIR. At the FRS Ion Catcher, range-bunched nuclides from the FRS are stopped in a novel cryogenic stopping cell (CSC)[4], extracted and transported via an RFQ system to the MR-TOF-MS. At the LEB, the MR-TOF-MS will perform mass measurements, isobar separation and broadband mass spectrometry for ion identification and diagnostics purposes.

A unique feature of the MR-TOF-MS is its capability of shifting the potential of the incoming ions [5]. The potential shift is effected by pulsing the storage potential in the injection trap in front of the time-of-flight analyzer within a few tens of nanoseconds by a high voltage (HV) pulser. Thus the MR-TOF-MS can accept ions at different entrance potetials, which may be required e.g. if the MR-TOF-MS is used at different RIB facilities, without the need of placing the MR-TOF-MS on a high-voltage platform. The amplitude of this potential shift has been increased from 750 V to 1300 V. For an ion entrance potential close to ground, the kinetic energy of the ions in the time-of-flight analyzer therefore also was increased increased to 1.3 keV. This increase in kinetic energy will reduce the turn-around time and the emittance of the ions in the analyzer. Hence the mass resolving power and mass accuracy will be increased, while decreasing the time-of-flight required to achieve a given mass-resolving power [5].

The stability of the voltages of the analyzer electrodes are of primary importance for long-term high-accuracy mass measurements. A new voltage stabalization was developed and commissioned together with new high voltage power supplies for the MR-TOF-MS. Fig. 1 shows the voltage stability achieved with the new electronics. Over a measurement period of 330 minutes, the rms deviation of the time-of-flight now amounts to 0.5 ppm only. This exceptional performance will enable direct mass measurement of rare exotic nuclei at very high mass measurement accuracy.

A new data acquisition software has been developed for the MR-TOF-MS. It supports a variety of data acquisi-

∗ This work was supported by the BMBF under contracts no. 06GI9114I and 05P12RGFN8, by the state of Hesse (LOEWE Center HICforFAIR) and by JLU Gießen and GSI under the JLU-GSI strategic Helmholtz partnership agreement

Figure 1: Stability of the mass measurement[6] of^{133} Cs ions over a time period of 330 minutes. The time-of-flight amounts to 5.843 ms, and a mass resolving power (FWHM) of more than 150,000 is achieved. The rms value of the time-of-flight is about 0.5 ppm.

tion hardware, including different TDCs and ADCs. The software also allows real-time data processing during the measurement such as mass calibration of the time-of-flight spectra, peak detection, and the online identification of masses.

In an upcoming beam time with the CSC at the FRS Ion Catcher, the MR-TOF-MS will be the key device for the performance characterization of the CSC. In particular, it will be used to identify β-decaying^{238} U fission fragments extracted from the CSC by their mass values and to perform isobar separation with short-lived nuclei.

References

[1] W. R. Plaß et al., Nucl. Instrum. Methods B 266 (2008) 4560.

[2] T. Dickel, PhD Thesis, 2010, JLU Gießen.

[3] W. R. Plaß et al., Nucl. Instrum. Methods B 317 (2013) 457.

[4] S. Purushothaman et al., Eur. Phys. Lett. 104 (2013) 42001.

[5] W. R. Plaß et al., Int. J. Mass Spectrom. 394 (2013) 134 .

[6] J. Lang, PhD thesis in preparation.

GSI SCIENTIFIC REPORT 2013 NUSTAR-FRS-10

doi:10.15120 /GR-2014-1-NUSTAR-FRS-10 107

Experimental Investigations and Technical Design for The Time-OF-Flight Detectors in the CR at FAIR.^∗

M. Diwisch^1, J. Bergmann^1, T. Dickel^{1,2}, H. Geissel^{1,2}, R. Kn öbel^{1,2}, S. Nazarenko^3, W. R. Plaß^{1,2}, C. Scheidenberger^{1,2}, and H. Weick^2

1Justus-Liebig Universität Gießen, Gießen, Germany;^2GSI, Darmstadt, Germany.;^3Tomsk Polytechnic University , Tomsk, Russia

Technical design and performance simulations of a larger TOF detector

To perform isochronous mass spectrometry (IMS) [1] in the future CR at FAIR, investigations in instrumentation and designs for a about a factor 2 larger Time-Of-Flight (TOF) detector have been conducted. For future applications of IMS simulations of the CR have been performed and showed, that the currently used 40 mm diameter carbon foil (areal density: 10μg/cm^2) would be too small for the large emittance of the beam in the CR and too many ions would be lost in each turn. This challenge has been met by the the design of an improved and larger TOF detector. The carbon foil size will be increased from 40 mm to 80 mm diameter and will be used for the first time. Simply increasing the size of the detector leads to decreased timing performance of the detector. To compensate for this one can apply higher voltages to the detector to transport the secondary electrons faster from a carbon foil to the MCPs [2]. As part of the improved design of the larger TOF detector the transport efficency is improved to almost 100% and the timing resolution to 40 ps. All this is achieved while keeping the stringent spatial requirments at the CR.

Figure 1: CAD drawing of the new TOF detector surrounded by a Helmholtz magnet for the CR which provides the detector with a homogenious (10^{− 3}) magnetic field in the transport area.

∗ Work supported by the BMBF under contract No.06GI9115I, by the HGF (NAVI) and by GSI (strategic university cooperation GSI-JLU- FAIR)

Testing of Larger Carbon Foil Properties for a TOF Detector in the CR

In order to investigate the feasibility and the properties of those large carbon foils a test chamber has been built. In this test chamber the possible changes of the physical properties of larger foils compared to the currently used small foils (e.g. flatness of the surface after evacuation of the detector volume) in the timing performance are measured. The test chamber has been operated in a first step with the currently used 40 mm diameter carbon foils. This allows us to see the differences between small and large foils directly. Measurements are performed with an alpha-source from which alpha-particles penetrate the carbon foil in the center of the chamber and emits secondary electrons which are detected by two MCP detectors. Simulations predicted that the secondary electron transport in the setup only contributes with only 2 ps to the timing of the whole measurement. Experimental predictions state, that the measured time uncertainty will therefore be approximately 25 ps and is solely due to effects in the MCPs and flatness of the foil [3].

Figure 2: Photography of the assembled test chamber. The carbon foil is placed in the center inbetween two grids. By applying voltages to the grids the secondary electrons are guided to two MCPs on the side. The diameter of the grids is 80 mm and therefore has the same size as the future carbon foils.

As soon as the large foils will be available they will be tested and compared to the small foils.

References

[1] J. Trötscher et al., NIM B 70 (1992) 455-458 [2] M. Diwisch, Master Thesis, JLU Giessen, (2011) [3] M. Diwisch, PhD Thesis in progress, JLU Giessen, (2014)

NUSTAR-FRS-11 GSI SCIENTIFIC REPORT 2013

108 doi:10.15120 /GR-2014-1-NUSTAR-FRS-11

Efficiency calibration of the neutron detector BELEN-48 with (p,n) and ( α ,n) reactions at the PTB Braunschweig^∗

M. Marta^{1,2}, J. Agramunt^3, R. Caballero-Folch^4, G. Cortés^4, I. Dillmann^{1,2,5}, M. Erhard^6, L.M. Fraile^7, U. Giesen^6, B. Kindler^1, B. Lommel^1, R. Nolte^6, A. Riego^4, S. R öttger^6, and J.L. Taín^3

1GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany;^2II. Physikalisches Institut, Justus-Liebig Universität Giessen, Germany;^3IFIC-CSIC University of Valencia, Valencia, Spain;^4INTE-DFEN, Universitat Politecnica de Catalunya, Barcelona, Spain;^5TRIUMF, Vancouver, Canada;^6Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, Germany;^7Universidad Complutense de Madrid, Spain

The BEta-deLayEd Neutron detector BELEN is a highly efficient device designed for the DESPEC project at FAIR. It has already been successfully used during the experiments S323 and S410 at the Fragment Separator to measure β-delayed neutron probabilities and half-lives of neutronrich nuclei close to the r-process path, for nuclear structure and nuclear astrophysics studies.

In its present version, it consists of 48^3He proportional counters arranged to form three concentric rings embedded in a polyethylene matrix. Due to the thermalization process, the information about the initial neutron energy is lost but the detection efficiency is strongly increased. Therefore the position and number of counters in the rings are designed in such a way that the efficiency remains constant over a broad range of neutron energy from thermal up to a few MeV. The simulations are performed with an MCNPX code and have to be validated by experiments that make use of known neutron fluxes produced in the center of the detector.

Measurements with a calibrated^{252} Cf source provide only one efficiency value corresponding to a spectrumaveraged neutron energy of 2.14 MeV. In order to have a more stringent test on the simulated efficiency curve, the calibration has been extended with well-known (p,n) and (α ,n) reactions on^{13} C and^{51} V targets producing neutrons with limited energy spread, ranging between 0.2 and 5.3 MeV. The list of reactions and energies used is summarized in table 1.

Reaction E_{proj} E_n [MeV] [MeV] min max 51 V(p,n)^{51}Cr 1.80 0.20 0.25 51 V(p,n)^{51}Cr 2.14 0.51 0.59 51 V(p,n)^{51}Cr 2.27 0.63 0.73 13 C(p,n)^{13}N 4.45 0.77 1.36 13 C(α ,n)^{16} O 1.05 2.5 3.2 13 C(α ,n)^{16} O 3.30 3.6 5.3

Table 1: List of reactions used for the calibration. Maximum and minimum neutron energies En refer to the smaller (forward) and largest (backward) angle covered by BELEN-48, i.e. from about 16 to 164 degrees.

The experiment was performed at the PTB ion acceler-

∗ This work was supported by the Helmholtz association via the Young Investigators Group VH-NG-627.

ator facility (PIAF) of the Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig/Germany, where a Van de Graaff accelerator and cyclotron provided the α and p beams of desired energy and intensity. The BELEN-48 polyethylene matrix was installed with the air-cooled target holder located at the end of a beam line at the center of the detector. The target chamber was designed as a Faraday cup to measure the beam currents on target with suppression electrodes and collimators. At a second beam line it was possible to produce the same neutron flux as inside BE- LEN, with very similar target and beam conditions, and to measure reaction yields and angular distributions with the calibrated neutron detectors of PTB at several angles with respect to the beam axis. The reactions on^{13} C target show large anisotropy in the center-of-mass frame. The angular distributions of^{51} V(p,n)^{51}Cr are still to be measured.

The measured angular distributions need to be taken into account in the simulation of the efficiency for each reaction and beam energy, since neutrons enter BELEN with different probabilities and energies at different angles. For the moment the preliminary experimental efficiency (Fig. 1) is obtained as the ratio of neutrons detected in BELEN-48, and a normalized-to-isotropy value for neutrons emitted. The normalization takes into account each measured angular distribution and the detection solid angle, making a comparison of all data and simulation possible.

0

10

20

30

40

50

0.1 1

Detection Efficiency [%]

Neutron EnergyE_n [MeV]

51V(p,n)51Cr 13C(p,n)13N 13C(α ,n)16O simulation

Figure 1: Comparison of the efficiency curve simulated with MCNPX (dotted line) and preliminary experimental values. The Vanadium data is shown without uncertainty due to the missing angular distribution information that prevents its normalization.

GSI SCIENTIFIC REPORT 2013 NUSTAR-FRS-12

doi:10.15120 /GR-2014-1-NUSTAR-FRS-12 109

Tests of scintillation Fibers for the compact neutron Detector NeuRad^∗

I. Mukha^1 and D. Kulik^2

1Helmholzzentrum GSI, Darmstadt, Germany;^2Moscow State Technical University of Radio-engineering, Electronics and Automation, Dubna, Russia

We have constructed three prototypes of the fiberbased scintillation neutron detector and tested their light yield in response to γ-ray sources. The derived energy threshold of detection of protons scattered by incident neutrons in the prototypes is 0.5 MeV.

The theoretical and experimental ways of searches for neutron radioactivity expected for exotic extremely neutron-rich nuclei have been recently proposed [1]. The first indication on this not-observed yet phenomenon has been obtained [3] for^{26}O whose lifetime is 4 ps. Such a lifetime of^{26}O should correspond to the very small decay energy of 1 keV [2] which is difficult to measure with the present neutron detectors. The experiment on observation of the neutron radioactivity can be performed at the Super- FRS with a suitable neutron detector. In the proposed tracking experiment, radioactive beam produces short-lived isotopes which decay in flight. The fragments resulted from the neutron radioactivity are detected by tracking detectors which determine the vertex point of the radioactive decay. The neutron detector provides spatial coordinates of neutrons and their angles respective to the heavy residue. Since the expected angles are extremely small, the neutron detector should have a fine spatial resolution.

The neutron detector NeuRad (Neutron Radioactivity) with a high spatial resolution has been proposed for future experiments at the Super-FRS NUSTAR [4]. The detector is based on spaghetti-like scintillation fibers with small cross areas. Neutrons scattered in fibers produce recoil protons causing light flashes which are optically trapped inside the fibers and then are read-out on both fiber ends. We have tested multi-clad fibers BCF12 (produced by Saint Gobain) whose dimensions of 2 × 2 × 250 mm^3 allow for a fine spatial resolution.

We have assembled three samples of the fibers: (i) without additional painting of fibers, (ii) with a white paint on each fiber in order to prevent a light cross-talk between the fibers, and (iii) with a black paint. Each sample consisted of 64 fibers assembled into a 8 × 8 bundle whose end has been glued by epoxy glue and polished by using a diamond tool. The test setup comprised of the fiber bundle viewed by the PMT Hamamatsu R7600 followed by the fast amplifier, the 5 GHz digital oscilloscope with the spectroscopic functions, and the sources of γ-rays,^{137}Cs and^{60}Co. The light flashes cased in fibers by the Compton-scattered γ rays were converted into the electrical signals, amplified and directed into the oscilloscope where the amplitude

∗ Work supported by the HGS-HIRe Summer Student Programm at GSI in 2013

spectra were accumulated. All spectra had the shapes typical for a Compton effect. The maximum energies of the Compton spectra (i.e., Compton edges) are 1118 keV for 60Co and 477 keV for^{137}Cs. The respective maximal amplitudes of signals allowed to produce calibration curves for each sample, which is shown in Fig. 1. The values of maximal amplitudes A were obtained by fitting the spectra tails corresponding to the Compton edges.

E (MeV)

0 0.2 0.4 0.6 0.8 1

0 0.5 1 1.5

A (V)

Figure 1: The calibration curves for all prototypes of the fibers scintillation detector NeuRad. The solid, dashed and dotted lines correspond to the black-painted, white-painted and not-painted prototypes, respectively. The grey area shows the threshold of γ-ray detection.

The obtained calibrations allow to find the detection thresholds for each fiber prototype. The amplitude range where the Compton effect disappears in the measured spectrum are shown by the grey area (see Fig. 1) whose highest value corresponds to the concluded threshold energy. The highest threshold is in the black prototype, of 160 keV. The assumed total systematic uncertainty is 20%.

In summary, the measured light yields and the derived detection thresholds of the three prototypes of the scintillating fibers BCF12 have demonstrated detection of γ-rays at least down to 160 keV. Thus the lowest-measured energy of protons scattered by incident neutrons should be 500 keV. This conclusion opens a way for more tests of the NeuRad performance, in particular its spacial and time resolutions.

References

[1] L.V. Grigorenko, I. Mukha, C. Scheidenberger, M.V. Zhukov, Phys. Rev. C84 (2011) 021303 (R).

[2] L.V. Grigorenko, I. Mukha, M.V. Zhukov, Phys. Rev. Lett., 111 (2013) 0425010.

[3] Z. Kohley et al., Phys. Rev. Lett., 110 (2013) 0152501. [4] I. Mukha, Acta Phys. Polonica B, 45 (2014) 1001.

NUSTAR-FRS-13 GSI SCIENTIFIC REPORT 2013

110 doi:10.15120 /GR-2014-1-NUSTAR-FRS-13

Atomic Mass Compilations

B. Pfeiffer^{1,2}, K. Venkataramaniah^3, U. Czok^1, and C. Scheidenberger^{2,1}

1II. Phys. Inst., Justus-Liebig-Universität, Gießen;^2GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany;^3Sri Sathya Sai Institute of Higher Learning, Prasanthinilayam, India

The “Atomic Mass Compilation 2012” has been prepared in close collaboration of the II. Phys. Inst., Universität Gießen, the GSI and the Sri Sathya Sai Institute of Higher Learning, India, and is now accessible at “Atomic Data and Nuclear Data Tables” [1].

Compilations of (elemental) atomic masses have been established ever since the beginning of the 19^{th} century [2]. One of the most recent ones has been published in the Landoldt-Börnstein New Series [3], but is rarely available in scientific libraries. Therefore we started a new compilation to be published in a peer-reviewed journal accessible in most scientific institutions.

German precursors

From 1921 to 1945, the “Deutsche Atomgewichts- Kommission” (see, e.g. [4]) published annual reviews on recent experiments on atomic masses and compilations of elemental and isotopic masses [5]. Since 1932, these reports were prepared by the “Kaiser-Wilhelm-Institut für Chemie” [6]. Gradually the preponderant experimental methods shifted from chemical to physical techniques. Mass spectroscopy was represented at the Kaiser-Wilhelm- Institut by the team of J. Mattauch. [One of the post-docs was Heinz Ewald, later the first director of the II. Phys. Inst. in Gießen^1. He was involved in the construction of instruments like LOHENGRIN and OSTIS in Grenoble and SHIP at GSI, installations which yielded many contributions to atomic mass determinations.] After WWII, the study of atomic masses was continued at the Max-Planck-Institut für Chemie. The mass compilation published in 1949 [7] included also the recent american results on nuclear properties, which were made available to Mattauch by G.T. Seaborg as preprint of the “Table of Isotopes” [8].

In 1960, the group of Mattauch in collaboration with A.H. Wapstra published the first edition of the “Atomic Mass Evaluation” [9]. After the retirement of Mattauch in 1965, the work was directed first by Wapstra and later on by G. Audi. The last edition [10] had been prepared by an international collaboration including the GSI and the II. Physik. Inst.

1Two of the authors, U.C.and B.P., were admitted to the institute by Prof. Ewald.

Follow-up work in preparation

The information contained in the mass tables can be displayed in plots of the binding energy (or mass) versus Z, N or A. Any plots of derivatives of the binding energies (meaning a specified difference between the binding energies of two nearby nuclides) show a smooth behaviour and have in addition the advantage of displaying much smaller variations. In [11], two representative examples for such graphs of double β-decay energies and two-neutron separation energies, respectively, are displayed, clearly showing the trends in the mass surface.

Thus, dependable estimates of unknown , poorly known or questionable masses can be obtained. It is foreseen to use such graphs for more dependable extrapolations of masses toward the drip lines and also to test theoretical models.

References

[1] B. Pfeiffer, K. Venkataramaniah, U. Czok, C. Scheidenberger, Atomic Data Nuclear Data Tables 100 (2014) 403

[2] J. Dalton, Memoirs and Proceedings of the Manchester Literary and Philosophical Society, Manchester, 6 (1805)

[3] Z.N. Soroko and S.I. Sukhoruchkin, Landolt-Börnstein New Series I/22A,B (2009) Nuclear Bindung Energies and Atomic Masses: Nuclei with Z=1 - 54 and Z=55 - 100; ISBN 978-3-540-69944-6 and ISBN 978-3-540-70608-3

[4] O. Hahn, Die Naturwissenschaften 10/43 (1922) 934

[5] “Atomgewichtstabellen für das Jahr 1921”, in Ber. d.

deutsch. chem. Ges. 54 (1921) A. 181.

All reports can be found on the webpage of the European Journal of Inorganic Chemistry:

http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1099- 0682c

[6] O. Hahn, Berichte d. D. Chem. Gesellschaft 65A (1932) 1

[7] J. Mattauch und A. Flammersfeld, Isotopenbericht, Sonderheft der Zeitschrift für Naturforschung, Tübingen (1949)

[8] G.T. Seaborg and I. Perlman, Rev. Mod. Phys. 20 (1948) 585 [9] F. Everling, L.A. König, J.H.E. Mattauch, A.H. Wapstra, Nucl. Phys. 18 (1960) 529

[10] G. Audi et al., Chinese Physics C36 (2012) 1157; G. Audi et al., Chinese Physics C36 (2012) 1287; M. Wang et al., Chinese Physics C36 (2012) 1603

[11] B.Pfeiffer, Shreesha Rao D.S., K. Rajasinha, K. Venkataramaniah, U. Czok and C. Scheidenberger, Proceedings of DAE Symp. on Nucl. Phys. 58 (2013) 174

GSI SCIENTIFIC REPORT 2013 NUSTAR-FRS-14

doi:10.15120 /GR-2014-1-NUSTAR-FRS-14 111

NUSTAR-FRS-14 GSI SCIENTIFIC REPORT 2013

112 doi:10.15120 /GR-2014-1-NUSTAR-FRS-14

Status of PreSPEC Commissioning Data Analysis^∗

M. Reese^1, C. Domingo-Pardo^2, J. Gerl^3, N. Pietralla^1, and the PreSPEC and AGATA collaborations

1Institut für Kernphysik, Technische Universität Darmstadt, D-64289 Darmstadt, Germany ;^2IFIC, CSIC-Universitat de Valencia, E-46980 Paterna, Spain ;^3GSI Helmholtzzentrum für Schwerionenforschung GmbH, D-64291 Darmstadt, Germany PreSPEC-AGATA is an experiment for in-flight γspectroscopy at GSI to investigate the structure of exotic nuclei. Two physics campaigns were done: 2012 and 2014. This report is about the progress in the data analysis of the commissioning runs in August 2012.

Introduction

The goal of the experiment was a measurement of the performance of the PreSPEC-AGATA [1] setup, a unique combination of the GSI Fragment Separator (FRS) [2], the Advanced Gamma Tracking Array (AGATA) [3], Lund- York-Cologne CAlorimeter (LYCCA) [4], and HECTOR for in-beam γ-spectroscopy. Further details about the setup and an earlier status report about the data analysis can be found in [5]. A^{80} Kr beam with a kinetic energy of about 150 MeV/u at the secondary target position was used to do two types of experiments: Coulomb excitation on a 197 Au target, and secondary fragmentation reactions on a Be target.^{80} Kr was chosen as projectile because of its high Coulomb excitation cross-section of σ_{clx} ≈ 550mb for the 2^+_1 state. The challenge in the analysis of in-flight γ spectroscopic data is the large Doppler shift of emitted γ-rays at velocities of v/c ≈ 0.5. The data is being analyzed, using a software framework described in [6].

Coulomb Excitation

If^{197} Au is the target material, the dominating excitation mechanism of the projectile is Coulomb excitation (Coulex), i.e. exchange of virtual photons. At relativistic energies, one-step Coulex is dominating and the first excited 2^+_1 state at 616.6 keV in^{80} Kr is populated. The observed yield in the γ line of the excited state can be used to determine the B(E2) value. Because of the strong Doppler effect at large projectile velocity, the γ-rays have to be corrected for the Doppler shift in energy before a discrete line in the γ spectrum can be seen. The strength of the Doppler shift depends also on the angle of observation in the laboratory frame, which can be seen in Fig. 1. The spectrum of γ-energy in the laboratory frame shows the emission of the excited target nuclei from the state 7/2^+_1 at 547.5 keV. Another line is the emission from electron-positron annihilation at 511 keV. Towards lower energies (below 500 keV), the background radiation level rises very quickly because of the abundant atomic radiation emitted during the

∗ Work supported by BMBF NuSTAR.DA - TP 6, FKZ: BMBF 05P12RDFN8 (TP 6), HGS-HIRe

interaction of the projectile with the target electrons. The emission line of the 2^+_1 state at 616.6 keV in^{80} Kr can only be seen after Doppler correction (Fig. 1, bottom). Simultaneous observation of emission lines from target and projectile de-excitation allows for a relative measurement of the Coulex cross-sections and thus B(E2) value of the two excited states^{197} Au and^{80} Kr.

Final quantitative results for total efficiency and energy resolution will be obtained after taking into account the AGATA detector efficiency at different angles and for different γ-energies. This is difficult, because efficiency is influenced by the combined effects of the Doppler shift: Change in angular distribution and in the energy of the emitted radiation.

0.5 0.6 0.7 0.8 0.9 1 cos(θ)

0 1 2 3 4 5 6 7 8 197Au: 547 keV (decay at rest)

80Kr: 616 keV (v/c = 0.5)

0

50

100

] e^+e^- annihilation 511 keV

197Au 7/2^+ 3/2^+ 547 keV (100 cts.)

0

50

100

450 500 550 600 650 700 750 800 850 900 950 1000

Intensity [counts / keV

E_γ [keV]

80Kr 2^+ 0^+ 616 keV (1050 cts.) after Doppler correction

Figure 1: Top: Detected γ energy in the laboratory system as seen from different detection angles. γ-rays emitted in-flight can be seen as curved lines. Middle: The background subtracted spectrum of γ energy in the laboratory system, shows the decay from the excitation of the target material (^{197} Au). Bottom: Background subtracted spectrum of Doppler-corrected γ energy show the decay spectrum of the projectile.

GSI SCIENTIFIC REPORT 2013 NUSTAR-GS-01

doi:10.15120 /GR-2014-1-NUSTAR-GS-01 113

Secondary Fragmentation

If the secondary target is Beryllium, the cross-section for fragmentation reactions is large. Such a setup is used to study the decay of excited fragments. In order to assign the observed γ-radiation to specific ion species, full identification of outgoing fragments is needed. This is done with the LYCCA device [4] that performs Δ E -E and precise timeof-flight measurement of the ejectiles. From these quantities, the outgoing isotopes can be identified as shown in Fig. 2. In the mass region around^{80} Kr, Z-identification is very good while different mass peaks are overlapping. The calibration of the LYCCA DSSSD detectors was partly done using an automatic method described in [7].

After the Doppler correction of observed γ-rays in coincidence with the LYCCA identification, γ-emission spectra of selected excited ejectiles can be obtained. Yrast states of the most abundant even-even isotopes after the target can be seen in Fig. 3. The half-life T_{1/2} of the excited state has an influence on the resolution that can be obtained. If T_{tar} is the time the projectile needs to travel through the target material, most de-excitation processes will happen inside the target if T_{1/2} < T_{tar} . In this case, the particle velocity after the target is not equal to the velocity at the moment of γ emission and the Doppler correction will be done with a wrong velocity. This results in a reduced resolution for the states with shorter half-life as can be seen in Fig. 3 where T_{1/2} is given in the label of each peak. On the other hand the observed line shape enables in principle the determination of lifetimes.

Furthermore, data from the^{80} Kr fragmentation run was used to show the feasibility for new experimental techniques as described in [8].

Outlook

The analysis is ongoing. Since the AGATA detector is a complicated device, exploiting pulse-shape analysis (PSA) an γ-ray tracking, some improvements can be expected from a refined preprocessing of the detected γ-rays. This is possible, because during AGATA experiments, the preamplifier signals of all channels are written to disk. Later improvements in software algorithms for PSA and γ-tracking can be used to increase both, efficiency and energy resolution of the Doppler-corrected peaks.

References

[1] P. Boutachkov et al., GSI Report 2012 (2013) 148.

[2] H. Geissel et al., Nucl. Instr. and Meth. Phys. Res. B 70, 286- 297 (1992).

[3] S. Akkoyun et al., Nucl. Instr. and Meth. Phys. Res. A 668, 26-58 (2012).

[4] P. Golubev et al., Nucl. Instr. and Meth. Phys. Res. A 723, 55-66 (2013)

[5] N. Pietralla et. al., EPJ Web of Conferences 66, 02083 (2014).

[6] M. Reese et. al. , GSI Scientific Report 2012 (2013) 48.

proton number neutron number 31 32 33 34 35 36 37

36 38 40 42 44 46 0 50 100 150 200 250 300 80Kr

78Kr

74Se

70Ge

Figure 2: The charge and mass identification plot that is used to produce the gated spectra of Fig. 3. Particle charge is determined, using the E -Δ E method, while the mass is obtained from an additional time-of-flight measurement.

0 100 200 300 400 500 616.6 keV 8.3 ps 80Kr 2^+_1 0^+_1

819.5 keV 0.76 ps 80Kr 4^+_1 2^+_1 956.0 keV 0.56 ps 80Kr 6^+_1 4^+_1

80Kr gated

atomic background

0 100 200 300 455 keV 21.6 ps 78Kr 2^+_1 0^+_1 664.4 keV 2.52 ps 78Kr 4^+_1 2^+_1 858.3 keV 0.65 ps 78Kr 6^+_1 4^+_1

78Kr gated

0 100 200 300 634.8 keV 7.1 ps 74Se 2^+_1 0^+_1 728 keV 1.86 ps 74Se 4^+_1 2^+_1

868.2 keV 0.86 ps 74Se 6^+_1 4^+_1 967 keV 0.38 ps 74Se 8^+_1 6^+_1

74Se gated

0 50 100 150

200 400 600 800 1000 1200 1400 energy [keV]

1039.5 keV 1.3 ps 70Ge 2^+_1 0^+_1 1113.6 keV 0.8 ps 70Ge 4^+_1 2^+_1

70Ge gated

M.Reese, AG Pietralla IKP TU-Darmstadt

Figure 3: Doppler-corrected γ spectra for the strongest even-even nuclei identified by LYCCA. Decays of the first few Yrast states can be clearly seen. Peak labels indicate the γ-ray energy and the half-life of the initial state.

[7] M. Reese et. al. , This report.

[8] C. Stahl et. al. , This report.

NUSTAR-GS-01 GSI SCIENTIFIC REPORT 2013

114 doi:10.15120 /GR-2014-1-NUSTAR-GS-01

Automatic Self-consistent Gain-Matching of DSSSD Detecto r Channels^∗

M. Reese^1, P. Golubev^2, N. Pietralla^1, J. Gerl^3, and the PreSPEC and AGATA collaborations

1Technische Universität Darmstadt, Germany;^2Lund University, Sweden;^3GSI, Darmstadt, Germany

Double-sided silicon strip detectors (DSSSD) are a widely used type of detector in nuclear and particle physics experiments for position and energy measurements. This report describes an automatic method that allows to gain-match all strips of DSSSD detectors without the need of dedicated in-beam calibration.

Introduction

DSSSD detectors are constructed as large area silicon diodes with electrically segmented p and n-side contacts. Signals are read out on both, p and n-side simultaneously. The segmentation is usually such that there are unique intersection points of opposite side’s contacts, the measurement of one p and on n-side signal allows to reconstruct the two dimensional spatial position of an event inside the detector.

Method

In the following, it will be assumed that the deposited energy E = s ·A , in the detector is proportional to the amplitude, i.e. there are no offsets or nonlinearities in the electronics. A is the measured amplitude of the detected signal and s the slope factor for calibration.

Given a DSSSD detector with N strips on each side, each event that is registered in a given pixel will create a signal with amplitude A_p in the strip number p on the pside and a signal with amplitude A_n in strip number n on the n-side (n, p = 1 . . . N ) . Assuming that both strips measure the same energy E deposited in the active area of the detector, one can write

E_p = s_p A_p , E_n = s_n A_n and E_p = E_n = E , (1) with s_p and s_n being the calibration coefficients (slopes) for the p-th p-side strip and n-th n-side strip, respectively.

For each pixel of the detector, the values of A_p and A_n for various values of energy depositions Δ E are assumed to be linearly related. For each pixel, the relation between the amplitudes is

A_p = S_{pn} A_n , (2)

with the slope parameter S_{pn} which can be determined from the data (see below). The set of N^2 slope parameters

∗ Work supported by BMBF NuSTAR.DA - TP 6, FKZ: BMBF 05P12RDFN8 (TP 6), HGS-HIRe

can be used to deduce a set of 2N calibration coefficients { s_p , s_n } by minimizing the expression

χ^2 = � p,n � S_{pn} −^{s n}_{s p}

Δ S_{pn}

�_2

, (3)

that follows directly from Eqs. (1,2).

Implementation

There are two independent steps: First, the determination of the coefficients S_{pn} . Second, finding a set of calibration coefficients { s_p , s_n } based on S_{pn} . The former is done using a Bayesian approach, updating the posterior probability distribution of the quantity of interest for each detected event. The latter is done by a nonlinear least squares fit algorithm.

Determination of S_{pn} : The posterior probability distribution of the quantity of interest is in this case p ( S_{pn} | { d_{pn} }), with { d_{pn} } being the set of all measured data points, i.e. the ratio of amplitudes d_{pn} = A_p /A_n . Knowing this distribution allows to get the most likely value for each slope parameter S_{pn} and its variance Δ S_{pn} . Starting with an initial guess for this distribution, i.e. uniform within reasonable limits, one can refine it by iterating over the measured data points, each time applying Bayes’ theorem [4, 5]

p (S_{pn} |d_{pn} ) = p (S_{pn} ) p ( d_{pn} | S_{pn} ) p (d_{pn} )

, (4)

with the commonly used terminology [6]: p (S_{pn} |d_{pn} ) is called posterior distribution, p (S_{pn} ) is the prior distribution, L ( d_{pn} | S_{pn} ) the likelihood function and p (d_{pn} ) the evidence of the measured data. After each treated data point the normalized posterior distribution becomes the prior for the next data point.

The likelihood function is chosen to be a Lorentzianshaped distribution with width w

L ( d_{pn} | S_{pn} ) ∝ 1 w^2 + (log d_{pn} − log S_{pn} )^2

. (5)

Such a distribution makes the result less sensitive to abundant background events as it would be the case with a Gaussian-shaped likelihood function. It depends on the logarithm of the slope parameter, because the slope is a scale parameter with a possible range inside [0, ∞ [.

GSI SCIENTIFIC REPORT 2013 NUSTAR-GS-02

doi:10.15120 /GR-2014-1-NUSTAR-GS-02 115

While iterating over the data, the posterior distribution is represented as a discrete number N_p of points between the limits S_{min} and S_{max} . The density of points depends on the desired accuracy of the final result and can be in the order of a few thousands. After all data is processed, the best estimates for all slopes S_{pn} and their uncertainties Δ S_{pn} are determined from the mean and variance of the final posterior probability distribution. For the example data shown here, the set of values was: N_p = 1000 , S_{min} = 0 .3, S_{max} = 3 and w = 0 .1

Computing a set of calibration coefficients: Minimizing (3) is done using the implementation of a nonlinear least squares fit provided by [2]. The set of fit parameters is { s_p , s_n }, and the data is the complete set of measured slope parameters { S_{pn} }. The algorithm performs the minimization of (3). After convergence is reached, the parameter set describes the best calibration coefficients for the data set on a common arbitrary scale.

Results

The described procedure was applied to data from the PreSPEC-AGATA setup [7]. The DSSSD detector was mounted close to the position of the secondary target and had 2 × 32 strips, read out with two 32-channel ADCs. It is part of the Lund-York-Cologne CAlorimeter (LYCCA) [1] that is tracking and identifying heavy ions.

The result of the procedure is best summarized in a twodimensional sum histogram of all p-side vs. all n-side amplitudes, without and with calibration coefficients as determined by the described method. In a correctly calibrated detector, each event should have equal calibrated amplitudes for both sides of the detector. That is confirmed by the Fig. 1.

References

[1] P. Golubev, et al., Nucl. Instr. and Meth. A 723, (2013), 55- 66. [2] M. Galassi et al, GNU Scientific Library Reference Manual (3rd Ed.), ISBN 0954612078.

[3] O.B. Tarasov, et al., Nucl. Instr. and Meth. B 266 (2008) 4657-4664.

[4] T. Bayes, Philosophical Transactions of the Royal Society, pp. 370-286.

[5] P.S. Laplace Mémoires de l’Académie royale des sciences, 6, 621-656 (1774).

[6] D.S. Sivia and J. Skilling, Data Analysis, (2006).

[7] P. Boutachkov et al., GSI Report 2012 (2013) 148.

A_n [ADC ch.]

A_p [ADC ch.] 500

1000

1500

2000

2500

3000

500 1000 1500 2000 2500 3000 0

0.5

1

1.5

2

2.5

3 log(counts) s_n A_n [a. u.]

s_p A_p [a. u.] 500

1000

1500

2000

2500

3000

500 1000 1500 2000 2500 3000 0 0.5 1 1.5 2 2.5 3 3.5 log(counts)

-80 -60 -40 -20 0 20 40 60 80 s_p A_p - s_n A_n [a.u.]

no calibration calibrated

Figure 1: Sum histogram of the p and n-side amplitude distributions before (top) and after (middle) the calibration procedure. The picture on the bottom shows the difference of p and n-side amplitude before and after calibration.

NUSTAR-GS-02 GSI SCIENTIFIC REPORT 2013

116 doi:10.15120 /GR-2014-1-NUSTAR-GS-02

Development and test of a segmented Time-of-Flight plastic detector^∗

M. L. Cortés^{†1,2}, H. Schaffner^2, I. Kojouharov^2, B. Voss^2, F. Ameil^2, K. Koch^2, S. Pietri^2, J. Gerl^2, N. Pietralla^1, P. Bednarczyk^3, J. Kotuła^3, Z. Sułek^3, and the PreSPEC and AGATA collaborations

1TU Darmstadt, Darmstadt, Germany;^2GSI, Darmstadt, Germany;^3IFJ PAN, Kraków, Poland

Introduction

Improved SIS primary beam intensities converts directly into higher yields of exotic nuclei. Improvements to the FRS [1] tracking detectors are necessary to allow for higher rates. This concerns in particular the rate at the intermediate focal plane S2 where tracking detectors allowing for rates higher than 10^6s^{− 1} are needed.

In September 2010 a first Finger detector made of 15 strips of plastic scintillator, 14 mm wide each, was successfully commissioned and used [2]. As an upgrade from that detector, a new Finger detector was developed consisting of 51 strips, 4.4 mm wide, of BC420 plastic scintillator. This detector is used as a test case for further developments for HISPEC/DESPEC at FAIR.

Setup

Each pair of strips was glued to a bended UV-transparent PMMA light guide using a 2 component silicon glue. The light guides were then optically coupled to Hamamatsu R9880U-01 photo-multiplier tubes (PMTs) using silicon pads. To power up the PMTs, 13 power supplies were used, each one powering up 4 tubes. Independent potentiometers were added to the setup to allow independent adjustment of the voltages. Figure 1 shows the new Finger detector mounted.

Figure 1: The new Finger detector

The PMTs are read-out using the LANDFEE discriminator. This electronics determines the leading and trailing edges of the incoming PMT pulses as time signals. These

∗ Work partially supported by HIC4FAIR † m.l.cortes@gsi.de

two times are then recorded using two CAEN V1290 Multihit TDCs. Using the two times given by the electronics it is possible to obtain, apart from the time of occurrence, the time-over-threshold (ToT) of the signal, which provides a measure of the signal amplitude. TRIPLEX cards [3] are used for the remote control of the thresholds and to obtain an OR signal and an analogue sum of the signals for monitoring. One of the TRIPLEX cards is connected with a network module which makes the system remote controllable via Ethernet by a lab-view program.

In-beam test

The New Finger detector was tested from February to April 2014 as part of the PreSPEC-AGATA setup at GSI [4]. Time and ToT spectra were obtained for Fe and Ni beams with different intensities. The efficiency of the new Finger detector was in average 2% lower than the one of the standard scintillator at S2, mainly because of gaps between the strips. Figure 2 shows a typical ToT spectrum recorded in one of the PMTs. Using these spectra it is pos-

ToT (arb. units)

6 8 10 12 14

Counts

1

10

210

310

Finger_FingerToF_ToT026 Entries 38885 Mean 7.32 RMS 0.866 Underflow 0 Overflow 0 Integral 3.888e+04 Skewness 3.689

ToT026 17:58:27 2014-04-12 Analysis/Histograms/Finger/FingerToF/ToT/Finger_FingerToF_ToT026

Figure 2: Time-over-threshold spectrum

sible to decide which strip had the higher charge collection and therefore which was the strip that was hit. Position and timing information from that strip were used for each event and a preliminary analysis was performed. Figure 3 shows the correlation between the strip selected as being hit and the position determined in TPCs. In spite of the clear correlation, background is also present, coming from two different sources: The high rate present as S2, which reduces the performance of the TPCs and the possibility of having

GSI SCIENTIFIC REPORT 2013 NUSTAR-GS-03

doi:10.15120 /GR-2014-1-NUSTAR-GS-03 117

TPC position (mm)

-100 -80 -60 -40 -20 0 20 40 60 80 100

Finger strip

0

10

20

30

40

50 Finger_XXcorrelationTPC_first_vs_second

Entries 49747

Mean x 11.39 Mean y 26.51

RMS x 46.54

RMS y 9.847 Integral 4.801e+04

Skewness x -0.1367

Skewness y -0.1014 0 0 0

41 48011 178

0 1517 0

first_vs_second 20:53:14 2014-04-11 Analysis/Histograms/Finger/XXcorrelationTPC/Finger_XXcorrelationTPC_first_vs_second

Figure 3: Strip number vs. position projected from TPCs

two particles hitting the Finger detector during the same trigger, which gives the possibility of a wrong strip selection. To study this effect, the number of PMTs fired per event was calculated. When all fired PMTs are consecutive they are considered as coming from a single particle interaction. When they are not consecutive, a second particle could have produced the signals. The number of this sets of consecutive PMTs is called cluster multiplicity. Figure 4 shows the number of clusters recorded versus the number of PMTs fired. We can see that for the case of one particle

Number of clusters

0 1 2 3 4 5 6 7

Number of PMTs fired

0 2 4 6 8 10 12 14 16 Finger_FingerToF_cluster_multiplicity_vs_Multiplicity

Entries 251586

Mean x 1.919 Mean y 3.781

RMS x 0.6496

RMS y 1.771 Integral 2.516e+05

Skewness x 0.9962

Skewness y 0.9361 0 0 0

0 251586 0

0 0 0

1

10

210

310

410

cluster_multiplicity_vs_Multiplicity 21:03:17 2014-04-11 Analysis/Histograms/Finger/FingerToF/Finger_FingerToF_cluster_multi plicity_vs_Multiplicity

Figure 4: Cluster multiplicity vs. PMT multiplicity

the most likely is to have two PMTs fired, corresponding to one strip. The rest of the events can be properly reconstructed with more detailed analysis.

Using the timing information given by the strip selected, the Time-of-Flight (ToF) between the new Finger detector and the scintillator placed in the last focal point of FRS (S4) was calculated. Figure 5 shows the ToF versus the atomic number of the particles obtained from the MUSIC ionization chambers.

ToF (arb. units)

154 156 158 160 162 164 166 168

Z

21.0

21.5

22.0

22.5

23.0

23.5

24.0

24.5

Finger_FingerTofVsZ_first_vs_second

Entries 94158 Mean x 163.2 Mean y 22.77 RMS x 2.167 RMS y 0.4292 Integral 2.952e+04 Skewness x -1.48 Skewness y -0.7013 7415 6037 16832 13725 29516 18655 444 735 799

first_vs_second 17:57:47 2014-04-12 Analysis/Histograms/Finger/FingerTofVsZ/Finger_FingerTofVsZ_first_vs_second

Figure 5: Time of flight vs. atomic number

This plot presents a preliminary identification plot and can be further improved by a more detailed analysis which includes strip selection, considering multiple particles and proper calibrations.

Outlook

A new Finger detector with higher count rate capabilities was developed and tested. ToT technique to select the strip was proved to be feasible. The preliminary analysis of the data obtained during the PreSPEC-AGATA campaign 2014 show a reasonable efficiency and the possibility to characterize multiple particles hitting the detector. The outcome of this study will be used to optimize further developments for a Time-of-Flight detector at the Super FRS.

References

[1] H. Geissel et al. Nucl. Instr. Meth. B70 (1992) 286

[2] F. Ameil et al. “Time of flight with a segmented plastic finger detector at high particle rate”, GSI Scientific Report 2011 (2012) 171

[3] K. Koch et al., “TRIPLEX, an Upgrade for the TACQUILA System”, GSI Scientific Report 2010 (2011) 235

[4] H.J.Wollersheim, “Relativistic Coulomb Excitation: From RISING to PreSPEC”, Acta Phys. Pol. B42 (2011), 705

NUSTAR-GS-03 GSI SCIENTIFIC REPORT 2013

118 doi:10.15120 /GR-2014-1-NUSTAR-GS-03

In-beam γ-ray spectroscopy with AGATA@PreSPEC: Development of new experimental tools for HISPEC@FAIR^∗

C. Stahl^{†1}, M. Lettmann^1, M. Reese^1, N. Pietralla^1, and the PreSPEC collaboration

1IKP TU Darmstadt, Darmstadt, Germany

The high γ-ray energy- and position resolution of the AGATA detector system in combination with relativistic ion beams from GSI’s SIS/FRS opens up new perspectives for the development of experimental techniques for in-beam γ-ray spectroscopy

Background

The use of beams of exotic nuclei for in-beam γ-ray spectroscopy experiments imposes new challenges to experimentalists due to drastically reduced beam intensities as compared to ”standard” stable ion beams, for example. One way to overcome this shortcoming is to increase the efficiency of detector systems and the use of new instrumental approaches and detector technology. The European γ-ray spectrometer AGATA [1] is an example of a nextgeneration detector system that helps to boost the efficiency of experiments with radioactive ion beams. It is employed in a first phase in GSI’s PreSPEC setup at the S4 experimental site for beamtimes in 2012 [2] and 2014 and will be a central part of the HISPEC@FAIR setup. Its ability to extract the interaction points of γ-rays inside the detector material and, hence, the detection position of the γ-rays with a resolution as good as 5 mm FWHM is of paramount benefit for the experiments with relativistic ion beams performed at GSI. However, dedicated experimental techniques have to be developed in order to fully exploit the capabilities of AGATA in combination with GSI’s unique relativistic ion beams.

Concepts

The relativistic beam energies of SIS/FRS induce strong Doppler-shifts of the γ-rays emitted at the de-excitation of atomic nuclei in flight. The magnitude of the observed Doppler-shift is a function of both emitter velocity and γray emission direction with respect to the emitter velocity vector. In order to be able to precisely correct for the occurring Doppler-shifts, the measurement of both the ion trajectories and γ-ray detection positions with the best possible resolution is a major task of the PreSPEC in-beam γ-ray spectroscopy setup and also for the future HISPEC@FAIR setup. Convincing performance is achieved by the combination of the FRS detectors, AGATA and the LYCCA [3] detector system. Here, especially the position resolution of AGATA facilitates the study of the distribution of

∗ This work was supported by the BMBF under grant 05P12RDFN8, HIC for FAIR and HGS-HIRe for FAIR

† stahl@ikp.tu-darmstadt.de

observed Doppler-shifted γ-rays as a function of their detection position in the laboratory system. This gives, inter alia, rise to substantial improvements of Doppler-shift based techniques for the determination of nuclear level lifetimes, such as the Doppler-shift attenuation method (DSAM) for level lifetimes in the (sub-)picosecond range. A further-development of the DSA method taking advantage of AGATA’s position resolution has already been developed in our group [4].

Figure 1: Doppler-corrected γ-rays from the de-excitation of the 455-keV 2^+_1 -level of^{78} Kr as function of the γ-ray emission position along the beam-path. Sharp peak arise if the position of the secondary target, the target DSSD or the LYCCA TOF start detector are assumed as γ-ray emission position along the ion trajectory. The shown data was taken during the performance commissioning phase of the PreSPEC experimental campaign.

However, the emission direction of the γ-rays is pinned down not only by the γ-ray detection position, but also by its vertex. Therefore, precise knowledge of the ion trajectory, the detection position and the observed Doppler-shift allows to draw conclusions on the γ-ray vertex along the ion trajectory. The sensitivity to the longitudinal emission position is shown in fig. 1: The excitation of the shortlived 455-keV 2^+_1 -state of^{78} Kr via two-neutron knock-out of^{80} Kr can occur in the secondary target as well as in two detectors upstream of the target. De-excitation after a detector or the secondary target can be distinguished by the longitudinal emitter position assumed in the Dopplercorrection.

Applications

The sensitivity of the PreSPEC setup to the γ-ray vertices arises from the unique combination of the position-

GSI SCIENTIFIC REPORT 2013 NUSTAR-GS-04

doi:10.15120 /GR-2014-1-NUSTAR-GS-04 119 sensitive AGATA-array, high-quality beam-tracking in FRS/LYCCA and relativistic ion beams. It can be used for a novel class of γ-spectroscopic techniques. As described for example in [5, 6], the γ-vertex sensitivity gives rise to lifetime-sensitive effects in the observed Doppler-corrected γ-energy spectra because of the ignorance of the “true” deexcitation point if nuclear level-lifetimes are in the order of a few hundred picoseconds and the ions thus de-excite at significant average distances ⟨z⟩ = τβ behind the excitation target (see fig. 2). An analysis method taking advantage of this effect has been developed and implemented into a computer code by our group [7].

Figure 2: Effect of level-lifetimes on Doppler-corrected γray spectra as function of γ-ray energy and detection polar angle (left). The spectrum shows a calculated “2Dlineshape” for a model-transition with rest energy 1000 keV and lifetime of 200ps, emitted from a 150 AMeV beam of^{80} Kr excited on a 0.5 g/cm^2 gold target. The tail towards higher energies at small angles stems from deexcitations inside the target, the tail to lower energies from de-excitation well behind the target. The right part of the figure shows the γ-ray spectrum observable under a detection angle of 22^∘ for different level lifetimes (30ps: blue, solid; 80ps: red, dashed; 120ps: green, dotted; 200ps: purple, dash-dotted)

Another new experimental approach using the ability to distinguish γ-rays emitted at different positions along the ion trajectories that aims at determining multipole mixing ratios was recently developed in our group. The “Coulexmultipolarimetry by active-degrader method” makes use of the fact that the cross-section for Coulomb-excitation has a different energy-dependence for different radiation characters. For example, the cross-section for M1-excitation is almost independent of ion velocity, whereas the E2 crosssection rapidly drops with increasing velocity. Hence, the ratio of Coulomb-excitation cross-sections at two different beam energies is a measure for the M1/E2 multipole mixing ratio [8]. The measurement of the cross section ratio at two different ion velocities can be performed in one single experiment using two thick targets installed in some distance from each other (see fig. 3). Because the ions are significantly slowed down in the first target, the average ion velocities in the first and second target are different. If the level lifetime is sufficiently short, excitations in the first and second target can be distinguished by the different Doppler-shift of the de-excitation radiation caused by the different vertices of the γ-radiation. This approach is particularly helpful if standard methods for the determination of multipole mixing ratios like the analysis of angular correlations cannot be applied due to too low statistics in rare ion beam experiments or because of the spin of the excited state.

Figure 3: Principle of the “Coulex-multipolarimetry by active-degrader method ”. See text for details.

Conclusion

The extraction of spectroscopic data from in-beam γ-ray spectroscopy experiments faces some complications in the case of rare, relativistic ion beams. Established methods may not be applicable or have to be further developed for efficient use with state-of-the-art experimental setups like PreSPEC or, in the future, HISPEC@FAIR. However, the advent of the next generation of γ-ray detection systems such as AGATA opens up new possibilities for experimental techniques for the exploration of nuclear structure far off stability. For us, the PreSPEC-setup is an important testing ground to observe and understand the experimental phenomena that the powerful combination of AGATA, relativistic ion beams from SIS/FRS and the detection capabilities of LYCCA can reveal. Only performing experiments under these conditions puts us in the position to develop experimental techniques that are required to take full advantage of the possibilities that will arise with the future HISPEC@FAIR setup.

References

[1] S. Akkoyun et al., NIM A 668 (2012) 26–58

[2] N. Pietralla: On the Road to FAIR: First Operation of AGATA in PreSPEC at GSI, talk at the INPC 2013, to be published

[3] P. Golubev et al., NIM A 723 (2013) 55–66

[4] C. Stahl, Master Thesis, TU Darmstadt, AG Pietralla (2011)

[5] C. Domingo-Pardo et al., NIM A 694 (2012) 297–312

[6] P. Doornenbal et al., NIM A 613 (2010), 218–225

[7] M. Lettmann, Master Thesis, TU Darmstadt, AG Pietralla (2013)

[8] G. Rainovski et al., Experiment S426, Proposal to the G- PAC (2011)

NUSTAR-GS-04 GSI SCIENTIFIC REPORT 2013

120 doi:10.15120 /GR-2014-1-NUSTAR-GS-04

Simulations for DEGAS detectors at FAIR^∗

C. Louchart-Henning^1, G. Henning^2, J. Gerl^2, N. Pietralla^1, and the DESPEC collaboration

1IKP, TU Darmstadt, Germany;^2GSI, Darmstadt, Germany

DEGAS detector

For the future Low Energy Branch of FAIR facility, experiments using stop beam in the focal plan of the Super FRS aim at studying the decay properties of exotic nuclei. The AIDA [1] active stopper, consisting of a stacks of DSSD (8x8 cm^2), will cover the large focal plan of 24x8 cm^2. The γ rays emitted by the implanted nuclei will be detected by HPGe detectors arranged in a compact geometry around the DSSD. For the γ detection, three steps are forseen [2]. The first is to use standart Ge detectors, like the existing RISING detectors [3]. In a second step, the new generation of Ge detectors, who have the ability to reconstruct the path of the γ rays inside the Ge volume, will be used. Finally, the goal is to use imaging detectors (with planar Ge for instance [4]).

Simulations

In this report we present the results of the efficiency simulated using RISING detectors arranged in seven-detectors per cluster (as used for the previous stop beam campain in GSI [5]) or three-detectors per cluster. The idea is to optimize the space occupation around the large focal plan while having the maximum γ detection efficiency. The simulations have been performed using the Monte Carlo code GEANT4 [6]. Several configurations have been tried for both 3- and 7-fold clusters. First, placing the detectors in a sphere like configuration. Then a very compact configuration with the detectors arrranged as a box around the decay chamber. And finally, a shell configuration, intermediate between box and sphere, characterized by a less compact arrangement than the box, but detectors closer to the chamber than for the sphere. The source of γ rays was extended over the surface of the focal plan. The effect of γ multiplicity, energy, and the presence of a γ flash associated with the ion implantation at the focal plan (simulated by a burst of ≃ 30 gamma rays of energy � 100 keV in addition to the γ of interest) were investigated. A computer rendering of 3-fold clusters in box configuration is presented figure 1.

Results

The simulated efficiency for the shell and box configurations are reported in table 1. The simulations show an

∗ This work was supported by the BMBF under grant 05P12RDFN8, HIC for FAIR and HGS-HIRe for FAIR

Figure 1: Integration of the Box configuration with the AIDA detectors, including their support and electronics [7].

advantage for the triple clusters in respect to the 7-fold clusters in both shell and box configurations, but not in the sphere configuration where both 7-fold and 3-fold clusters have similar and low efficiency. The effect of gamma multiplicity has been investigated and we conclude that higher multiplicities of gamma rays (M_γ ≥ 4) decreases the efficiency in the addback mode (sum of the energy over a cluster), without any significant impact on single crystal efficiency. The presence of the γ flash is larger at low energy, and most proeminent in the most compact configuration (box) as the crystals are more exposed to the γ rays from the flash. Overall, the simulations show that, for low γ multiplicity and even with the γ flash, a better detection efficiency is acheived by using a more compact configuration than by increasing the number of detectors. In that respect, 3-fold clusters present less geometric constrains as they are smaller and allow a better compact coverage of the decay chamber.

E (keV) ϵ_{3Box} ϵ_{7Box} ϵ_{3Shell} ϵ_{7Shell} 122 29.7% 22.4% 24.4% 18.0% 244 26.0% 20.0% 21.4% 16.1% 511 19.1% 15.6% 15.9% 12.6% 1333 12.8% 11.0% 10.7% 8.7%

Table 1: Efficiency of the Box and Shell configurations for 3- and 7-fold clusters at four energies. An expended source with γ multiplicity of 5 has been considered, without taking into account the γ flash.

To conclude, a compact configuration has high detection

GSI SCIENTIFIC REPORT 2013 NUSTAR-GS-05

doi:10.15120 /GR-2014-1-NUSTAR-GS-05 121 efficiency, in particular with a γ-multiplicity � 3. This preliminary study favors the use of triple clusters arranged in box configuration. It seems that it is more favourable to keep the detectors close to the source than to increase the number of detectors. The integration of this geometry with AIDA is under study and is presented in Fig.1. For using triple cluster in box configuration, electronic cooling should be used. The technic is now investigating in GSI.

References

[1] AIDA TDR (2008);

http://www2.ph.ed.ac.uk/∼ td/DSSD/Design/tdr aida.pdf [2] J. Gerl, TDR in preparation

[3] H.J. Wollersheim et al., NIMA 537, 637 (2005) [4] A. Algora et al., Simulations of possible Ge arrays for the DESPEC setup at FAIR, GSI scientific report 2005.

[5] P.H. Regan et al. Nuclear Physics A 787 (2007) 491c–498c

[6] S. Agostinelli et al., Nucl. Inst. and Meth. A506 (2003) 250;

http://wwwasd.web.cern.ch/wwwasd/geant4/geant4.html

[7] Courtesy of Paul Aden.

NUSTAR-GS-05 GSI SCIENTIFIC REPORT 2013

122 doi:10.15120 /GR-2014-1-NUSTAR-GS-05

Simulations for position-sensitive tracking of γ rays in scintillators Approach for source reconstruction

N. Lalovic^{∗ 1,2}, J. Gerl^1, D. Rudolph^2, R. Hoischen^1, and P. Golubev^2

1GSI, Darmstadt, Germany;^2Lund University, Lund, Sweden

Introduction

There is a growing demand for gamma radiation detectors with imaging capability. This is relevant not only in the basic research sector, but even more in societal and industrial applications, such as medical imaging, environmental and safety investigations. Scintillation materials with position-sensitive read-out are viable candidates for this purpose and have been tested using Geant4 simulation toolkit [1].

Geant4 Simulations

The present simulation code enables easy and quick optimization of different geometries. Detailed simulations were performed with both BC404 and CsI(Na) scintillators. Here we present results with the latter detector elements, providing higher efficiency. Energy response and associated light production of the initial radiation (γ rays) has been investigated, hence including all the underlying physics processes. In addition, optical photons have been treated, with an assumption that the surface was a perfectly polished mirror. So far, 511 keV e^+ e^− annihilation radiation has been considered. First geometry simulated comprises nine 18 ·18 ·100 mm^3 scintillator bars with Hamamatsu R7600U-2000 PMTs with 2 mm distance between each 2 crystal elements in the ’matrix’, as represented in Fig 1. The second geometry included nine times four ·9·9·100 mm^3 scintillator bars with Hamamatsu R7600U- 2000M4 PMTs with 2 mm between ’submatrix’ elements and 4 mm between ’matrix’ elements.

Figure 1: Geometry 1

∗ n.lalovic@gsi.de

Analysis and Reconstruction Algorithm

We are interested in multiple Compton scattering [2, 3] in those events causing the incoming γ photon to be scattered from one detector element and then photoabsorbed in the second one. Add-back energy spectra showed Peak- To-Total approximately 50 % and 60 % in case of the first and second geometry, respectively. Compton kinematics and energy conservation law then give the scattering angle (with respect to Δ E -energy deposited in the second detector element and E_i -energy before scattering):

β = arccos (1 − m_ec^2Δ E (E_i )^2 − E_i Δ E

) (1)

For our offline analysis it is essential to find the scattered direction, i.e. vector. Simulation gives the exact coordinates of the interaction points, so the 3D vector (ρ, θ, ϕ ) is easily extracted. The algorithm concentrates on the reference plane (θ, ϕ ), where the centre of each circle (θ, ϕ ) characterizes the scattered direction. Finally, the scattering angle is seen as a radius of the corresponding circle, as illustrated in Fig 2.

Figure 2: Representation of the reconstructing algorithm

Summary and Outlook

The simulation code has been developed providing the input data for the offline analysis and the flexibility for deploying different materials and/or geometries has been achieved. First version of the algorithm which aims to reconstruct the source position confirmed the idea of possible reconstruction of source position and is currently being tested on the larger set of data, since the preliminary results (see Fig 3.) don’t yet provide an unambiguous conclusion. In addition to that, the experimental tests are ongoing and the parameters from the simulations have to be normalized with respect to the response from the realistic setup [4].

GSI SCIENTIFIC REPORT 2013 NUSTAR-GS-06

doi:10.15120 /GR-2014-1-NUSTAR-GS-06 123

Figure 3: Reconstructing algorithm applied on a small set of data

References

[1] Geant4 - A Simulation Toolkit, Nucl. Instr. Meth. A506, 250 (2003)

[2] N. Dogan, D. K. Wehe, A. Z. Akcasu, IEEE Trans. Nucl. Sci.

39, 1427 (1992) [3] N. Dogan, D. K. Wehe, G. F. Knoll, Nucl. Instr. Meth. A299, 501 (1990) [4] P. Golubev, D. Rudolph, private communication

NUSTAR-GS-06 GSI SCIENTIFIC REPORT 2013

124 doi:10.15120 /GR-2014-1-NUSTAR-GS-06

Study of the^{48}Ca +^{249}Bk fusion reaction leading to element Z = 117: long-lived α -decaying^{270}Db and discovery of^{266}Lr^∗

J. Khuyagbaatar^{†1,2}, A. Yakushev^2, Ch.E. Düllmann^{1,2,3}, D. Ackermann^2, L.-L. Andersson^1, M. Asai^4, M. Block^2, R.A. Boll^5, H. Brand^2, D.M. Cox^6, M. Dasgupta^7, X. Derkx^{1,3}, A. Di Nitto^3, K. Eberhardt^{1,3}, J. Even^1, M. Evers^7, C. Fahlander^8, U. Forsberg^8, J.M. Gates^9, N. Gharibyan^{10}, P.

Golubev^8, K.E. Gregorich^9, J.H. Hamilton^{11}, W. Hartmann^2, R.-D. Herzberg^6, F.P. Heßberger^{1,2}, D.J.

Hinde^7, J. Hoffmann^2, R. Hollinger^2, A. H übner^2, E. J äger^2, B. Kindler^2, J.V. Kratz^3, J. Krier^2, N. Kurz^2, M. Laatiaoui^2, S. Lahiri^{12}, R. Lang^2, B. Lommel^2, M. Maiti^{12}, K. Miernik^5, S. Minami^2, A.

Mistry^6, C. Mokry^{1,3}, H. Nitsche^9, J.P. Omtvedt^{13}, G.K. Pang^9, P. Papadakis^6, D. Renisch^3, J. Roberto^5, D. Rudolph^8, J. Runke^2, K. Rykaczewski^5, L.G. Sarmiento^8, M. Sch ädel^{2,4}, B. Schausten^2, A. Semchenkov^{13}, D.A. Shaughnessy^{10}, P. Steinegger^{14}, J. Steiner^2, E.E. Tereshatov^{10}, P.

Thörle-Pospiech^{1,3}, K. Tinschert^2, T. Torres De Heidenreich^2, N. Trautmann^3, A. T ürler^{14,15}, J.

Uusitalo^{16}, D.E. Ward^8, M. Wegrzecki^{17}, N. Wiehl^{1,3}, S.M. Van Cleve^5, and V. Yakusheva^1

1Helmholtz Institute Mainz, 55099 Mainz, Germany;^2GSI Helmholtzzentrum für Schwerionenforschung, 64291 Darmstadt, Germany;^3Johannes Gutenberg-Universität Mainz, 55099 Mainz, Germany;^4Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan;^5Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA;^6University of Liverpool, Liverpool L69 7ZE, United Kingdom;^7The Australian National University, Canberra, ACT 0200, Australia;^8Lund University, 22100 Lund, Sweden;^9Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA;^{10}Lawrence Livermore National Laboratory, Livermore, California 94551, USA;

11Vanderbilt University, Nashville, TN 37235, USA;^{12}Saha Institute of Nuclear Physics, Kolkata 700064, India; 13University of Oslo, 0315 Oslo, Norway;^{14}Paul Scherrer Institute, 5232 Villigen, Switzerland;^{15}University of Bern, 3012 Bern, Switzerland;^{16}University of Jyväskylä, 40351 Jyväskylä, Finland;^{17}The Institute of Electron Technology, 02-668 Warsaw, Poland

The fusion-evaporation reaction^{48} Ca +^{249} Bk, was studied at the gas-filled TransActinide Separator and Chemistry Apparatus (TASCA) [1], which was significantly upgraded [2] now being able to register nuclei with half-lives from sub-μs to a few days. We observed four decay chains among them two long ones comprising seven α decays and a spontaneous fission, both chains have similar properties (Fig. 1). Our data is largely consistent with previously reported data [3] on the decay chains assigned to 294 117. In addition to data from [3], a hitherto unknown α branch in^{270} Db, which populated the new isotope^{266} Lr, was identified.^{270} Db with a half-life of 1.0^{+1 .9}

− 0.4 h is the

most long-lived α -decaying nucleus above No (Z = 102). The decay chain members from^{290} 115 to^{266} Lr all decay with T_{1/ 2} ≳ 1 s, which opens prospects for their chemical investigation and off-line studies.

We are grateful to GSI’s ECR ion-source and UNILAC staff, and the Experimental Electronics Department for their continuous support of the experiment.

∗ This work was financially supported in part by the German BMBF (05P12UMFNE), the Swedish Research Council, the U.S. Department of Energy by LLNL (DE-AC52-07NA27344), the Laboratory Directed Research and Development Program at LLNL (11-ERD-011) and the Helmholtz Institute Mainz. This work was co-sponsored by the Office of Science, U.S. Department of Energy, and supported under U.S. DOE grants No. DE-AC05-00OR22725.

† J.Khuyagbaatar@gsi.de

500 2500 Time (chan / 17ns)

α_2 α_1

α_3

α_4

α_5

α_6

α_7 SF

11.07(4) 55.9 ms

10.31(4) 2.98 s

9.3(3) 5.96 s 8.86(3) 172 s

9.42(3) 6.79 s 8.84(3) 45.1 s

135+7 3.8 h

11.02(4) 92.6 ms

10.2(2) 0.66 s

4.64 2.35 s 9.05(3) 373 s

9.47(3) 3.53 s

8.8(2) 41.3 s

189 29 h

7.89(3) 1.3 h

7.90(3) 1.6 h

290 115 294 117 286 113_{282}

Rg_{278}

Mt_{274}

Bh_{270}

Db_{266} Lr

10.81-10.97 50 ms

9.78-10.28 0.24 s

9.61-9.75 13 s 9.01(5) 58 s

9.38-9.55 5.2 s

8.76(5) 54 s SF 17 h

DGFRS

500 2500

Time (chan / 17ns)

α_2 α_1

α_3

α_4

α_5

α_6

α_7 SF chain 1 chain 2

TASCA

Figure 1: Decay chains assigned to^{294} 117 from this work (together with traces of members) and data from [3].

References

[1] A. Semchenkov et al., NIM. B 266, 4153 (2008), J.M. Gates et al., PRC 83, 054618 (2011).

[2] see GSI Scientific Report-2011, pages-206, 212, 217, 218, 251-253 (2012).

[3] Yu.Ts. Oganessian et al., PRL. 104, 0142502 (2010), PRC.

83, 054315 (2011), PRL. 109, 162501 (2012), PRC. 87, 054621 (2013).

GSI SCIENTIFIC REPORT 2013 NUSTAR-SHE-01

doi:10.15120 /GR-2014-1-NUSTAR-SHE-01 125

Element 115 studied with TASISpec

D. Rudolph^1, U. Forsberg^1, P. Golubev^1, L.G. Sarmiento^1, A. Yakushev^2, L.-L. Andersson^3, A. Di Nitto^4, Ch.E. Düllmann^{2,3,4}, J.M. Gates^5, K.E. Gregorich^5, C.J. Gross^6, R.-D. Herzberg^7, F.P. Heßberger^{2,3}, J. Khuyagbaatar^3, J.V. Kratz^4, K. Rykaczewski^6, M. Sch ädel^{2,8}, S.^∘Aberg^1, D. Ackermann^2, M. Block^2, H. Brand^2, B.G. Carlsson^1, D. Cox^7, X. Derkx^{3,4}, K. Eberhardt^{3,4}, J. Even^3, C. Fahlander^1, J. Gerl^2, E. J äger^2, B. Kindler^2, J. Krier^2, I. Kojouharov^2, N. Kurz^2, B. Lommel^2, A. Mistry^7, C. Mokry^{3,4}, H. Nitsche^5, J.P. Omtvedt^9, P. Papadakis^7, I. Ragnarsson^1, J. Runke^2, H. Schaffner^2, B. Schausten^2, P. Th örle-Pospiech^{3,4}, T. Torres^2, T. Traut^4, N. Trautmann^4, A. Türler^{10}, A. Ward^7, D.E. Ward^1, and N. Wiehl^{3,4}

1Lund University, Lund, Sweden;^2GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany; 3Helmholtz Institute Mainz, Mainz, Germany;^4Johannes Gutenberg-Universität Mainz, Mainz, Germany;^5Lawrence Berkeley National Laboratory, Berkeley, USA;^6Oak Ridge National Laboratory, Oak Ridge, USA;^7University of Liverpool, Liverpool, United Kingdom;^8Advanced Science Research Center, Japan Atomic Energy Agency, Tokai, Japan;^9University of Oslo, Oslo, Norway;^{10}Paul Scherrer Institute and University of Bern, Villigen, Switzerland

An experiment was conducted at GSI to fingerprint the proton number of one or several isotopes along anticipated decay chains of element 115 by means of highresolution coincidence spectroscopy of α decays and photons. The fusion-evaporation reaction^{48} Ca+^{243} Am [1] was used. The residues were separated from primary beam and background by TASCA [2-4] and guided into the TASISpec set-up [cf. Fig. 1(a)] [5, 6]. (b)

Cluster

Clover

6 cm

(a)

4.8( ) s^8_6

α 9.77

Rg 280

γ 194,237

13 9 α 9.53,9.60 γ 362,434,...

Mt 276

0.70( ) s

115−288

α 0.16( ) s_2^3

10.3−10.6

113−284

α 12 16 0.92( ) s

9.9−10.2

25( ) h^4_3

Db 268

sf 1.4( ) h 18 5

α 9.28(6) 43 7 α 9.07,8.93

199 34 82( ) ms

223 38 51 chains

α

115−287

42( ) ms 57 15

sf

Db 267

1.8( ) s

Bh 271

γ (~140)

Bh 272 15 10.9( ) s 21

α

10.61(4)

10.23(1)

113−283

Rg 279

93( ) ms

α 10.38(11)

3 chains

Mt 275 28 21( ) ms 8 α 10.33(1)

Figure 1: (a) Photograph of the TASISpec α -photon coincidence set-up [5] in the focal plane of the TASCA gas-filled separator at GSI [2]. See text for details. (b) Proposed decay chains of^{287 ,288} 115 based on the combined data and assignments of Refs. [7-9].

22 and 1 correlated decay chains were found to be consistent with 31 and 2 previously reported chains associated with^{288} 115 and^{287} 115, respectively [cf. Fig. 1(b)] [7, 8]. 16 prompt α -photon coincidences were recorded along the 288 115 chain [9-11]. Seven short chains of types recoil-α - (α )-fission deserve specific attention [12].

The conclusion of Ref. [9] notes that “thirty correlated α -decay chains were observed following the reaction^{48} Ca+^{243} Am. Decay schemes arising from highresolution spectroscopic coincidence data, in conjunction with comprehensive Monte-Carlo simulations, open the door for direct nuclear structure insights of these heaviest man-made atomic nuclei. Previous assignments linking the majority of the decay chains to the decay of^{287 ,288} 115 [7, 8] are confirmed. This includes first candidates for Z - fingerprinting the decay of Mt by means of characteristic K -X ray detection. There is clearly potential for direct determination of the atomic number of the descendants of superheavy elements.”

Following press releases the topic received significant media attention [13], not least due to precisely element 115 starring in various computer games – and Area 51 [14].

The authors thank the ion-source and accelerator staff at GSI. This work is supported by the European Community FP7 – Capacities ENSAR No. 262010, the Royal Physiographic Society in Lund, the Euroball Owners Committee, the Swedish Research Council, the German BMBF, the Office of Nuclear Physics, U.S. Department of Energy, and the UK Science and Technology Facilities Council.

References

[1]^{243} Am material provided by ORNL and targets made at JGU. [2] M. Schädel, Eur. Phys. J. D 45, 67 (2007). [3] J.M. Gates et al., Phys. Rev. C 83, 054618 (2011). [4] U. Forsberg et al., Acta Phys. Pol. B43, 305 (2012). [5] L.-L. Andersson et al., Nucl. Instr. Meth. A622, 164 (2010). [6] L.G. Sarmiento et al., Nucl. Instr. Meth. A667, 26 (2012). [7] Yu. Ts. Oganessian et al., Phys. Rev. C 69, 021601(R) (2004). [8] Yu. Ts. Oganessian et al., Phys. Rev. C 87, 014302 (2013). [9] D. Rudolph et al., Phys. Rev. Lett. 111, 112502 (2013). [10] U. Forsberg et al., Proceedings INPC 2013, Florence, Italy, EPJ Web of Conferences, in press.

[11] D. Rudolph et al., Acta Phys. Pol. B, in press. [12] U. Forsberg et al., to be published. [13] http://www.fysik.lu.se/om institutionen/nyheter/nyheter 2013/ element-115-news-feed/ (selection of news articles).

[14] http://www.youtube.com/watch?v=mpmAXO2-gSo http://www.youtube.com/watch?v=BJYDrugEtxY http://www.youtube.com/watch?v=q0lSL1yD5qQ http://www.youtube.com/watch?v=YW4zzo3F2ac

NUSTAR-SHE-02 GSI SCIENTIFIC REPORT 2013

126 doi:10.15120 /GR-2014-1-NUSTAR-SHE-02

Neutron Shell Strengths at N = 152 and toward s N = 162

F.P. Heßberger^{1,2} and D. Ackermann^1

1GSI, Darmstadt, Germany;^2HIM, Mainz, Germany

Determination of the shell strengths is an important feature to characterize the properties of superheavy elements and to test the power of theoretical predictions. Recently ground-state masses of several nobelium (Z=102) and lawrencium (Z=103) isotopes have been measured directly with high precision at SHIPTRAP [1, 2]. The results have been used to determine the strength of the N = 152 subshell for Z = 102 and Z = 103 [2]. The experimental data from [2] are compared in fig. 1 with the results from a microscopic - macroscopic approach [3] and a selfconsistent calculation using the SLy4 - force [4]. The latter has been used recently to calculate properties of neutron stars, e.g. the relation between mass and radius (see e.g. [7]). This circumstance demonstrates that properties of the nuclear force (or strong force, respectively) derived from the structure and stability of nuclei can be used to describe astrophysical phenomena or in general, phenomena where the strong force plays an essential role (e.g. quark-gluon plasma). Vice versa, information on the strong force obtained from ’such other’ studies will have a feedback on the description of nuclei. Superheavy nuclei are a specific, but of course not the only one, laboratory for such studies, as they exist only due to a delicate balance between the nuclear force and the Coulomb force.

Another source of information on shell strength in the transactinide region are the α - decay chains passing through^{252 ,254} No. Based on the measured masses of these isotopes [1] the 2n- binding energies of the N-Z = 50 nuclei could be determined up to^{266} Hs [5]. The results are compared with predicted values in fig. 2. It is seen that the 2nbinding energies obtained from the microscopic - macroscopic models [3, 6] describe the experimental trend, which shows a maximum value at N = 152, at least qualitatively, while the agreement between experimental and calculated values is somewhat better for [3] than for [6]. The selfconsistent calculation using the SkP force, however, does not show a local maximum at N = 152 and gives too low values for N≤ 152. Towards higher neutron numbers all calculations show a steeper increase of the 2n - binding energies than measured. This may indicate that the N = 162 neutron shell might be weaker or stronger localized. To check this possibility it is necessary the estimate the 2n - binding energy of^{270} Ds, which requires the identification of the so far unknown nuclide^{268} Ds. Based on production crosssections for^{269 ,270 ,271} Ds measured previously at SHIP it can expected to be produced with σ ≈ 1-2 pb in the reaction^{207} Pb(^{62}Ni,n)^{268} Ds. This finding is in-line with the trend which is indicated by the spontaneous fission half-lives, which show a slower increase towards N = 162 than the values predicted in [8], which are based masses and shell effects from [3].

Figure 1: Experimental shell strength parameters of No isotopes in comparison with results from calculations.

Figure 2: Experimental 2n - separation energies in comparison with results from calculations.

References

[1] M. Dworschak et al., PRC 81, 064312 (2010) [2] E. Minaya Ramirez et al., Science 337, 1207 (2012) [3] R. Smolanczuk, A. Sobiczewski, Proc. EPS Conf. ’Low Energy Nucl. Dyn.’, St. Petersburg (Russia), 1995 [4] J. Dobaczewski et al., arXiv:nucl-th/0404077vl (2004) (http:

fuw.edu.pl/ dobaczew/thodri/thodri.htm) [5] D. Ackermann et al. GSI-Scientific Report 2011, PHN- NUSTAR-SHE04 [6] P. Möller et al. ADNDT 59, 185 (1995) [7] M. Hempel, Physik in unserer Zeit 01/2014(45), 12 (2014) [8] R. Smolanczuk et al., PRC 52, 1871 (1995)

GSI SCIENTIFIC REPORT 2013 NUSTAR-SHE-03

doi:10.15120 /GR-2014-1-NUSTAR-SHE-03 127

Decay of^{201− 203}Ra^∗

Z. Kalaninová^{†1}, S. Antalic^1, A.N. Andreyev^{2,3}, F.P. Heßberger^{4,5}, D. Ackermann^4, B. Andel^1, L. Bianco^6, S. Hofmann^4, M. Huyse^7, B. Kindler^4, B. Lommel^4, R. Mann^4, R.D. Page^6, P. Sapple^6, J. Thomson^6, P. Van Duppen^7, and M. Venhart^{8,1}

1Comenius University, Bratislava, Slovakia;^2University of York, York, UK;^3ASRC, JAEA, Ibaraki, Japan;^4GSI, Darmstadt, Germany;^5Helmholtz Institut Mainz, Mainz, Germany;^6University of Liverpool, Liverpool, UK;^7KU Leuven, Leuven, Belgium;^8Institute of Physics, SAS, Bratislava, Slovakia

For the most neutron-deficient radium isotopes not much experimental information about decay properties is available up to now and in some cases reported data are not consistent. This was the motivation for our study of^{201 − 203} Ra.

The investigated isotopes were produced in fusionevaporation reactions^{56} Fe +^{147 ,149} Sm at the velocity filter SHIP at GSI in Darmstadt. After separation from other particles, evaporation residues (ERs) were implanted into a 16-strip position sensitive silicon detector (PSSD) registering their α decays. α particles escaping from the PSSD were recorded by a system of six silicon detectors placed in the backward hemisphere covering 80 % of 2 π. Nuclei were identified based on time and position correlations of ER implantations and their subsequent α decays.

Only two decay chains of^{202} Ra were reported until now, each one in different measurement [1,2]. Both experiments were performed at the RITU separator at JYFL yielding different values for α -decay energies (7860(60) keV [1] and 7740(20) keV [2]) and half-lives (0.7^{+3 .3}

− 0.3 ms [1] and

16^{+30}_{− 7} ms [2]). In our study we registered 16 correlation chains attributed to the decay of^{202} Ra. Nuclei were produced in the reaction^{56} Fe +^{149} Sm at several beam energies in the range of (244-275) MeV. Measured α -decay energy and half-life were 7722(7) keV and 3.8^{+1 .3}

− 0.8 ms. The

reduced α -decay width (δ^2_α ) for this decay was 210^{+70}_{− 50} keV calculated using the Rasmussen formula [3] and assuming Δ L = 0 . It confirms the trend of increasing δ^2_α at decreasing neutron number for radium isotopes. This is consistent with the trends for neighboring even-even radon and thorium isotopic chains [4].

Prior to our study, only one decay chain attributed to 201 Ra was reported at RITU [2]. Based on daughter and granddaughter decay properties it was assumed to originate from the 13/2^+ state. In our measurement we registered one ER-α 1-α 2-α 3 correlation chain in the reaction 56 Fe +^{147} Sm at E_{beam} = 249 MeV with parent α -decay energy of 7842(12) keV and a half-life of 8^{+40}_{− 4} ms. Properties of the α 2 and α 3 decays correspond to known decays of the 3/2^− states in^{197} Rn and^{193} Po, respectively. Based on the deduced unhindered character of the observed α 1 decay we assume that it originates from the 3/2^− state in^{201} Ra. We localized the 13/2^+ state in this isotope at 260(30) keV, which follows the trend of decreasing energies of the 13/2^+

∗ Work supported by Slovak Research and Development Agency and Slovak grant agency VEGA.

† Zdenka.Kalaninova@fmph.uniba.sk

N neutron number

105 110 115 120 125 level energy (keV)

0 200 400 600 800 1000

1200 86) =Z Rn ( 88) =Z Ra (

+ 13/2

-3/2^-5/2

+ 13/2

-3/2

-5/2

Figure 1: (Color online) Energy level systematics for odd- A radon (dashed lines and open symbols) and radium (solid lines and full symbols) isotopes.

levels at decreasing N for radium isotopes (see Fig. 1). A similar trend is also seen in radon isotopes.

The^{203} Ra isotope was observed in two studies reporting seven [1] and ∼ 30 decay chains [2] with significantly different decay properties for the 3/2^− state. We detected nine ER-α 1-α 2 correlation chains in the reaction^{56} Fe +^{149} Sm at beam energies from 244 to 275 MeV, which were assigned to^{203} Ra. Five of them were attributed to the decay of the 3/2^− state and four to the 13/2^+ state based on the reference values for parent and daughter decays. However, neither for^{203} Ra, nor for its α -decay daughters, the order and energy difference between the 3/2^− and 13/2^+ states is known. Our values of E_α = 7575(10) keV, T_{1/ 2} = 50^{+40}_{− 15} ms for the 3/2^− state and E_α =7607(8) keV, T_{1/ 2} = 37^{+37}_{− 12} ms for the 13/2^+ state agree with values in Ref. [2]. However, the ratio of decays from the 13/2^+ and 3/2^− states from our data is 0.8(5), which is in contrast to the previous measurements [1,2], where more decays were observed from the 13/2^+ state (with corresponding ratio ∼ 6 [1] and ∼ 3 [2]).

References

[1] M. Leino, et al., Z. Phys. A355, 157 (1996). [2] J. Uusitalo, et al., Phys. Rev. C 71, 024306 (2005). [3] J.O. Rasmussen, Phys. Rev. 113, 1593 (1959). [4] Z. Kalaninová, et al., submitted to Phys. Rev. C.

NUSTAR-SHE-04 GSI SCIENTIFIC REPORT 2013

128 doi:10.15120 /GR-2014-1-NUSTAR-SHE-04

Decay of^{200,201}Fr^∗

Z. Kalaninová^{†1}, S. Antalic^1, A.N. Andreyev^{2,3}, F.P. Heßberger^{4,5}, D. Ackermann^4, B. Andel^1, L. Bianco^6, S. Hofmann^4, M. Huyse^7, B. Kindler^4, B. Lommel^4, R. Mann^4, R.D. Page^6, P. Sapple^6, J. Thomson^6, P. Van Duppen^7, and M. Venhart^{8,1}

1Comenius University, Bratislava, Slovakia;^2University of York, York, UK;^3ASRC, JAEA, Ibaraki, Japan;^4GSI, Darmstadt, Germany;^5Helmholtz Institut Mainz, Mainz, Germany;^6University of Liverpool, Liverpool, UK;^7KU Leuven, Leuven, Belgium;^8Institute of Physics, SAS, Bratislava, Slovakia

In the region of neutron-deficient nuclei above lead several interesting nuclear-structure phenomena can be observed, e.g., coexistence of states with different shapes within one nucleus, or β-delayed fission. This motivated us to investigate the neutron-deficient isotopes^{200 ,201} Fr.

The studied nuclei were produced at the velocity filter SHIP (GSI, Darmstadt) in fusion-evaporation reactions 56 Fe +^{147 ,149} Sm at several beam energies from 236 to 275 MeV. Evaporation residues (ERs) were separated from other particles and transported into a focal-plane detector system. ERs were implanted into a 16-strip positionsensitive silicon detector (PSSD) recording also their α decays. Escaping α particles were recorded by a system of six silicon detectors placed upstream the beam covering 80 % of 2π. A germanium clover detector placed closely behind the PSSD registered γ and X-rays.

We measured E_α = 7470(5) keV and T_{1/ 2} = 46(4) ms for 200 Fr confirming known α -decay data for this isotope. For its daughter isotope,^{196} At, we observed a new weak α line at 6732(8) keV with a relative intensity of 4(2) % besides the main 7045(5)-keV α line. The determined energy of the level in^{192} Bi populated by the 6732(8)-keV decay is 320(10) keV. Within a 5-μs coincidence time with implanted ERs followed by α decays of^{200} Fr we observed weak γ lines at 75.5 and 77.1 keV and K_α (Fr) X-rays. They indicate a short-lived γ-decaying state in^{200} Fr with T_{1/ 2} = 0.6^{+0 .5}

− 0.2 μs. One β-delayed fission (βDF) event at-

tributed to^{200} Fr was observed. Deduced probability of βDF for the daughter isotope^{200} Rn is more than 1.4 % .

We identified a short-lived γ-decaying activity with T_{1/ 2} = 0.7^{+0 .5}

− 0.2 μs also in

201 Fr based on the registration of γ and K_α X-rays. From the analysis of K-shell internal conversion coefficients (α_K) [1] and estimated singleparticle half-lives (T_{1/ 2,SP} ) according to Weisskopf [2] we suppose that observed γ and X-rays arise from an internal transition of M 2 multipolarity. We tentatively assigned the spin and parity of 13/2^+ to the observed isomeric state in 201 Fr. The lower energy limit for this level was determined to be higher than the K-shell atomic-electron binding energy of francium (101.13 keV) because of the detection of K X-rays. The upper energy limit was roughly estimated to be 300 keV from the comparison of experimental and expected α_K and T_{1/ 2,SP} for M 2 transitions.

For most of the neutron-deficient francium (Z = 87)

∗ Work supported by Slovak Research and Development Agency and Slovak grant agency VEGA.

† Zdenka.Kalaninova@fmph.uniba.sk

N neutron number

105 110 115 120 125 130 level energy (keV)

0 200 400 600 800 1000 85) =Z At ( 87) =Z Fr (

+1/2

+ 13/2

-7/2

-9/2

+1/2

+ 13/2

-7/2

-9/2

Figure 1: (Color online) Energy level systematics for odd- A astatine (dashed lines and open symbols) and francium (solid lines and full symbols) isotopes.

and astatine (Z = 85) isotopes a 9/2^− state related to a spherical shape was identified to be a ground state. In astatine isotopes, the 7/2^− , 1/2^+ , and 13/2^+ levels, related to oblate shapes, were observed with energies decreasing at decreasing N (see Fig 1). Starting with^{195} At (N = 110) , the 1/2^+ level becomes the ground state in astatine isotopes [3]. The energy interval of the tentative 13/2^+ level in^{201} Fr estimated from our data follows the trend of decreasing energies at decreasing N of this level in francium isotopes. A similar trend was also observed for the 1/2^+ level. In the lightest francium isotopes we can expect a change of spin of the ground state, but it was not definitely identified so far. All of the 13/2^+ , 7/2^− , 1/2^+ levels were reported to be detected in^{199} Fr within 300 keV [4]. However, in recent measurements at SHIP we only observed the 7/2^− level, and tentatively also the 1/2^+ level [5]. Higher statistics are needed to disentangle the level structure in this isotope.

References

[1] T. Kibédi, et al., Nucl. Instr. and Meth. A 589, 202 (2008).

[2] V.F. Weisskopf, Phys. Rev. 83, 1073 (1951).

[3] H. Kettunen, et al., Eur. Phys. J. A 16, 457 (2003).

[4] J. Uusitalo, et al., Phys. Rev. C 87, 064304 (2013).

[5] Z. Kalaninová, et al., Phys. Rev. C 87, 044335 (2013).

GSI SCIENTIFIC REPORT 2013 NUSTAR-SHE-05

doi:10.15120 /GR-2014-1-NUSTAR-SHE-05 129

Compound nucleus spin distribution for^{64}Ni +^{100}Mo^∗

V. Singh^{1,2}, D. Ackermann^1, S. Antalic^3, M. Axiotis^{† 4}, D. Bazzacco^5, L. Corradi^4, G. De. Angelis^4, E. Farnea^5, A. Gadea^{‡4}, F.P. Heßberger^1, M.G. Itkis^6, G.N. Kniajeva^6, E.M. Kozulin^6, T. Martinez^{§4}, N. Marginean^{¶4}, R. Menegazzo^5, G. Montagnoli^5, D.R. Napoli^4, Yu. Ts. Oganessian^6, M. Ruan^7, R.N. Sagaidak^6, F. Scarlassara^5, A.M. Stefanini^4, S. Szilner^8, and C. Ur^{‖4}

1GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany;^2Department of Physics, Panjab University, Chandigarh, India;^3Comenius University in Bratislava, Slovakia;^4INFN, Laboratori Nazionali di Legnaro, Legnaro (PD);^5Dipartimento di Fisica and INFN Padova.;^6JINR Flerov Laboratory of Nuclear Reaction, Dubna, Russia;^7Institute of Atomic Energy, Beijing, China;^8RBI, Zagreb, Croatia

In the last decades, a number of measurements have been performed to understand the fusion reaction dynamics and to obtain an experimental representation of the barrier distribution D_b using precisely measured fusion excitation functions [1]. As an alternative approach to this the employment of the compound nucleus (CN) spin distribution σ_ℓ (SD) was proposed [2]:

D_b = dT_E ′ dE^′ (1) with

E^′ = E − ℓ(ℓ + 1) 2μR^2_b (2) and σ_ℓ(E ) = T_ℓ(E, ℓ )(2ℓ + 1) πλ^2, (3)

where T is the transmission as a function of the spin ℓ or the energy E^′ as defined above, μ the reduced mass of the colliding system, λ the de Broglie wave length and R_b the barrier radius.

To explore aspects like the fusion-fission competition, the role of deformation in fusion of a heavy system and the possible effect of the Z=82 shell closure on enhancement of evaporation residue (ER) cross-sections, a series of experiments has been performed to measure the SD for 64 Ni,^{34} S and^{48} Ca induced reactions using the γ detector array GASP at the Laboratori Nazionali di Legnaro, Legnaro (PD), Italy. The GASP array consisted of 80 BGO detectors (total efficiency ≈ 80 % as a multiplicity filter) and 40 HPGe detectors (used for identification of ERs) In the present work, we are reporting on the results for the reaction^{64} Ni +^{100} Mo at beam energies ranging from 230 MeV to 260 MeV. The experimentally recorded data is used to obtain the fold distribution of each ER channel by gating the fold spectrum with respective characteristic γ transitions. In an earlier measurement at the Argonne/Notre Dame Crystalball integral ER data had been obtained with

∗ Work supported by DFG Grant to Support Initiation of an International Collaboration † now INP Demokritos, Athens, Greece ‡ now IFIC, Valencia, Spain § now CIEMAT, Madrid, Spain ¶ now IFA, Bucharest, Romania ‖ now IFA, Bucharest, Romania

Figure 1: A comparison of the spin distribution at different beam energies.

some limitations in accuracy for spin and cross section assignment [4]. These fold distributions are converted into multiplicity distributions using the response function of the detector array. Finally the multiplicity distributions are converted to σ_ℓ distributions using eq. 2 in Ref. [3]. The comparison of the SDs at the three measured beam energies is shown in Fig. 1. It is observed that the high spin tail of the SD becomes steeper and steeper with increasing beam energy. With increasing beam energy fission starts competing with ER production and the partial wave with higher spin end up as fission which results in cutting of the SD at the high spin end. The extraction of D_b from those spin distributions is presently being pursued and will be reported soon.

References

[1] M. Dasgupta et al., Ann. Rev. Nucl. Part. Sci. 48, 401 (1998). [2] D. Ackermann et al., Eur. Phys. J. A 20, 151 (2004); D. Ackermann, Acta Physica Polonica B 26, 517 (1995).

[3] A.M. Stefanini et al., Nucl. Phys. A 548, 453 (1992). [4] D. Ackermann et al., Nucl. Phys. A 630, 442c (1998).

NUSTAR-SHE-06 GSI SCIENTIFIC REPORT 2013

130 doi:10.15120 /GR-2014-1-NUSTAR-SHE-06

Diamond dE-E-ToF-telescope for heavy ion reactions at the C oulomb barrier^∗

O. Beliuskina^{†1}, C. Heinz^2, S. Heinz^1, C. Kozhuharov^1, M. Pomorski^3, and M. Träger^1

1GSI, Darmstadt, Germany;^2JLU, Giessen, Germany;^3CEA-LIST, Saclay, France

Target of our interest is the study of heavy ion reactions, such as multinucleon transfer, quasi-fission and/or fusionfission, at energies close to the Coulomb barrier as well as their possible application for the synthesis of new isotopes, especially in the high-Z neutron-rich region.

The conventional time-of-flight technique, combined with the dE-E method, allows us (in general) to identify the mass and the charge of the reaction products and to study the reaction kinematics. Nonetheless, studying heavy particles at low energies needs a special approach. There are some limitations: pulse hight defect, radiation hardness, etc. Moreover, heavy ions at low energy have very short ranges, which means that we have to find a very thin detector capable of measuring energy loss and time simultaneously.

Due to their unique properties (a good energy resolution comparable to silicon detectors, e.g. Δ E=20keV for alphas; time resolution on the order of few ten ps due to very high electron and hole mobilities, high count rate up to 10^9 due to very short rise and fall times (∼ 20ps) and high radiation hardness[1]) diamonds are good candidates for this application. Very recently, Pomorski et al. succeeded in fabricating ultra-thin diamond membranes with only few micrometers thickness that are able to measure energy loss and produce simultaneously time signals with excellent resolution[2].

Based on these findings we initiated a program to investigate single crystal (sc) diamond detectors for identification of low-energy heavy ion reaction products. For this application we realized the very first dE-E-ToF telescope [3] which consists of 2 sc diamond detectors: ”dE/Start“ and ”E/Stop“. First measurements were carried out with a mixed nuclide α -source. The diamond ”dE/Start“-detector had a thickness of ∼ 4 μm and the diamond ”E/Stop“- detector ∼ 50 μm. The distance between the detectors was 14 mm. In Fig. 1a-1c the obtained result is shown. Fig. 1a shows the two-dimensional dE versus residual energy E_r spectrum measured with the mixed nuclide α -source. There are three well separated ridges which correspond to the three α -lines. Fig 1b shows the one-dimensional energy spectrum where line 1 is the energy loss in the membrane detector, line 2 is the residual energy measured in the stop detector and line 3 is the sum of dE and E_r for each event. Fig. 1c shows the time of flight spectrum.

Furthermore, we applied the diamond dE-E-ToF telescope to study reaction products from collisions of

∗ Work supported by FAIR@GSI PSP code:500457 † o.beliuskina@gsi.de

� � � � �

�

�

�

�

�

�

� � �

�

�

�

�

� �

�

�

� �

�

� � � � � � �

�

�

�

�

� �

�

�

�

�

�

�

�

�

�

�

�

�

�

� � �

�

�

� �^�

� � �

�

�

� � � �

Figure 1: a) dE versus E_r spectrum of α -particles measured with diamond detectors b) Energy spectrum of α particles c) Time of flight spectrum of α -particles d) dE versus E_r spectrum measured in^{36} S+^{186} W reactions at 160 MeV.

36 S+^{186} W at a beam energy of 160 MeV. The experiment was carried out at JINR Dubna where we installed the diamond dE-E-ToF telescope together with the CORSETsetup [4] which will be subject of a different report. Figure 1d shows the two-dimensional dE versus E spectrum of reaction products from S+W measured with the diamond detectors. The most intensive ridge corresponds to elastically scattered sulfur which passes through the membrane and loses about 20 MeV. The intensity of the elastically scattered W is 150 times lower than of S at the chosen detection angle of 20 degrees. Therefore, the W line is not visible in the spectrum.

Our first results are very encouraging and show that we are on the right track by utilizing ultra-thin sc diamond detectors as ”dE/Start“ combined with sc diamond stop counters for the A and Z identification of reaction products at the Coulomb barrier. Further studies are anticipated aiming at improved time and energy resolutions, radiation hardness, pulse hight defects, etc.

References

[1] E. Berdermann et al., Proc. of the XXXVI Intern. Winter Meeting on Nucl. Physics, Bormio 1998 [2] M. Pomorski et al., Applied physics letters 103, 112106 (2013) [3] O. Beliuskina, 2nd ADAMAS Workshop, GSI, Darmstadt December, 2013, http://www-adamas.gsi.de [4] E. M. Kozulin et al., Instruments and Experimental Techniques 51, 44 (2008)

GSI SCIENTIFIC REPORT 2013 NUSTAR-SHE-07

doi:10.15120 /GR-2014-1-NUSTAR-SHE-07 FAIR@GSI 131

Electronic Structure, Properties and Volatility of Chlorides and Oxychlorides of Group-4 Elements Zr, Hf, and Element 104, Rf

V. Pershina^1, A. Borschevsky^2, and M. Iliaš^3

1GSI, Darmstadt, Germany;^2HIM, Mainz, Germany;^3Department of Chemistry, Faculty of Natural Sciences, Matej Bel University, Tajovského 40, SK-974 00 Banská Bystrica, Slovakia

Volatility of halides, oxyhalides and oxides of elements at the beginning of the 6d-series, i.e., of Rf through Hs has been studied using gas-phase separation techniques [1]. While the understanding of nature of molecule-surface interactions has been gained in group 6 through 8, such an understanding in group 4 and 5 has never been achieved. Neither have the experimentally observed trends in volatility of the halides, Zr < Hf > Rf and Nb < Ta> Db, been explained.

Recently, we have studied volatility of the group-5 bromides, MBr_5 (M = Nb, Ta, and Db), on the basis of calculated molecular properties and a model of dispersion interaction [2]. We have shown that the properties of these compounds change smoothly in the group, so that the volatility should also change smoothly. In this work, we undertake a similar study for the group-4 chlorides. With this aim in view, we have calculated the electronic structures and properties of MCl_4 (M = Zr, Hf, and Rf).

The calculations were performed with the use of the 2-component relativistic X2C DFT method implemented in the DIRAC12 program package [3]. The uncontracted triple-zeta relativistic basis sets of Dyall were used [4]. The obtained results, for the B88/P86 exchange-correlation potential (Table 1), show an increase in the bond lengths and a decrease in the ionizations potentials in the group, though the polarizabilities show a “zig-zag” behaviour. The latter are much reduced by relativity, with the effect increasing with Z. Using these properties and a model of dispersion interaction [5], adsorption enthalpies, − Δ H_{ads} , of the chlorides on a quartz surface were determined (Table 1).

Table 1: Equilibrium bond lengths, R_e (in Å), dissociation energies, D_e (in eV, from Ref. [6]), ionization potentials, IP (in eV), polarizabilities, α (in a.u.), and adsorption enthalpies, Δ H_{ads} (in kJ/mol), of MCl_4 (M = Zr, Hf, and Rf) on quartz R_e D_e IP α Δ H_{ads} ZrCl_4 2.336 20.34 11.00 103.6 106.5 HfCl_4 2.316 20.80 11.00 99.3 103.0 RfCl_4 2.370 19.40 10.96 101.2 102.7

The obtained − Δ H_{ads} are indicative of the following trend in the adsorption strength: Zr > Hf > Rf. Using a correlation of − Δ H_{ads} with the sublimation enthalpies, Δ H_{sub} of 104.2 kJ/mol was predicted for RfCl_4. Thus, according to the calculations, RfCl_4 should be the most volatile compound in its group, in agreement with previous

Table 2: Equilibrium bond lengths, R_e (in Å), dissociation energies, D_e (in eV), ionization potentials, IP (in eV), and dipole moments, μ (in D), of MOCl_2 (M = Zr, Hf, and Rf) R_e(M-Cl) R_e(M= O) D_e IP μ ZrOCl_2 2.386 1.741 21.76 10.76 3.67 HfOCl_2 2.352 1.753 21.01 10.63 4.33 RfOCl_2 2.385 1.822 19.40 10.35 5.20

predictions [7]. The obtained trend is, however, in contradiction with the experimental observations [1].

To check the possible (at the presence of oxygen in the chromatography column) formation of the oxychlorides, as well as their volatility, we have also performed the electronic structure calculations for MOCl_2 (M = Zr, Hf, and Rf). The obtained total energy differences between MOCl_2 and MCl_4 are indicative of the following trend in the oxychloride formation: Zr > Hf > Rf. This means that the assumed earlier preference of Hf to form the oxychloride should not take place. The other properties of interest are summarized in Table 2. The MOCl_2 are shown to be stable as a bent structure, though the difference in the total energy with respect to the flat one is very small. The Rf compound should be less stable than those of Zr and Hf, similarly to MCl_4. The central atom - ligand separation increases from Hf to Rf, which also leads to an increase in the dipole moments. Such an increase in μ should result in a decrease in the volatility of MOCl_2 with Z as adsorption on a quartz surface due an increase in the dipole moment - surface charge interactions. Thus, volatility of the oxychlorides should change as Zr < Hf < Rf. This trend is, however, also in disagreement with the experimental observations [1]. Thus, the experimentally determined reversed trend in group 4 cannot find its theoretical explanation; neither can the one in group 5 be interpreted.

References

[1] A. Türler and V. Pershina, Chem. Rev. 113, 1237 (2013) [2] V. Pershina and J. Anton, J. Chem. Phys. 136, 034308 (2012) [3] DIRAC12 program package (http://diracprogram.org/) [4] K. G. Dyall, Theor. Chem. Acc. 129, 603 (2011) [5] V. Pershina and T. Bastug, Chem. Phys. 311, 139 (2005) [6] J. Anton et al., Chem. Phys. Lett. 380, 95 (2003) [7] V. Pershina and B. Fricke, In: Heavy Elements and Related New Phenomena, W. Greiner and R. K. Gupta, Eds., World Scientific, Singapore, 1999, Vol. 1, p. 194.

NUSTAR-SHE-08 GSI SCIENTIFIC REPORT 2013

132 doi:10.15120 /GR-2014-1-NUSTAR-SHE-08

Relativistic coupled cluster study of the MAu and M_2 dimers of Hg, Cn, and Fl

A. Borschevsky^1, V. Pershina^2, E. Eliav^3, and U. Kaldor^3

1HIM, Mainz, Germany;^2GSI, Darmstadt, Germany;^3Tel Aviv University, Tel Aviv, Israel

The electronic structure of Cn (Z=112) and Fl (Z=114) experiences strong relativistic effects due to the relativistic stabilization and contraction of their valence orbitals, the 7s orbital in case of Cn, and the 7p_{1/ 2} orbital in case of Fl. Thus, their molecular and chemical properties are expected to be determined by relativity.

These two elements are the heaviest atoms studied in chemical experiments. Their relative inertness makes them good candidates for studies of volatility through their adsorption on metal surfaces (such as gold) using the gasphase thermochromatography technique [1, 2]. By performing calculations of the binding energy of the MAu dimers, the trends in the adsorption enthalpies of the atoms on a gold surface, − Δ H^{Au}_{ads} (M) , can be estimated. Bonding of an element in the solid state in the first approximation can be described by the bonding in its M_2 dimer. Thus, in order to obtain a theoretical insight into the trends in the binding of Hg, Cn, and Fl to a gold surface, and their binding in a solid, ab initio study of the molecular properties of their MAu and M_2 dimers was performed.

The calculations were carried out within the infiniteorder two-component relativistic Hamiltonian obtained after the Barysz-Sadlej-Snijders (BSS) transformation of the Dirac Hamiltonian in a finite basis set [3]. This method treats scalar and spin-orbit relativistic effects simultaneously, and for valence molecular properties achieves similar accuracy to that of the 4-component Dirac Hamiltonian, while significantly reducing the computational effort. Electron correlation was treated in the framework of the single reference coupled cluster approach with single, double, and perturbative triple excitations (CCSD(T)). Faegri’s dual family basis sets [4] were used; the basis sets were extended to convergence of the calculated molecular properties. All the calculations were performed using the DIRAC08 computational program package [5].

Table I contains the calculated bond lengths, R_e, and dissociation energies, D_e, of the MAu and M_2 molecules. Hg_2 is the only system for which experimental parameters are available [6]. The excellent agreement of the calculated binding energy with the experiment in case of Hg_2 lends credence to our predictions for the rest of the systems.

The calculated trend in the bond length of the MAu molecules is R_e(FlAu)>R_e(CnAu)>R_e(HgAu). The increase in R_e from HgAu to CnAu corresponds to the weakening of the bond in CnAu, and the R_e of FlAu is larger than that of CnAu due to the participation of the more diffuse 7p_{1/ 2} and 7p_{3/ 2} orbitals of Fl in the bond [7]. The present calculations predict the HgAu molecule to be the most stable of the three, followed by FlAu, and CnAu as

Table 1: Equilibrium bond lengths, R_e (in Å), and dissociation energies, D_e (in eV ), of the MAu and M_2 molecules. The values in parenthesis are experimental for Hg_2 [6].

HgAu CnAu FlAu R_e 2.640 2.720 2.791 D_e 0.563 0.368 0.446 Hg_2 Cn_2 Fl_2 R_e 3.744 (3.69) 3.461 3.547 D_e 0.050 (0.046) 0.084 0.117

the least stable. Bonding in CnAu is weaker than in HgAu due to the strong relativistic stabilization of the 7s orbital in Cn compared to the 6s in Hg. FlAu should be stronger bound than CnAu due to the 7p_{1/ 2} orbital in Fl being more accessible than the 7s of Cn for the bonding with the 6s orbital of gold [7]. Assuming that the trends in the binding energies of the gold containing diatomic molecules are a good indication of the trends in the adsorption enthalpies of the atoms on a gold surface, according to the current calculations Fl should be stronger adsorbed on gold than Cn.

Comparing the results for the three M_2 dimers, we observe that Hg_2 has the longest and Cn_2 the shortest bond. The trend in the dissociation energy is D_e (Fl_2)>D_e(Cn_2)>D_e(Hg_2). Cn_2 and Hg_2 dimers behave as van der Waals systems; thus Cn_2 has a higher dissociation energy of the two, due to the strong relativistic contraction of the 7s orbital, which causes a decrease of R_{vdW} (Cn) and a subsequent increase in the binding energy of the dimer. Group-14 elements, including Fl, behave like chemically bound systems, where D_e decreases with Z due to the spinorbit splitting and the relativistic stabilization of the np_{1/ 2} orbital. Thus, Fl_2 is the least bound dimer in group 14 [7]; however, due to the different type of interaction, it is stronger bound than both Hg_2 and Cn_2.

References

[1] R. Eichler et al., Nature 447, 72 (2007)

[2] A. Yakushev et al., Inorg. Chem. 53, 1624 (2014)

[3] M. Iliaš and T. Saue, J. Chem. Phys. 126, 064102 (2007)

[4] K. Faegri, Theor. Chim. Acta 105, 252 (2001)

[5] DIRAC08 program package (http://diracprogram.org/)

[6] J. Koperski, J.B. Atkinson, and L. Krause, J. Mol.Spectrosc.

184, 300 (1997); Can. J. Phys. 72, 1070 (1994)

[7] V. Pershina et al., J. Chem. Phys. 131, 084713 (2009)

GSI SCIENTIFIC REPORT 2013 NUSTAR-SHE-09

doi:10.15120 /GR-2014-1-NUSTAR-SHE-09 133

NUSTAR-SHE-09 GSI SCIENTIFIC REPORT 2013

134 doi:10.15120 /GR-2014-1-NUSTAR-SHE-09

Measurement of the Dipole Polarizability of^{68}Ni^∗

D. M. Rossi^{1,2,3}, P. Adrich^2, F. Aksouh^4, H. Alvarez-Pol^5, T. Aumann^{2,6}, J. Benlliure^5, M. B öhmer^7, K. Boretzky^2, E. Casarejos^8, M. Chartier^9, A. Chatillon^{10}, D. Cortina-Gil^5, U. Datta Pramanik^{11}, H. Emling^2, O. Ershova^{12}, B. Fernandez-Dominguez^{5,9}, H. Geissel^2, M. Gorska^2, M. Heil^2, H. T. Johansson^{13}, A. Junghans^{14}, A. Kelic-Heil^2, O. Kiselev^{2,3}, A. Klimkiewicz^{2,15}, J. V. Kratz^3, R. Krücken^7, N. Kurz^2, M. Labiche^{16,17}, T. Le Bleis^{2,7}, R. Lemmon^{17}, Yu. A. Litvinov^2, K. Mahata^{2,18}, P. Maierbeck^7, A. Movsesyan^6, T. Nilsson^{13}, C. Nociforo^2, R. Palit^{19}, S. Paschalis^{6,9}, R. Plag^{2,12}, R. Reifarth^{12}, D. Savran^{20}, H. Scheit^6, H. Simon^2, K. S ümmerer^2, A. Wagner^{14}, W. Walu´ s^{15}, H. Weick^2, and M. Winkler^2

1NSCL/MSU, USA;^2GSI Darmstadt, Germany;^3University of Mainz, Germany;^4King Saud University, Saudi Arabia;^5University of Santiago de Compostela, Spain;^6Technische Universität Darmstadt, Germany;^7Technische Universität München, Germany;^8University of Vigo, Spain;^9University of Liverpool, United Kingdom;^{10}CEA Bruyères-le-Châtel, France;^{11}SINP Kolkata, India;^{12}Goethe University Frankfurt, Germany;^{13}Chalmers University of Technology, Göteborg, Sweden;^{14}Helmholtz-Zentrum Dresden-Rossendorf, Germany;^{15}Jagiellonian University of Krakow, Poland;^{16}University of the West of Scotland, Paisley, United Kingdom;^{17}STFC Daresbury Laboratory, United Kingdom;^{18}BARC Mumbai, India;^{19}TIFR Mumbai, India;^{20}Extreme Matter Institute/GSI Darmstadt, Germany

The Equation of State (EOS) of nuclear matter is at the center of many current research axes in nuclear science, ranging from nuclear structure considerations, over heavyion collisions to the physics of neutron stars. When dealing with radioactive nuclei with a large proton-neutron imbalance, one component of the nuclear EOS is of particular importance: the symmetry energy. Especially its density dependence is of interest, since this parameter has been shown to correlate strongly with nuclear properties such as the neutron-skin thickness or the amount of low-lying electric dipole (E1) strength [1]. Previously, measurements of low-lying E1 strength have been used to determine the parameters of the symmetry energy [2]. It has, however, been shown that the measurement of the dipole polarizability α_D is a more robust and less model-dependent observable to extract this information [3].

In an experiment performed at the R^3B-LAND setup at GSI, Coulomb excitation of^{68} Ni was measured in inverse kinematics. By measuring the invariant mass of the 68 Ni(γ^∗,n)^{67}Ni and^{68} Ni(γ^∗,2n)^{66}Ni decay channels, the excitation energy distribution of this nucleus was reconstructed in an energy window ranging from its 1n threshold and covering the regions of low-lying E1 strength and of the IVGDR. The latter was quantitatively measured at a centroid energy of E_m = 17 .1(2) MeV, with a width of Γ = 6 .1(5) MeV and exhausing 98(7)% of the energyweighted sum rule (EWSR) [4]. Low-lying E1 strength described by a Gaussian function was also observed at E_m = 9 .55(17) MeV, with a width of σ = 0 .51(13) MeV and 2.8(5)% of the EWSR. Based on this observed E1 strength, a polarizability of α_D = 3 .40(23) fm^3 was mea-

∗ This work was supported in part by the Helmholtz International Center for FAIR (HIC for FAIR), the Alliance Program of the Helmholtz Association (HA216/EMMI), the GSI-TU Darmstadt cooperation agreement, the Helmholtz-CAS Joint Research Group HCJRG-108, and BMBF Grants No. 06MZ222I, No. 05P12RDFN8, and No. 06MT9156.

]^3 [fm Dα Dipole polarizability

3 3.2 3.4 3.6 3.8 4 4.2 4.4

[fm] n,pRΔ

Neutron-skin thickness

0.1 0.15 0.2 0.25 0.3

Figure 1: Correlation between the dipole polarizability α_D and the neutron-skin thickness Δ R_{n,p} of^{68} Ni [4].

sured from the 1n threshold to the upper integration limit of 28.4 MeV. Relativistic RPA calculations using the FSUGold parametrization [5] provided the correlation between the observable α_D and the neutron-skin thickness Δ R_{n,p} of^{68} Ni, as shown in Fig. 1. The extrapolation to the measured value of α_D provides a neutron-skin thickness of 0.17(2) fm, which is in good agreement with the value obtained from the measurement of low-lying E1 strength [1]. This new method for the extraction of neutron-skin thicknesses will also be applied to more exotic systems, thus constraining the symmetry energy further.

References

[1] A. Carbone, et al., Phys. Rev. C 81, 041301(R) (2010). [2] A. Klimkiewicz, et al., Phys. Rev. C 76, 051603(R) (2007). [3] P.-G. Reinhard and W. Nazarewicz, Phys. Rev. C 81, 051303 (2010).

[4] D. M. Rossi, et al., Phys. Rev. Lett. 111, 242503 (2013). [5] J. Piekarewicz, Phys. Rev. C 73, 044325 (2006).

GSI SCIENTIFIC REPORT 2013 NUSTAR-KR-01

doi:10.15120 /GR-2014-1-NUSTAR-KR-01 135

Observation of Unbound States in^{16}Ne /^{15}Ne via 1n- / 2n-Knockout on^{17}Ne^∗

F. Wamers^{1,2,3}, J. Marganiec^{2,3,1}, T. Aumann^{2,3}, L. Chulkov^{4,3}, M. Heil^3, B. Jonson^5, R. Plag^{3,6}, H. Simon^3, and the R^3B Collaboration

1ExtreMe Matter Institute @ GSI;^2Technische Universität Darmstadt;^3Nuclear Reactions and Astrophysics @ GSI;

4NRC Kurchatov Institute, Moscow;^5Chalmers Tekniska Högskola, Göteborg;^6Goethe Universität, Frankfurt

In recent years, experiments investigating the driplines have unearthed rich evidence on the peculiarities of the nuclear force, in particular those connected to weak binding and large proton-neutron asymmetry. While for very neutron-rich systems, e.g., various manifestations for 1n and 2n halo systems are found, the existence of the dripline is known only up to Z = 8 . Quite reversed due to the additional presence of the Coulomb barrier, the proton dripline is sharp and known up to Z = 91 , whereas halo formation is suppressed and just a few case exist. In the recent past we have investigated proton-knockout reactions studying the borromean 2p-halo nucleus^{17} Ne [1, 2], and here we have used the dataset from the same experiment as a stepping stone to reach beyond the proton dripline and explore yet unknown regions of the nuclear landscape.

10

5

0 0 E (MeV) fpp 2 4 6 8

dσ/dE (arb. units) fpp

400 300 200 100 0

Ne 16 0.0 O+2p 14 0+ 1.388

3.22

7.57

0+

(0 ,2 ) + + (2 )+ . . .

Fig. 1: Relative-energy (E_{fpp} ) of^{16} Ne (top) and^{15} Ne (bottom), after 1n-/2n-knockout from^{17} Ne projectiles.

∗ Work supported by the Spanish research agency CICYT under project FPA2009-07387,by the Helmholtz Alliance EMMI, by HIC for FAIR, by the GSI-TU Darmstadt cooperation agreement, and by the BMBF under contract number 05P12RDFN8. (B. J.) is a Helmholtz International Fellow.

This report presents data of 1n- and 2n- knockout reactions on^{17} Ne projectiles in light targets (C, CH_2), populating states in the unbound nuclei^{16} Ne and the yet unobserved^{15} Ne. In a simple picture, the respective neutrons were removed from the^{17} Ne core,^{15} O, thus creating^{14 ,13} O fragments coupled to the two remaining s^2/d^2 protons, all travelling under forward angles and being detected in coincidence. The data analysis procedure, via 4- momentum reconstruction and invariant-mass technique, is equivalent to the description in [1]. The excitation spectra, in terms of f-2p relative-energy spectra, of the^{16} Ne and 15 Ne systems are shown in Fig. 1. The shown data (full dots with errorbars) have been corrected for experimental acceptance, and the peaks have been fitted by Coulomb- Breit-Wigner functions (dashed, dotted lines) folded with the experimental resolution, and in the case of^{16} Ne in addition by a non-resonant background (full line). The experimental acceptance and the E_{rel} calibration and resolution have been obtained from R3BROOT-based simulations [2] in combination with the width and position of the known 5/2^− state in the^{15} O+2p continuum of^{17} Ne as a reference.

For^{16} Ne (^{14} O+2p) we have extracted the positions and widths of the ground state and the first two excited states as E_r (g.s.) = 1.388(15) MeV, Γ_r (g.s.) = 0.082(15) MeV; E_r (1.x.) = 3.22(5) MeV, Γ_r (1.x.) ≤ 0.05 MeV; E_r (2.x.) = 7.57(6) MeV, Γ_r (2.x.) ≤ 0.1 MeV. These values are in good agreement with previous publications on^{16} Ne, e.g. [4], and confirm the validity of our technique and calibrations.

For the first time, the unbound isotope^{15} Ne has been observed, as coincidences between^{13} O and two beam-like protons (see Fig. 1(bottom)). The same type of analysis as for the^{16} Ne case has been performed for the^{15} Ne (E_{fpp} ) spectrum. We identified the ground state and the first excited state with parameters of E_r (g.s.) = 2.522(66) MeV, Γ_r (g.s) = 0.59(23) MeV; E_r (1.x.) = 4.42(4) MeV, Γ_r (1.x.) ≤ 0.1 MeV. The observed position of the^{15} Ne ground state at S_{2p} = -2.522(66)MeV is in good agreement to a recent model prediction [5].

References

[1] F. Wamers and the R^3 B collab., GSI Scientific Report 2010

[2] F. Wamers and the R^3 B collab., GSI Scientific Report 2011

[3] F. Wamers and the R^3 B collab., GSI Scientific Report 2012

[4] I. Mukha et al., Phys. Rev. C 79, 061301(R) (2009)

[5] H.T. Fortune, Phys. Lett. B 718, 1342 (2013)

NUSTAR-KR-02 GSI SCIENTIFIC REPORT 2013

136 doi:10.15120 /GR-2014-1-NUSTAR-KR-02

Study of the^{14}Be Continuum^∗

Yu. Aksyutina^{1,2}, T. Aumann^{2,3}, L. Chulkov^{3,4}, B. Jonson^5, H. Simon^3, and the R^3B Collaboration

1Institut für Energie- und Klimaforschung, Jülich;^2Nuclear Reactions and Astrophysics @ GSI;^3Technische Universität Darmstadt;^4NRC Kurchatov Institute, Moscow;^5Chalmers Tekniska Högskola, Göteborg

The nuclide^{14} Be has been studied in a radioactive-beam experiment performed at ALADIN-LAND setup. There was till now only scarce information about its detailed structure.

In this report we present new experimental data on inelastic scattering of an energetic (304 MeV/u)^{14} Be beam in a liquid hydrogen target [1]. The details about the data reduction and treatment are given in Refs. [2]. The

Fig. 1: The distribution of internal energy in the^{12} Be+n+n system (dσ/dE_{fnn} ). Curves show the decomposition of the spectrum into Breit-Wigner shaped resonances. The arrow indicates the four-neutron decay threshold.

distribution of internal energy in the^{12} Be+n+n system, dσ/dE_{fnn} , obtained from the present data is shown in Fig. 1. The spectrum was decomposed into three Breit- Wigner shaped resonances and a contribution from unresolved resonances. The collected statistics made it impossible to perform a least-square fit with all parameters free. By a stepwise analysis this problem could be overcome and the parameters arrived at in the final fit, with χ^2/N =27.9/35, are given in Table 1.

The analysis of distributions on fractional energies, ϵ_{nn} = E_{nn} /E_{fnn} and ϵ_{fn} = E_{fn} /E_{fnn} , were performed to determine spin and parities on the resonances. The W (ϵ_{fn} ) and W (ϵ_{nn} ) distributions, derived from events belonging to the energy regions 0.5 < E_{fnn} < 1 MeV and 2 < E_{fnn} < 3 MeV, are analyzed with the assumption of a democratic decay. Correlations between the decay products in democratic decays may generally be described as

∗ Work supported by the Helmholtz International Center for FAIR within the framework of the LOEWE program, by the BMBF (Project No. 05P12RDFN8), by the Helmholtz Alliance EMMI, by Swedish Research Council, and the Spanish Ministry (Grant No. FPA2009-07387).

Table 1: Resonance parameters for excited states in^{14} Be. The fit results to χ^2/N = 27 .9/ 35.

I^π E_r MeV E_{exc} MeV Γ MeV σ mb 2^+_1 0.28^{a,b} 1.54(13)^b 0.025^a 5.07(58) 2^+_2 2.28(9) 3.54(16) 1.5^a 2.57(19) (3^− ) 3.99(14) 5.25(19) 1.0^a 1.35(16) a parameters were fixed b taken from Ref.[3]

superpositions of different partial waves in the binary subsystems. The measured W (ϵ_{fn} ) and W (ϵ_{nn} ) can contain thus contributions from all possible waves, including cross terms. But at low energy only terms with the lowest possible angular momenta, consistent with selection rules, are needed [4]:

W (ϵ) = � i Γ(3 + l^i_1 + l^i_2) Γ(^3_2 + l^i_1)Γ(^3_2 + l^i_2)

A^2_i ϵ^{li1 + 12} (1 − ϵ)^{li2 + 12} .

Here Γ( z) is the Euler gamma function, l_1 is the angular momentum between two neutrons or between one neutron and the fragment, l_2 is the angular momentum between one neutron or the fragment and the centre-of-mass of the remaining two-body system. A_i is the decay amplitude of a particular configuration i, ( � i A^2_i = 1 ). Different components, A_{02} , A_{20} , A_{11} and A_{22} , were obtained from the fit to W (ϵ_{fn} ) and W (ϵ_{nn} ) distributions.

The analysis of the energy correlations between decay products shows that the 2^+_1 resonance contains two neutrons mainly in the (0d_{5/ 2})^2 configuration. Also a strict evidence was obtained, that the state at E_r = 2 .28(9) MeV is a 2^+_2 state with predominantly (1s_{1/ 2}0d_{5/ 2}) structure.

Strong similarity exists between the level schemes of N=10 isotones. Thus the first excited state (2^+_1 ) of^{14} Be, E_{exc} = 1 .54 MeV, is a close analogy to the 1.77 MeV state in^{16} C and to the 1.98 MeV state in^{18} O. Also excitation energies of the second 2^+_2 states for the members of N=10 isotone chain do not differ much, . The state at E_r = 3 .99(14) can be an analog of the 3^− state in^{18} O and 16 C.

References

[1] Yu. Aksyutina et al., Phys.Rev.Lett. 111, 242501 (2013). [2] Yu. Aksyutina et al., Phys.Lett. B 666, 430 (2008). [3] T. Sugimoto et al., Phys. Lett. B 654, 160 (2007). [4] L.M. Delves, Nucl. Phys. 20, 275 (1960).

GSI SCIENTIFIC REPORT 2013 NUSTAR-KR-03

doi:10.15120 /GR-2014-1-NUSTAR-KR-03 137

Coulomb Dissociation of^{17}Ne^∗

J. Marganiec^{1,2}, F. Wamers^{2,1,3}, T. Aumann^{1,3}, I. Egorova^5, L. Grigorenko^{6,7}, M. Heil^3, R. Plag^{3,4}, and the R^3B collaboration

1TU Darmstadt, Germany;^2EMMI, GSI Darmstadt, Germany;^3GSI Darmstadt, Germany;^4Goethe-Universität, Frankfurt am Main, Germany;^5BLTP JINR Dubna, Russia;^6FLNR JINR Dubna, Russia;^7RRC KI, Moscow, Russia

Introduction

The^{17} Ne is a proton-dripline nucleus that causes special interest in nuclear structure and nuclear astrophysics. As a (^{15} O+2p) Borromean 3-body system it represents a promising candidate for a two-proton halo structure [1]. The main uncertainty of the^{17} Ne ground state is the yet unknown mixture of the d^2 and s^2 configurations of the two protons outside the^{15} O core. Predictions of the s^2-weight run from 15 to 70% [2, 3, 4, 5, 6, 7, 8]. The solution to this situation is an experimental determination of the s^2/d^2 mixture.

The Coulomb dissociation of^{17} Ne can provide also an important information about a^{15} O(2p, γ)^{17}Ne reaction, which can serve as a bypass of the^{15} O waiting point in the CNO cycle. At high temperature and density conditions, which occure in X-ray bursts, the CNO cycle and the rp process are linked by the α capture reaction on^{15} O. However, the reaction flow between the CNO cycle and the FeNi-mass region is hampered by the waiting point nuclei like^{15} O [9]. The two-proton capture reaction can be an alternative way to process the initial CNO material towards heavier nuclei. The^{15} O(2p, γ)^{17}Ne cross section is investigated by studying the time-reversed process, using the Coulomb dissociation method.

Experiment and preliminary results

The experiment was performed with the secondary^{17} Ne ion beam of energy E = 500 MeV/nucleon, using the R^3B-LAND setup at GSI. To investigate the Coulomb dissociation reaction a Pb target (200 mg/cm^2) was used. All reaction products have been identified and tracked. Their mass and momenta have been determined, and the excitation energy spectrum reconstructed. The required efficiency and acceptance corrections have been estimated. The preliminary differential (Fig. 1) and integral Coulomb dissociation cross sections have been obtained - σ_{tot} = 256 ± 15 (stat. ) ± 18 (syst. ) mb. The shape of the differential Coulomb dissociation cross section is in agreement with experimental results from Ref. [10] and with the theoretical predictions from Ref. [11]. In the next steps, the photoabsorption and the radiative capture cross sections will be calculated.

By analyzing different types of energy and angular correlations between internal clusters ([core, p + p] or [ core + p, p]) in Jacobi coordinates, the mixture of the d^2 and s^2 configurations can be obtained [12]. The experimen-

∗ Work supported by NAVI, GSI-TU Darmstadt cooperation, HIC for FAIR, EMMI and BMBF.

Figure 1: The preliminary differential Coulomb dissociation cross section.

tal data is compared to theoretical predictions, provided by Ref. [13], convoluted with simulated experimental response, using the simulation package R3BROOT. The analysis is in progress.

References

[1] R. Kanungo et al., Phys. Lett. B 571 (2003), p. 21

[2] R. Kanungo et al., Eur. Phys. J. A 25 (2005), p. 327

[3] L.V. Grigorenko, I.G. Mukha, M.V. Zhukov, Nucl. Phys. A 713 (2003), p. 372

[4] L.V. Grigorenko, Yu.L. Parfenova, M.V. Zhukov, Phys. Rev.

C 71 (2005), p. 051604

[5] W. Geithner et al., Phys. Rev. Lett. 101 (2008), p. 252502

[6] E. Garrido, D.V. Fedorov, A.S. Jensen, Nucl. Phys. A 733 (2004), p. 85

[7] K. Tanaka et al., Phys. Rev. C 82 (2010), p. 044309

[8] T.Oishi, K. Hagino, H. Sagawa Phys. Rev. C 82 (2010), p. 024315

[9] J. Görres et al., Phys. Rev. C 51 (1995), p. 392

[10] M.J. Chromik et al., Phys. Rev. C 66 (2002), p. 024313

[11] L.V. Grigorenko et al., Phys. Lett. B 641 (2006), p. 254

[12] L.V. Grigorenko et al., Phys. Lett. B 677 (2009), p. 30

[13] L.V. Grigorenko, Yu.L. Parfenova, I. Egorova, private communication.

NUSTAR-KR-04 GSI SCIENTIFIC REPORT 2013

138 doi:10.15120 /GR-2014-1-NUSTAR-KR-04

Coulomb Dissociation of^{27}P^∗

J. Marganiec^{1,2}, S. Beceiro-Novo^3, S. Typel^4, C. Wimmer^5, T. Aumann^{1,4}, D. Cortina Gil^3, M. Heil^4, K. Sümmerer^4, and the R^3B collaboration

1TU Darmstadt, Germany;^2EMMI, GSI Darmstadt, Germany;^3Universidade de Santiago de Compostela, Santiago de Compostela, Spain;^4GSI Darmstadt, Germany;^5Goethe-Universität, Frankfurt am Main, Germany

To model explosive hydrogen burning in nova, X-ray burst or γ-ray burst scenarios, the rp process has to be understood in detail. In this process, the light to mediummass nuclei near the proton-drip line play an important role and their nuclear structures should be well known. The aim of the present experiment is the investigation of the nuclear structure of^{27} P and the reaction^{26} Si(p,γ)^{27}P, which can indirectly give rise to the famous 1.8 MeV γ-ray that was observed in the Milky Way galaxy [1, 2]. The radiativecapture reaction on^{26} Si was studied by the Coulomb dissociation (CD) method. By the detailed balance theorem, the one-proton-removal CD cross section can be converted to the radiative-capture cross section and subsequently to the resonance strength [3].

The experiment was performed at GSI Darmstadt using the R^3B-LAND setup. A secondary^{27} P ion beam, with energy E = 500 MeV/nucleon, was produced by fragmentation of a^{36} Ar primary beam. The incoming^{27} P beam was identified by means of energy-loss, position, and time-of-flight measurements. In order to investigate the CD reaction the^{27} P beam was focused onto a secondary^{nat} Pb target (515 mg/cm^2). To accurately subtract the background and to properly estimate the nuclear contribution, several runs without target and with a^{12} C target (660 mg/cm^2) were also performed. The reaction products were identified using one Si-microstrip detector placed before a largegap dipole magnet. After the magnet the heavy fragments were detected with two scintillating-fibre arrays and a twolayer time-of-flight (ToF) wall. For proton identification two drift chambers and a two-layer ToF wall were used.

The outgoing silicon fragment and the proton were tracked and their masses and momenta determined. The excitation-energy spectrum was reconstructed. The preliminary inclusive integral one-proton removal CD cross section up to 5 MeV of relative energy was calculated to be σ_{tot} = 84 .7 ± 6.1(stat.) mb; the spectrum is shown in Fig. 1.

The CD cross-section spectrum was fitted using four resonances and one direct-capture component. The free parameters for the fit were the heights and locations of the four peaks. The widths of the resonant peaks were fixed to the experimental resolutions, the shape of the directcapture component was predicted by [4]. The measured relative energies for the first two states (E_{rel} = 0 .27 and 0.73 MeV) are consistent with the excitation energies of the states obtained previously [5, 6, 7] and the third state

∗ Work supported by NAVI, GSI-TU Darmstadt cooperation, HIC for FAIR, EMMI and BMBF.

Relative energy [MeV]

0 1 2 3 4 5

(E)/dE [mb/MeV] σd

0 5 10 15 20 25 30 35 40 preliminary result s

Figure 1: Preliminary inclusive differential one-proton removal CD cross section.

(E_{rel} = 1 .26 MeV) with [5]. Compared to a previous CD study [5], we have carefully subtracted the nuclear contribution, a component not removed in the data of [5]. To explain the structure above the third peak, a fourth resonance corresponding to E_{rel} = 2 .1 MeV had to be introduced. The nature of this resonance is not clear yet.

The analysis is in progress. As the next step, the CD cross section to the ground state will be determined and converted to the radiative-capture cross section, σ(^{26} Si(p,γ)^{27}P). To study the nuclear structure of^{27} P, the experimental data are also compared to theoretical predictions by [4] using the simulation package R3BROOT.

References

[1] R. Diehl et al., Astron. Astrophys. Suppl. Ser. 97 (1993), p. 181.

[2] R. Diehl et al., Astron. Astrophys. 298 (1995), p. 445.

[3] G. Baur and C.A. Bertulani, Nuc. Phys. A458 (1986), p. 188.

[4] S. Typel, private communication.

[5] Y. Togano et al., Phy. Rev. C 84 (2011), p. 035808.

[6] J.A. Caggiano et al., Phys. Rev. C 64 (2001), p. 025802.

[7] A. Gade et al., Phys. Rev. C 77 (2008), p. 044306.

GSI SCIENTIFIC REPORT 2013 NUSTAR-KR-05

doi:10.15120 /GR-2014-1-NUSTAR-KR-05 139

Fewbody theoretical studies of Quasi Free Scattering reactions

R. Crespo^{1,2}, A. Deltuva^3, E. Cravo^{3,4}, the R3B collaboration^1, and the FAIR@GSI division^1

1Departamento de Física, Instituto Superior Técnico, Univ. de Lisboa, Portugal;^2Centro de Ciências e Tecnologias Nucleares, Univ. de Lisboa, Portugal;^3 Centro de Física Nuclear da Univ. de Lisboa, Portugal;^4Departamento de Física, Faculdade de Ciências da Univ. de Lisboa, Portugal

Introduction

Proton-induced quasifree scattering nucleon knockout reactions have been recently measured and are planed in future experiments of the R3B collaboration aiming extracting spectroscopy of valence and deeply bound nuclei, and pinning down structure correlation effects. To model and analyze these experiments it is of utmost importance to have a reliable reaction framework in order to extract meaning structure information. Few-body reaction frameworks recently developed are a useful tool to interpret this experiments.

Electron scattering reactions (e,e’p) have been a longstanding tool to obtain information from single-nucleon structure information of nuclei. Systematic studies have shown that for a wide range of magic and near magic nuclei, the single particle occupancies are significantly bellow the values expected from the values predicted by independent-particle shell model calculations (IPSM).

Occupancies have also been extracted using nuclear probes. In particular, single-nucleon (p,2p) and (p,pn) knockout reactions from light target at intermediate have also been used in the past to obtain information on singleparticle occupancies.

Proton-induced quasifree scattering nucleon knockout reactions have been performed recently at GSI in inverse kinematics within the R3B program, at around 400 MeV per nucleon. At high incident projectile energies, it is expected the reaction mechanism to be simpler and that one be able to obtain structure information about inner and outer shells. In particular, one aims to obtain information about deviations from single particle occupancies, and correlation effects.

There are several timely issues associated with single nucleon (p,2p) and (p,pn) QFS knockout reactions: (i) A key issue is to disentangle structure correlations from effective dynamical effects. In particular, one needs to get insight to what extent the reduced factors found by comparing the theoretical cross sections with the results extracted from the experimental data can, be traced exclusively to structure correlations or to effective dynamical effects associated with the reaction framework used to interpreted the data. Thus a tight control on the reaction formalism is needed; (ii) Another important aspect is to identify clearly the role of distortion effects to the nucleon-nucleon free scattering; (iii) The recent experiments performed at GSI, have allowed a unique opportunity to perform systematic studies of knockout reactions along the isotope chain at nearly the same incident energy. The study of the behaviour of calculated observables using a well constrained reaction framework, with respect to angular momentum, mass and binding will allow to identify and analyse common features, and identify new physics as experimental deviations to this systematic. (iv)A reliable assessment of possible dynamical core excitation effects and nucleon knockout contributions from inner shells is also mandatory for the interpretation of recent and future experiments at GSI.

Reaction studies

The study of proton-induced quasifree scattering nucleon knockout reactions can be addressed by the threebody Faddeev/AGS [1, 2] reaction formalism, which treats all relevant three-body observables in equal footing [3]. According to this reaction framework, one needs to evaluate the operators U^{βα} , whose on-shell matrix elements are the transition amplitudes. These operators are obtained by solving the three-body Faddeev/AGS integral equations

U^{βα} = δ̄_{βα} G^{− 1}_0 + � γ δ̄_{βγ} t_γ G_0U^{γα} , (1)

with α, β, γ = (1 , 2, 3), ( β = 0 in the final breakup state). In here, δ̄_{βα} = 1 − δ_{βα} and the pair transition operator is

t_γ = v_γ + v_γ G_0t_γ , (2)

where G_0 is the free resolvent G_0 = ( E + i0 − H_0)^{− 1}, and E is the total energy of the three-particle system in the center of mass (c.m.) frame. For breakup, the solution of the Faddeev/AGS equations can be found by iteration

U^{βα} = � γ δ̄_{βγ} t_γδ̄_{γα} + � γ δ̄_{βγ} t_γ � ξ G_0δ̄_{γξ} t_ξδ̄_{ξα} + · · · .

The successive terms of this series can be considered as terms of first order or single scattering, represented diagrammatically in Fig. 1, second order or double scattering, represented diagrammatically in Fig. 2 and so on in the transition operators t_γ .

In order to model and interpret recent proton-induced quasifree scattering nucleon knockout reactions by the R3B collaboration we have evaluated total cross sections and core momentum distributions for several isotopes in inverse kinematics at around 400 MeV making use of the AGS/Faddeev reaction framework:

We have analyzed QFS (p,2p), for the case of valence proton knockout from^{12} C. In particular, we have studied the role of higher order distortions, valence-nucleon rescattering contributions and the effect of some approximations

NUSTAR-KR-06 GSI SCIENTIFIC REPORT 2013

140 doi:10.15120 /GR-2014-1-NUSTAR-KR-06 performed by the standard Distorted Wave Impulse Approximation reaction framework. We found that the multiple scattering expansion of the DWIA might differ from the corresponding Faddeev/AGS result.

We have analyzed the Faddeev/AGS equations in terms of its multiple scattering expansion, and found that at high incident energies that the terms up to second order provide the dominant contribution of the series.

We have analyzed QFS (p,pn), for the case of valence neutron knockout from the halo nuclei^{11} Be,^{15} C and along the Oxygen isotope chain^{17 ,22 ,23} O. A detailed analyse of the role of higer terms distortion and its dependence of the binding energy and angular dependence of the valence particle was made.

Most few-body theoretical reaction studies rely on the a model of an inert core and a valence nucleon. However, the internal degrees of freedom might pay an important role as shown in [4], [5]. In order to predict the total cross sections obtained at recent experiments performed at GSI, the effects of dynamical core excitation were estimated. Also the contribution from the knockout of nucleons from the core were evaluated and found to be important.

+

Figure 1: Single scattering diagrams for breakup in the Faddeev scattering framework.

+ + a)

b) c)

d) Figure 2: Double scattering diagrams for breakup in the Faddeev scattering framework.

References

[1] L. D. Faddeev, Zh. Eksp. Theor. Fiz. 39, 1459 (1960) [Sov.

Phys. JETP 12, 1014 (1961)].

[2] E. O. Alt, P. Grassberger, and W. Sandhas, Nucl. Phys. B 2, 167 (1967).

[3] R. Crespo, A. Deltuva, M. Rodríguez-Gallardo, E. Cravo, and A. C. Fonseca, Phys. Rev. C 79, 014609 (2009).

[4] A.M. Moro and R. Crespo, Phys. Rev. C 85, 054613 (2012);

R. Crespo, A. Deltuva, A.M. Moro, Phys. Rev. C 83, 044622 (2011).

[5] A. Deltuva, Phys. Rev. C 88, 011601 (R) (2013).

GSI SCIENTIFIC REPORT 2013 NUSTAR-KR-06

doi:10.15120 /GR-2014-1-NUSTAR-KR-06 FAIR@GSI 141

Total Fission Cross Sections for Proton-Induced Fission of^{208}Pb

J.L. Rodríguez-Śanchez^1, J. Benlliure^1, J. Ta ïeb^2, H. Álvarez-Pol^1, L. Audouin^3, Y. Ayyad^1, G. B élier^2, G. Boutoux^2, E. Casarejos^4, A. Chatillon^2, D. Cortina-Gil^1, T. Gorbinet^2, A. Heinz^5, A. Keli ć-Heil^6, N. Kurz^6, B. Laurent^2, J.-F. Martin^2, C. Paradela^1, E. Pellereau^2, B. Pietras^1, A. Prochazka^6, D. Ramos^1, C. Rodríguez-Tajes^7, D. Rossi^6, H. Simon^6, L. Tassan-Got^3, J. Vargas^1, and B. Voss^6

1University of Santiago de Compostela, Spain;^2CEA DAM, Arpajon, France;^3IPN Orsay, Orsay, France;^4University of Vigo, Spain;^5University of Chalmers, Sweden;^6GSI, Darmstadt, Germany;^7GANIL, Caen, France

Fission reactions may have a significant effect on the performance of the spallation target in accelerator-driven system (ADS), in particular on the production of radioactive and/or chemically hazardous materials. Moreover, different experiments have provided the total fission cross sections for proton on lead reactions with large uncertainties or even with rather discrepant values [1]. In the present work, we report on the first results with a new generation of accurate measurements of total fission cross sections in spallation reaction on^{208} Pb at different proton energies: 370, 500 and 650A MeV. The measurements were performed in inverse kinematics using a full-acceptance detection system, which measured both fission fragments in time coincidence.

The experiment was performed at the ALADIN-LAND cave at GSI. The number of projectiles was determined from a MUSIC, selecting^{208} Pb beam which hits a liquid hydrogen target. The fission events were determined by the detection in coincidence of both fission fragments using a double ionization chamber (Twin MUSIC) [2], which also allowed us to reconstruct the reaction vertex based on accurate drift time measurement. In order to obtain the fission cross sections, corrections due to the beam attenuation (less than 4%) and the production of secondary reactions (less than 2.2%) were applied. Losses due to geometrical constraints were also evaluated using Geant4 simulations [3], resulting into a detection efficiency of about 88%.

The results obtained for the total fission cross section (open circles) [4] are shown in Fig.1 compared to previous measurements reported in literature for the reactions p+^{nat} Pb and^{208} Pb+p. As can be seen in the figure, our data have in general better accuracy than any of the previous ones. Moreover, our measurement at 500 MeV is in perfect agreement with the recent measurement of K.- H. Schmidt [5] using a similar detection setup. However, the cross section obtained by B. Fernández (full square) at the FRS presents a non-negligible deviation with respect to our results and the systematics, which could be due to the limited acceptance of the spectrometer requiring large corrections. Our measurements are also in agreement with the values reported by E. Hagebo (open cross) and R. Brandt (full star) who measured in direct kinematics the reaction p+^{nat} Pb at 600 and 590 MeV, respectively. The present measurements also seem consistent with the measurements between 50 and 200 MeV and with the measurements performed by V.A. Konshin (stars) if one looks at the downward trend and also with the measurement performed by T. Enqvist (full circle) at the FRS if one looks at the upward trend. One can also observe a discrepancy at 1 GeV between the measurements performed by T. Enqvist and M. Gloris (open diamond) but our results are only consistent with Enqvist’s measurement. Finally, the measurements performed by A.A. Kotov (full triangles down) also have a deviation, but these were performed in direct kinematics with a proton beam impinging on a^{nat} Pb target, which could prevent fission fragments to escape from the target reducing the total fission cross section if one does not apply the accurate corrections.

Energy [MeV]

100 200 300 400 500 600 700 800 900 1000

Fission cross section [mb]

0

50

100

150

200

250

300 Pb nat Reactions p+ Bychenkov V.S. Shigaev O.E.

Konshin V. A. Brandt R. Hagebo E.

Gloris M. Smirnov A.N. Kotov A.A.

Pb+p 208 Reactions

This work

Enqvist T.

Fernandez B.

Schmidt K.-H.

All available data

Figure 1: Total fission cross sections for p+^{nat} Pb and 208 Pb+p. The red open circles represent our data.

References

[1] A.V. Prokofiev, Nucl. Inst. Meth. A 463 557 (2001).

[2] B. Voss et al., GSI Scientific Report 2011, p.184-186.

[3] J.L. Rodríguez-Sánchez et al., ”SOFIARoot: Simulation of the SOFIA/ANDES Setup” in this annual report.

[4] J.L. Rodríguez-Sánchez et al., EPJ Vol. 62 07009 (2013) and references therein.

[5] K.-H. Schmidt et al. Phys. Rev. C 87, 034601 (2013).

NUSTAR-KR-07 GSI SCIENTIFIC REPORT 2013

142 doi:10.15120 /GR-2014-1-NUSTAR-KR-07

Identification and Reconstruction of Fission Fragments for Proton-Induced Fission of^{208}Pb at 500 MeV in Inverse Kinematics

J.L. Rodríguez-Śanchez^1, J. Benlliure^1, J. Ta ïeb^2, H. Álvarez-Pol^1, L. Audouin^3, Y. Ayyad^1, G. B élier^2, G. Boutoux^2, E. Casarejos^4, A. Chatillon^2, D. Cortina-Gil^1, T. Gorbinet^2, A. Heinz^5, A. Keli ć-Heil^6, N. Kurz^6, B. Laurent^2, J.-F. Martin^2, C. Paradela^1, E. Pellereau^2, B. Pietras^1, A. Prochazka^6, D. Ramos^1, C. Rodríguez-Tajes^7, D. Rossi^6, H. Simon^6, L. Tassan-Got^3, J. Vargas^1, B. Voss^6, and the SOFIA/ANDES collaboration

1University of Santiago de Compostela, Spain;^2CEA DAM, Arpajon, France;^3IPN Orsay, Orsay, France;^4University of Vigo, Spain;^5University of Chalmers, Sweden;^6GSI, Darmstadt, Germany;^7GANIL, Caen, France

Spallation reactions have interest for a wide range of applications as neutron sources in material science or nuclear technology (ADS) and also make possible the production of intense Radioactive Nuclear Beams. In astrophysics, these reactions play an important role to interpret the abundances of medium-mass nuclei and actinides in the universe. Moreover, the fission is one of the most complex phenomena that has not a clear theoretical description. In this context, the measurement of the fission fragment distributions in the spallation energy domain makes possible to investigate some fundamental questions connected to the fission dynamics as the dissipation and transient time effects. In this report, we present for the first time the mass (A) and atomic (Z) numbers of both fission fragments measured in inverse kinematics for proton-induced fission of 208 Pb at 500 MeV.

The experiment [1] was performed at the ALADIN- LAND cave at GSI. The beam identification was done by an ionization chamber (MUSIC) and its position on the liquid hydrogen target was determined by a timeprojection chamber (TPC). Fission events were identified by a high-resolution double ionization chamber (Twin MU- SIC) [2], which provided an unambiguous determination of the atomic number of both fission fragments. Moreover, an accurate tracking obtained using Multi-Wire Proportional Counters (MWPC), the Twin MUSIC drift time and the high-resolution Time-of-Flight (ToF) [3] measurement allowed us to determine the fission fragment masses from their bending through the ALADIN dipole.

The reconstruction of the fission fragments was performed with the help of a GEANT4 simulation [4], which reproduce the full detection setup and the dipole magnetic field. In this case, we have used a constant magnetic field around 1.6 T. For the tracking, the atomic number measured by the Twin MUSIC and the polar and azimuthal angles at the entrance of the dipole obtained with the positions measured in the TPC, MWPC and Twin MUSIC are used as an input in the simulation. For each event, we simulate different trajectories covering the expected Bρ range and then we look for the correlation between the simulated Bρ and the horizontal position behind the dipole, which is also checked for the simulated flight path length. Using this method we have found third-order and second-order correlations for the Bρ and flight path length, respectively.

These correlations allow to reconstruct the experimental Bρ and the flight path length which, together with the ToF and the Z, give access to the mass number for each fragment.

The reconstruction results are shown in Fig. 1, representing the mass number dependence on the nuclear charge. The calibration in mass and charge was performed by using a previous FRS measurement [5] and maximum charge of the fissioning system (Z_1+Z_2=83). As can be seen in the figure the reconstruction allows a clear identification for all fission fragments. Furthermore, in the inset of the figure we show the mass distribution for the nuclear charge Z=40 where the mass resolution is around 0.63 FWHM.

Nuclear charge

30 35 40 45 50

Mass number

70

80

90

100

110

1

10

210

Mass number

86 88 90 92 94 96 98 100

Counts

0 50 100 150 200 250

39.5 40 40.5 41 41.5

Mass number

91

92

93

94 95

Figure 1: Identification in mass number and nuclear charge for^{208} Pb (500A MeV)+p. In the inset of the figure we show the mass distribution for nuclear charge Z=40.

References

[1] J.L. Rodríguez-Sánchez et al., EPJ Vol. 62 07009 (2013). [2] B Voss et al., GSI Scientific Report 2011, p.184-186. [3] A. Ebran et al., Nucl. Instrum. Methods A 728 (2013) 40. [4] J.L. Rodríguez-Sánchez et al., ”SOFIARoot: Simulation of the SOFIA/ANDES Setup” in this annual report.

[5] B. Fernández-Domínguez et al. Nucl. Phys. A 747, 227 (2005).

GSI SCIENTIFIC REPORT 2013 NUSTAR-KR-08

doi:10.15120 /GR-2014-1-NUSTAR-KR-08 143

Progress report of the CALIFA/R^3B calorimeter^∗

D. Cortina-Gil^{†1}, H. Alvarez-Pol^1, T. Aumann^{13}, V. Avdeichikov^4, M. Bendel^7, J. Benlliure^1, D. Bertini^5, A. Bezbakh^{11}, T. Bloch^{13}, M. Böhmer^7, M.J.G. Borge^2, J.A. Briz^2, P. Cabanelas^1, E. Casarejos^8, M. Carmona Gallardo^2, J. Cederkäll^4, L. Chulkov^{12}, M. Dierigl^7, D. Di Julio^4, I.

Durán^1, E. Fiori^{10}, A. Fomichev^{11}, D. Galaviz^9, M. Gascón^1, R. Gernhäuser^7, J. Gerl^5, P. Golubev^4, M. Golovkov^{11}, D. González^1, A. Gorshkov^{11}, A. Heinz^3, M. Heil^5, B. Heiss^7, W. Henning^7, G.

Ickert^5, A. Ignatov^{13}, B. Jakobsson^4, H.T. Johansson^3, M. Kmiecik^{14}, Th. Kröll^{13}, R. Krücken^{‡ 7}, S. Krupko^{11}, F. Kurz^7, T. Le Bleis^7, B. Löher^{10}, A. Maj^{14}, E. Nacher^2, T. Nilsson^3, A. Perea^2, C. Pfeffer^7, N. Pietralla^{13}, B. Pietras^1, R. Reifarth^6, J. Sanchez del Rio^2, D. Savran^{10}, S. Sidorchuk^{11}, H. Simon^5, L. Schnorrenberger^{13}, O. Tengblad^2, P. Teubig^9, R. Thies^3, J.A. Vilán^8, M. von Schmid^{13}, M. Winkel^7, S. Winkler^7, F. Wamers^{13}, P. Yañez^8, and M. Zieblinski^{14}

1Universidad de Santiago de Compostela;^2Instituto Estructura de la Materia, CSIC Madrid;^3Chalmers University of Technology, Göteborg;^4Lund University;^5Helmholtzzentrum für Schwerionenforschung, Darmstadt;^6Goethe University Frankfurt am Main;^7Technische Universität München;^8Universidad de Vigo;^9Centro de Física Nuclear da Universidade de Lisboa;^{10}Extreme Matter Institute and Research Division, GSI;^{11}Joint Institute for Nuclear Research, Dubna;^{12}Nuclear Reseach Center, Kurchatov Institute Moscow;^{13}Technische Universität Darmstadt;^{14}Institute of Nuclear Physics PAN, Krakow, Poland

CALIFA, the CALorimeter for In Flight detection of γ rays and light charged pArticles, surrounds the R^3B reaction target and is one of the key detectors of the R^3B experiment [1]. The CALIFA design is optimised for the requirements given by the ambitious physics program proposed for the R^3B facility and combines very stringent calorimetric and spectrometric properties.

The Technical Design Report [2] of the Barrel section, with a polar angular coverage of 43.2-140.3^o, was approved in January 2013 by FAIR, following the recommendation of the Expert Committee Experiments (ECE)^1. The technical solution adopted for this section, needed to reach the required spectrometric properties, defines a very segmented device with 1952 CsI(Tl) crystals that are readout by Large Area Avalanche Photodiodes (LAAPDs). The crystals are orientated within a compact geometry, with an internal radius of 30 cm, to optimise the calorimetric properties.

The Forward EndCap section (polar angular coverage 7-43.2^o) is in the R&D phase.

The main activities of the CALIFA Working group over 2013 have concentrated around three lines of work: a) determination of the final technical specifications and the purchase of "Barrel" detector components, b) development of innovative solutions to fulfil the requirements of the "Forward EndCap" and c) realisation of in-beam tests of different small size prototypes.

The performance of single elements of the CALIFA Barrel have been carefully evaluated. Light collection

∗ Work performed in the CALIFA/R^3 B Working group and supported by the Helmholtz International Centre for FAIR

† Convener of the CALIFA Working group ‡ Also affiliated to TRIUMF 1decision adopted in the ECE first meeting in November 2012

Figure 1: Prototypes detectors surrounding a 50μm Ti target at IFJ PAN, where irradiation with protons 70 - 230 MeV was possible with a beam energy spread better than 1%.

and output signal proportionality over the crystal length are central when long scintillator crystals are used for spectroscopic purposes. These properties can be adjusted by surface treatment, in the CALIFA case by surface lapping. Considering the large number of crystals involved in CALIFA it is also important to investigate if an optimum strategy for surface treatment can be found that could simplify industrial production. For this reason models of the different crystal geometries have been introduced in GEANT4 and testing procedures for the surface lapping have been simulated for a large number of different cases by tracing optical photons through the crystals. This work continues in parallel with laboratory tests on individual crystals, already at this stage clear trends can be identidied between the size and position of lapped areas and the linearity of the response.

NUSTAR-KR-09 GSI SCIENTIFIC REPORT 2013

144 doi:10.15120 /GR-2014-1-NUSTAR-KR-09

Beam tests were undertaken at the IFJ PAN Kraków cyclotron. This accelerator, designed for medical treatment, provides mono-energetic proton beams over an energy range of 70-230 MeV with a beam energy spread better than 1%. A range of smaller size prototypes, corresponding to different sections of the CALIFA detector, were tested using scattered protons on a 50μm thick Ti target, the setup is shown in Fig. 1.

• A scattered proton beam with energies ranging from 70 to 230 MeV was used to irradiate a 4x8 array (ProtoDemo) of 180 mm long CsI(Tl) crystals with a truncated pyramidal shape corresponding to a crystal geometry used in the Barrel section. The dimensions of the exit face are well matched to the Hamamatsu S12102 double LAAPDs. The signals from the APDs were fed into MPRB-16 preamplifiers. The amplified signals are distributed to FEBEX3 boards, which contain two 8-channel fast-sampling ADCs and one FPGA [3]. To fit the output range of the preamplifier exactly to the input range of the FEBEX boards, a new add-on board was developed for the FEBEX module (FAB for FEBEX Addon Board). It adjusts the baseline of the input signals and implements a Nyquist filter to avoid aliasing effects due to the 50 MHz sampling of the ADCs. The baseline correction is active and the correction is directly controlled by the FPGA. The first FAB prototypes have been implemented and tested during this beam time, validating the principle of the method. In a second revision currently under test, the noise figure and dynamic range of the boards have been further improved.

In addition to detector response to protons over the full energy range, the prototype was used in various configurations to probe inactive matter effects, which may be extrapolated from using the R3BRoot dedicated simulation framework. The response to protons was complemented by a gamma calibration reaching up to 6.13 MeV. A direct scaling of the gamma - proton linear fits reveals a surprisingly uniform relation, where a common factor of 10.24 (close to the MPRB-16 preamplifier high - low gain factor of 10) applied to the gamma calibration matched well to calibrate over the proton energy range. The importance of extending the gamma calibration energy is evident on examination of the residuals, as seen in Fig. 2.

The high linearity of the CsI(Tl)+LAAPD combination looks promising to allow simple gamma calibration scaling to be used as a method to calibrate CALIFA at the R^3B proton energies.

A new algorithm for particle identification, adapted to

Figure 2: Mean proton energy residuals for a sample of five 180 mm CsI:Tl crystals after scaling a^{137} Cs,^{60} Co gamma calibration with, and without, the inclusion of the 6.13 MeV photopeak (^{244} Cm+^{13} C).

real-time use in logic electronics, has been developed from the observation and concepts reported in [4]. The algorithm showed a clear separation between γ rays and protons. Several papers published in 2013 detail the R&D campaign and report progress in areas such as advancement in event reconstruction algorithms and characterization of a range of CALIFA prototype detectors at a number of international facilities [5, 6, 7]. They are complemented by R3BRoot simulations which allow to extrapolate to the full calorimetric performance of CALIFA.

• We also tested a new prototype of the Forward End- Cap: CEPA4. This is an array of 4 individual scintillator detectors, each of them consisting of 4 cm of LaBr_3(Ce) crystals optically coupled to 6 cm of LaCl_3(Ce) in phoswich configuration (see Fig. 3).

Figure 3: Left: schematic view of CEPA4 with its crystals, casing and photomultiplier tubes. During the experiment it was coupled to a DSSSD allowing the study of proton response at different positions. Right: proton spectrum at 220 MeV. The horizontal axis represent, respectively, the total energy deposited in the phoswich (LaBr_3+LaCl_3) and the partial energy deposited in the first part of it (the LaBr_3). At the top there is a 2-dimensional projection of the plot. The peak corresponding to 220 MeV protons is clearly separated from the rest.

GSI SCIENTIFIC REPORT 2013 NUSTAR-KR-09

doi:10.15120 /GR-2014-1-NUSTAR-KR-09 145

The response of CEPA4 to high-energy protons was measured with the available proton beams. The maximum energy was just enough to test the punchthrough of protons in a 10 cm phoswich, which happens at 200 MeV. Fig. 3 right shows a 220 MeV proton spectrum. In this plot the XY-plane represents the energy deposited in the LaBr_3(Ce) versus the total energy deposited in the phoswich, and the Z-axis represents the number of events. The method used to disentangle the energy deposited in each of the two crystals is explained in Ref. [8]. In the plot one can clearly see the peak corresponding to the 220 MeV protons that have passed through the two crystals leaving part of their energy in each of them. This is the first time the initial energy of the protons have been reconstructed from the partial deposition of their energy in two different crystals.

• The LaBr_3-LaCl_3 phoswich concept functions well over the IFJ PAN proton energy range, though simulations highlight potential energy resolution concerns when employed at the R^3B operational energies. Additionally, the encapsulation required due to the material’s high hygroscopy introduces inactive matter, which does not aid optimisation of calorimetric performance. Therefore, alternative solutions are also investigated. In particular, the concept of a CsI(Tl)- LYSO phoswich was studied as it contains cheaper material which is less hygroscopic and may reduce the amount of dead material required. It would not require new readout electronics as the time constants (600 ns and 3200 ns for CsI(Tl) and 40 ns for LYSO) allow for a clear signal separation, however the internal radioactivity of LYSO is a subject of concern as when scaled to EndCap proportions the background radiation would be non-negligible. The tested prototype was composed of two crystals of 1 × 1 × 1cm^3 from each material coupled with optical glue. The electronic pulse allowed a good qualitative identification of the signals from the energy deposited in both crystals. A modified version of the algorithm mentioned above allowed the reconstruction of the energy deposited as shown in Fig. 4. The illustrated example shows a good energy reconstruction for the tested energies, validating this concept for a phoswich. The counts outside the branches are related to the different particle types and arises from surface effects of the small prototype crystals.

The development of CALIFA is now entering a very intense period. The purchase and construction of 20% of the Barrel has started. The full implementation and commissioning of the CALIFA Demonstrator is expected in 2014- 2015. In parallel, the submission of the Technical Design Report corresponding to the Forward section is foreseen by the end of 2014. According to our schedule, the complete CALIFA could be installed and operational in the R3B cave by the end of 2016.

Figure 4: Reconstructed energy deposited in CsI(Tl) as a function of the reconstructed energy deposited in LYSO for protons at various energies. Protons punching through the 1 cm CsI layer show an increasing signal in LYSO while the CsI amplitude is dropping. Protons with energies larger than ∼ 95 MeV are not stopped any more and appear in the lower branch of the figure.

Acknowledgements

We would like to thank the full crew of the IFJ PAN cyclotron for the support provided during the realization of the experiment. This work has been supported by the following projects MINECO (FPA2012-39404-C02- 01, FPA2012-39404-C02-02, FPA2012-32443), Xunta de Galicia (GRC2013-11), Swedish research council (VR 2009-3939, VR 2012-4550, VR 2013-4178), GANAS (Eranet), ENSAR (VII PM), HIC for FAIR, BMBF (05P12WOFNF, 05P12WOFNUE, 05P12RDFN8) and DFG (EXC153).

References

[1] T. Aumann et al., Technical Proposal for the design, construction, commissioning and operation of R^3B, A universal setup for kinematical complete measurements of Reactions with Relativistic Radioactive Beams (2005).

[2] T. Aumann et al., Technical report for the Design, Construction and Commissioning of the CALIFA Barrel: The R^3B CALorimeter for In Flight detection of γ rays and high energy charged particles (2011)

[3] T. Le Bleis et al., Test of Integration of CALIFA into R3B, GSI SCIENTIFIC REPORT 2012

[4] M. Bendel et al., Eur. Phys. J. A. 49 (2013) 69

[5] R. Wirth et al., Nucl. Instr. and Meth. A 717 (2013) 77

[6] B. Pietras et al., Nucl. Instr. and Meth. A 729 (2013) 77

[7] M. Gascon et al., Jour. of Inst. 8 (2013) P10004

[8] O. Tengblad et al., Nucl. Instr. and Meth. A 704 (2013) 19

NUSTAR-KR-09 GSI SCIENTIFIC REPORT 2013

146 doi:10.15120 /GR-2014-1-NUSTAR-KR-09

Heavy-ion tracking detectors for the R^3B setup^∗

S. Paschalis^1, T. Aumann^{1,2}, C. Caesar^1, R. Gernhäuser^3, M. Heil^2, M. Holl^1, J.G. Johansen^1, A. Kelic-Heil^2, O. Kiselev^2, D. K örper^2, Y. Litvinov^2, A. Movsesyan^1, M. Petri^1, R. Plag^1, H. Scheit^1, P. Schrock^1, H. Simon^2, I. Syndikus^1, H. T örnqvist^1, F. Wamers^{4,1,2}, and the R^3B collaboration

1TU Darmstadt, Germany;^2GSI, Darmstadt, Germany;^3TU, München, Germany;^4EMMI @ GSI, Darmstadt, Germany

Overview

The high-intensity radioactive ion beams foreseen within the FAIR project will give us access to study the most exotic nuclear systems. In order to fully explore these rare short-lived species the experimental apparatuses are undergoing major upgrades. In this challenging environment the R^3B collaboration is working towards the development of a versatile system offering an unprecedented combination of high-efficiency, high-resolution and high-rate-capable kinematically complete measurements.

A pivot point in these developments is the installation of the new superconducting magnet GLAD. This magnet is capable of bending effectively the high-rigidity beams and allows for projectile-like neutrons to be detected at zero degrees and the bent beam to be momentum analysed. A series of charged-particle detectors are placed along the trajectory of the beam in order to measure precisely the position, charge and time of the incoming beam particles and the outgoing beam-like fragments. Although the current technologies of charged-particle detectors offer solutions that could meet our resolution requirements alone, the challenge is to combine this with minimum material budget, high-rate capability, radiation hardness, large active area, large dynamic range, low cost and high flexibility.

Heavy-ion tracking detectors

Along these lines we are focusing our developments on the following detectors: 1) Ultra-thin scintillating fiber detectors. 2) Ultra-thin resistive strip Si detectors. 3) Large area time-of-flight wall. In this report we present the current status of these developments.

Plastic-scintillator fiber detectors

Some of the advantages of using plastic-scintillator material is the low cost, fast response and high-rate capability. Five new fiber detectors are being developed for the needs of precision position measurement. Each detector plane provides precise information in one dimension and, where two-dimensional information is needed two detector planes are packed closely into one detector. All planes are built using a 200 μm square fiber and have varying dimensions ranging from small 5x5 cm^2 active area up to 110x80 cm^2.

∗ Work supported by BMBF (05P12RDFN8) and (05P12WOFNF), by GSI via the GSI-TU Darmstadt cooperation contract and by HIC for FAIR.

The total number of fibers needed to cover these areas is almost 3x10^4 and the total length exceeds 60 km of fiber.

The light collection is performed by multi-pixel photon counters (MPPC) and multi-anode photomultiplier tubes. The boards for powering the MPPCs and providing a first stage amplification are designed and built in-house at the electronic workshop of the Institut für Kernphysik at the Technical University of Darmstadt. The electronic readout is performed using a combination of NXYTER, FEBEX and TAMEX depending on the physical location of the detector and the needs for a high multi-hit capability readout. We have currently tested, for example, a fully independent single-fiber readout based on NXYTER [1]. In many cases, however, the large number of fibers makes it impractical and costly to read out all fibers individually. A readout scheme, in which the different fibers are bundled in a unique way in both ends, enables a way of determining the hit fiber with a reduction of the readout channels to 2 √ N_{fiber} per plane. This reduces the readout of the 3x10^4 fibers to 944 channels, but at the same time compromises the multi-hit capability of the detector. A simple example of the bundling is shown in Fig. 1.

Resistive strip Si detectors

The Si detectors, in general, are one of the most popular tracking devices, since they combine high-resolution position and energy-loss measurements. The Si micro-strip detectors deliver excellent position resolution, but have a large number of readout channels and the total energy-loss reconstruction for heavy-ions is not trivial. For these reasons, without excluding the use of micro-strip technology for certain experiments, we are also working on optimising the concept of resistive charge division. Detectors based on this technology can deliver excellent position and energy resolution when the deposited energy is sufficiently high, as is the case for most heavy-ion experiments at R^3B. In addition, the number of readout channels is significantly reduced compared to the micro-strip Si detectors.

However, these detectors suffer from slow charge collection as the charge is defused at the resistive side with a time-constant defined by the detector capacitance and the anode resistance. This limits the rate capability of the detector. Compared to the micro-strip detectors they also have higher noise levels due to the presence of the anode resistance and due to the generally higher capacitance. This noise is, however, not the dominant factor in the energyloss measurements as discussed in [2].

GSI SCIENTIFIC REPORT 2013 NUSTAR-KR-10

doi:10.15120 /GR-2014-1-NUSTAR-KR-10 FAIR@GSI 147

Figure 1: A fiber-bundling scheme that reduces the number of readout channels to 2 √ N_{fiber} pr. plane.

These limitations of the resistive charge division detectors can be reduced by e.g. segmenting the detectors and reducing the anode resistance, which however increases the number of readout channels and worsens the position resolution, respectively. The aim of this work is to find the optimum trade off between the number of channels, position resolution, thickness, and rate capability, and to take full advantage of the varying pulse shapes in this type of detectors.

We have performed a detailed characterisation and comparison of two types of resistive charge division detectors: a continuous two-dimensional detector and a strip Si detector using an^{241} Am source. In addition, the read out of these detectors is performed using digital electronics and the waveforms of the pulses are recorded for further offline processing. We have found that both the position resolution and the pulse rise time are significantly improved in the case of the strip detector compared to a continuous two-diminensional detector. Namely, the position resolution obtained for an^{241} Am alpha source and a 3 KΩ anode resistance has improved threefold to be σ ≈ 150 μm (see Fig. 2 adopted from Ref. [3]) and the signal rise time from the central detector area has become ten times faster t ≈ 350 ns. We plan to verify these results in an in-beam test where the limits of high-rate capability will also be tested. The currently used detectors have a thickness between 100 and 300 μm and typically a 5x5 cm^2 active area. In the future we plan to test also larger detectors with area 7x7 cm^2 and 10x10 cm^2.

Figure 2: Position resolution obtained with a Si resistive strip 140 μm thick detector and an^{241} Am source.

Large area time-of-flight wall detector

A large-area plastic-scintillator wall is used in the R^3B setup to obtain simultaneously excellent time-of-flight and energy-loss measurement. An optimised wall, with an active area of 110x80 cm^2 (see Fig. 3), is currently being built and will be tested in-beam this year. The optimisation is driven mainly by the requirement for a precise energy-loss measurement at high rate.

Design-wise one can highlight the following differences of this detector compared to older versions: The light guides at the ends of the paddles have been removed and the paddle width and photomultiplier diameter have been chosen to fit well with minimal loss of light collection. The paddles are oriented vertically with respect to the dispersive axis of the dipole magnet. In this way the paddles are mainly hit in their central area minimising the non-uniformity and the “smiley effects” in the total energy reconstruction. Vertically oriented paddles also share the beam rate more evenly. Four such planes with vertical paddles are placed behind each other and are slightly shifted with respect to each other so that there are effectively no dead areas between the paddles.

The paddles are produced with a maximum variation of a few percent in their thickness. The energy-loss measurement is, however, anticipated to be much better than this variation. In order to correct for non-uniformities in the thickness of the paddle and the position dependent response of the scintillator, this detector is packed closely on the same frame with the aforementioned large area fiber detectors that cover the same active area.

On the electronics readout side there have also been major advances. It is found that the energy-loss measurement, when performed with a standard QDC type of electronics, suffers greatly from rate dependencies. The new readout is based on a time-over-threshold technique which effectively

NUSTAR-KR-10 GSI SCIENTIFIC REPORT 2013

148 doi:10.15120 /GR-2014-1-NUSTAR-KR-10 cancels any baseline variation and at the same time gives a much higher dynamic range. These electronics are a combination of the in-house TAMEX board and a QTC add-on delivering simultaneously good time and energy measurements.

Figure 3: A CAD drawing of the plastic-scintillator wall. In front of the paddles, the tilted frames foreseen to support the large-area fiber planes are also shown.

References

[1] P. Schrock et al., “Development of a Thin Large-Area Fiber Detector for Radioactive-Beam Experiments” GSI-SR2012- PHN-ENNA-EXP-69, GSI Report 2013-1

[2] S. Paschalis et al., “Position-Sensitive Si Detectors for In-Beam Tracking at the R^3B Setup” GSI-SR2012-PHN- ENNA-EXP-68, GSI Report 2013-1

[3] I. Syndikus master thesis, “Testing of Position Sensitive Silicon Detectors for the R^3 B-Setup” February 2014.

GSI SCIENTIFIC REPORT 2013 NUSTAR-KR-10

doi:10.15120 /GR-2014-1-NUSTAR-KR-10 FAIR@GSI 149

Tests of timing silicon photomultipliers for NeuLAND^∗

S. Gohl^{1,2}, T. Reinhardt^2, D. Bemmerer^{† 1}, T.E. Cowan^{1,2}, K. Heidel^1, M. R öder^{1,2}, D. Stach^1, A. Wagner^1, D. Weinberger^1, J. W üstenfeld^1, K. Zuber^2, and the R^3B collaboration^1

1Helmholtz-Zentrum Dresden-Rossendorf (HZDR), Dresden, Germany;^2TU Dresden, Germany

It is investigated whether NeuLAND may be reinstrumented with semiconductor based photosensors. Tests with an 11 cm long slab of RP-408 plastic scintillator and a PiLas 45 ps laser diode system show time resolutions of σ = 100 ps.

The NeuLAND time-of flight detector for 1 GeV neutrons will consist in its final configuration of 30 double planes of 100 scintillator bars (RP-408) each. Each bar of 270× 5× 5 cm^3 must be read out at each end. Thus altogether 6000 timing photomultipliers of 1” diameter are needed [1]. In order to limit their cost impact, it is being investigated whether parts of NeuLAND may be (re- )instrumented with semiconductor-based photosensors, socalled Silicon Photomultipliers (SiPMs).

Previous experiments using the one-electron-per-bunch mode of the superconducting electron accelerator ELBE have shown that nearly full efficiency can be reached even when instrumenting one NeuLAND bar with just one 3× 3 mm^2 SiPM [2]. However, in those first tests the charge resolution did not allow to separate single photons, and the time resolution did not fulfill the required σ ≤ 150 ps.

Electronics and preamplifier

Subsequently some improvements were made in the electronics circuits. For the timing, both a digital constantfraction algorithm based on the recorded waveforms in a 12-bit 1 GHz, 2.5 GS/s digital oscilloscope and a constant fraction discriminator developed in house with a threshold of just 7 mV were tested and found to give satisfactory results.

∗ Supported by NupNET NEDENSAA (BMBF 05 P 09 CRFN5), GSI F&E DR-ZUBE, and by the Helmholtz Association Detector Technology and Systems Platform (DTSP).

† d.bemmerer@hzdr.de

-50 -40 -30 -20 -10

0 20 40 60 80 100 120

Preamp output [mV]

Time [ns]

Figure 1: Waveform for a signal generated by a 421 nm 45 ps PiLas laser diode in a 3× 3 mm^2 Hamamatsu MPPC. The 60 ns wide integration window for the QDC is shown.

Due to the scarcity of commercial preamplifiers for SiPMs, a new preamplifier was developed in-house. It is based on a common-emitter circuit with a discrete complementary Darlington transistor with a bandwidth of 2 GHz and an input impedance of 25 Ω . There is no overshoot of the amplified signal as in some other SiPM preamplifiers, enabling to integrate the current pulses with a QDC. The gain of the output signals is 15-25, controlled by varying the supply voltage from 5-12 V. The rise time of the output signals is about 650 ps (fig. 1).

Preliminary results and outlook

The preliminary spectra shown a clean separation between single photons on the charge axis and have a slight time walk (fig. 2). The typical resolution is now σ = 100 ps for the time difference between the detected signal and the PiLas laser reference signal when using the in-house developed electronics and even 60-80 ps when adding a PS 775 fast amplifier. Future tests will show whether the satisfactory timing capability will also be maintained when exciting the scintillator with minimum ionizing electrons from ELBE.

QDC / pC

15 20 25 30 35 40 45 50

TDC - trigger / ns

-11.5

-11.0

-10.5

-10.0

-9.5

-9.0 S7_TDC_QDC

Entries 281721 Mean x 25.94 Mean y -10.59 RMS x 6.809 RMS y 0.1592 Integral 2.033e+05

0 20 40 60 80 100 120 140 160 180 200 220 240 S7_TDC_QDC

Figure 2: Time versus charge for the PiLas illuminating the RP-408, which is, in turn, read out by the MPPC. The pedestal (17 pC) and peaks for 1-4 photons can be seen.

References

[1] NeuLAND@R3B: A Fully-Active Detector for Timeof-Flight and Calorimetry of Fast Neutrons, Neu- LAND Technical Design Report, http://www.faircenter.de/fileadmin/fair/experiments/NUSTAR/Pdf/TDRs/ NeuLAND-TDR-Web.pdf [2] T. Reinhardt et al., GSI Scientific Report 2012, SR2012- PHN-ENNA-EXP-62

NUSTAR-KR-11 GSI SCIENTIFIC REPORT 2013

150 doi:10.15120 /GR-2014-1-NUSTAR-KR-11

Application of Calorimetric Low Temperature Detectors (CLTD’s) for Precise Stopping Power Measurements of Heavy Ions in Matter

A. Echler^{1,2,3}, P. Egelhof^{1,3}, P. Grabitz^{1,3}, H. Kettunen^4, S. Kraft-Bermuth^2, M. Laitinen^4, K. M üller^2, M. Rossi^4, W.H. Trzaska^4, and A. Virtanen^4

1GSI, Darmstadt, Germany;^2University of Gießen, Germany;^3University of Mainz, Germany;^4University of Jyväskylä, Finland

Precise data on electronic stopping powers, i.e. specific energy loss dE/dx, for heavy ions are of high interest in various fields of research [1]. Unfortunately the accuracy of theoretical ab-initio dE/dx-calculations is nowadays still unsatisfactory. Therefore, predictions of stopping powers are usually calculated by semi-empirical computer codes, which are based on best fits to available experimental data. To improve the reliability of these calculations, precise dE/dx data are needed for various projectile-target combinations and over a wide range of projectile energies, in particular for heavy projectiles at low energies, as measured data are scarce in that region [2]. However, for high ion masses and low energies ionization based energy detectors, that are commonly used in experiments for stopping power determination [3, 4], suffer from incomplete energy detection, resulting in pulse height defect and a relatively poor energy resolution. As CLTD’s provide substantially better energy resolution and linearity for heavy ion detection, with the absence of any pulse height defect [5, 6], this type of energy detectors has the potential to increase sensitivity and accuracy for dE/dx measurements and to extend the accessible energy range towards lower energies.

For that purpose a CLTD array, that has been developed at GSI in the past years [5, 6, 7], has been used to replace the Si-detector in an established setup for dE/dx measurements at the K-130 cyclotron at the University of Jyväskylä [3, 8], and to perform measurements with 0.05–1 MeV/u 131 Xe-ions in different absorber materials. As an example the measured electronic stopping power of Xe ions in carbon is displayed in fig. 1. A summary of all results for carbon as well as nickel and gold absorbers can be found in [9], where also a more detailed description of the experiment is given. The obtained dE/dx values show in general a good agreement with previously measured data in the higher energy range for all studied absorber materials, what provides a consistency check of the new experimental setup. Moreover the application of CLTD’s for the present investigations allowed to considerably reduce calibration errors as compared to previous measurements with Si-detectors [10], and to extend the datasets to lower energies, not accessible before.

References

[1] ICRU Report 73, Journal of the ICRU 5, No 1 (2005).

[2] H. Paul, web site: www.exphys.jku.at/stopping/

[3] W.H. Trzaska et al., Nucl. Instr. Meth. B 195, 147, (2002).

Figure 1: Electronic stopping power of Xe ions in carbon obtained from the present experiment [9] together with literature values that have been taken from the electronic library for stopping powers of H. Paul [2] (Trz09 [10], Gs98 [11], Pap78 [12]). The lines represent theoretical calculations with the semi-empirical computer code SRIM [13] and the ab-initio models CasP [14] and PASS [15].

[4] J. Zhang, Nucl. Instr. Meth. B 196, 1, (2002). [5] P. Egelhof and S. Kraft-Bermuth, Topics in Applied Physics 99, 469, (2005).

[6] S. Kraft-Bermuth et al., Rev. Sci. Instrum. 80, 103304, (2009).

[7] A. Echler et al., J. Low Temp. Phys.167, 5-6, 949, (2012). [8] A. Javanainen et al., IEEE Trans. Nuc. Sci. 54, 4, 1158, (2007).

[9] A. Echler et al., J. Low Temp. Phys. DOI 10.1007/s10909- 013-1043-y (2014).

[10] W.H. Trzaska et al., Nucl. Instr. Meth. B 267, 3403, (2009). [11] H. Geissel et al., various data summarized in electronic library of H. Paul [2] .

[12] H. Pape et al., Zeitschr. f. Phys. A286, 159, (1978). [13] J.F. Ziegler, Nucl. Instr. Meth. B 268, 11-12, 1818, (2010), www.srim.org.

[14] G. Schiwietz and P.L. Grande, Nucl. Instr. Meth. B 273, 1, (2012), CasP download: http://www.casp-program.org/ [15] PASS-code based on Binary theory of electronic stopping, P. Sigmund and A. Schinner, Nucl. Instr. Meth. B 195, 64, (2002)

GSI SCIENTIFIC REPORT 2013 NUSTAR-KR-12

doi:10.15120 /GR-2014-1-NUSTAR-KR-12 151

Efficiency calibration of the neutron detector BELEN-48 with (p,n) and ( α ,n) reactions at the PTB Braunschweig^∗

M. Marta^{1,2}, J. Agramunt^3, R. Caballero-Folch^4, G. Cortés^4, I. Dillmann^{1,2,5}, M. Erhard^6, L.M. Fraile^7, U. Giesen^6, B. Kindler^1, B. Lommel^1, R. Nolte^6, A. Riego^4, S. R öttger^6, and J.L. Taín^3

1GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany;^2II. Physikalisches Institut, Justus-Liebig Universität Giessen, Germany;^3IFIC-CSIC University of Valencia, Valencia, Spain;^4INTE-DFEN, Universitat Politecnica de Catalunya, Barcelona, Spain;^5TRIUMF, Vancouver, Canada;^6Physikalisch-Technische Bundesanstalt (PTB), Braunschweig, Germany;^7Universidad Complutense de Madrid, Spain

The BEta-deLayEd Neutron detector BELEN is a highly efficient device designed for the DESPEC project at FAIR. It has already been successfully used during the experiments S323 and S410 at the Fragment Separator to measure β-delayed neutron probabilities and half-lives of neutronrich nuclei close to the r-process path, for nuclear structure and nuclear astrophysics studies.

In its present version, it consists of 48^3He proportional counters arranged to form three concentric rings embedded in a polyethylene matrix. Due to the thermalization process, the information about the initial neutron energy is lost but the detection efficiency is strongly increased. Therefore the position and number of counters in the rings are designed in such a way that the efficiency remains constant over a broad range of neutron energy from thermal up to a few MeV. The simulations are performed with an MCNPX code and have to be validated by experiments that make use of known neutron fluxes produced in the center of the detector.

Measurements with a calibrated^{252} Cf source provide only one efficiency value corresponding to a spectrumaveraged neutron energy of 2.14 MeV. In order to have a more stringent test on the simulated efficiency curve, the calibration has been extended with well-known (p,n) and (α ,n) reactions on^{13} C and^{51} V targets producing neutrons with limited energy spread, ranging between 0.2 and 5.3 MeV. The list of reactions and energies used is summarized in table 1.

Reaction E_{proj} E_n [MeV] [MeV] min max 51 V(p,n)^{51}Cr 1.80 0.20 0.25 51 V(p,n)^{51}Cr 2.14 0.51 0.59 51 V(p,n)^{51}Cr 2.27 0.63 0.73 13 C(p,n)^{13}N 4.45 0.77 1.36 13 C(α ,n)^{16} O 1.05 2.5 3.2 13 C(α ,n)^{16} O 3.30 3.6 5.3

Table 1: List of reactions used for the calibration. Maximum and minimum neutron energies En refer to the smaller (forward) and largest (backward) angle covered by BELEN-48, i.e. from about 16 to 164 degrees.

The experiment was performed at the PTB ion acceler-

∗ This work was supported by the Helmholtz association via the Young Investigators Group VH-NG-627.

ator facility (PIAF) of the Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig/Germany, where a Van de Graaff accelerator and cyclotron provided the α and p beams of desired energy and intensity. The BELEN-48 polyethylene matrix was installed with the air-cooled target holder located at the end of a beam line at the center of the detector. The target chamber was designed as a Faraday cup to measure the beam currents on target with suppression electrodes and collimators. At a second beam line it was possible to produce the same neutron flux as inside BE- LEN, with very similar target and beam conditions, and to measure reaction yields and angular distributions with the calibrated neutron detectors of PTB at several angles with respect to the beam axis. The reactions on^{13} C target show large anisotropy in the center-of-mass frame. The angular distributions of^{51} V(p,n)^{51}Cr are still to be measured.

The measured angular distributions need to be taken into account in the simulation of the efficiency for each reaction and beam energy, since neutrons enter BELEN with different probabilities and energies at different angles. For the moment the preliminary experimental efficiency (Fig. 1) is obtained as the ratio of neutrons detected in BELEN-48, and a normalized-to-isotropy value for neutrons emitted. The normalization takes into account each measured angular distribution and the detection solid angle, making a comparison of all data and simulation possible.

Figure 1: Comparison of the efficiency curve simulated with MCNPX (dotted line) and preliminary experimental values. The Vanadium data is shown without uncertainty due to the missing angular distribution information that prevents its normalization.

NUSTAR-KR-13 GSI SCIENTIFIC REPORT 2013

152 doi:10.15120 /GR-2014-1-NUSTAR-KR-13

SOFIARoot: Simulation of the SOFIA/ANDES Setup

J.L. Rodríguez-Śanchez, H. Álvarez-Pol, Y. Ayyad, J. Benlliure, P. Cabanelas, and C. Paradela for the SOFIA/ANDES collaboration

University of Santiago de Compostela, Spain

SOFIA/ANDES is an innovative experimental programme on nuclear fission developed at GSI-FAIR. These experiments provide for the first time complete isotopic yields (nuclear charge and mass) for both fragments over a broad range of fissioning nuclei from^{238} Np down to 183 Hg. Moreover ANDES experiment provides the light charged particles and neutron multiplicities.

SOFIARoot is the simulation tool for the SOFIA / AN- DES setups [1, 2] within the FAIRRoot [3] framework, a Root-based software for the simulation and data analysis developed at GSI for the analysis of the future FAIR experiments.

Part of this framework was also inherited from R3BRoot [4] that delivers base classes which allowed to implement detectors and derive simulation and analysis tasks in a simple way. It also supplies some general functionality like track visualization, database support and event structure as well as the full mathematical, histogramming and advance analysis machinery contained in the ROOT classes.

As a data-analysis tool, SOFIARoot allows an event-by-event based analysis, from the unpacking and basic calibration to the final processing of the combined physics observables, following a set of succesive tasks, ruled by userfriendly macros. As a simulation tool (Fig. 1), SOFIA- Root supports Geant3 and Geant4 transport engines, interfacing with their geometry constructors. Furthermore the ALADIN magnet field map is included as an interpolation based on field-map measurements. The simulation also provides a constant magnetic field which is described in the macros. The user can switch between the two fields by a simple setup selection in the configuration macros which

MUSIC

TPC Target

Start

He pipe

Wall for LCPs

Twin MUSIC

MWPC

He pipe

MWPC

ToF Wall

LAND detector ALADIN dipole

Figure 1: ANDES setup implemented in simulation.

allow to do a selection without blending or overlapping fields. The detectors (TPC, MUSIC, Twin MUSIC[5], MWPCs and ToF Walls [6]) used in the experiments were also included while LAND detector was exported from R3BRoot.

Calibration and digitization parameters, geometry elements of detectors and other parameters are stored in a runtime database supporting different input/output methods, including ASCII, ROOT binary format and several available databases using SQL lenguage.

The most important of SOFIARoot is that allows the realization of the analysis and simulation under the same platform. The benefits of this approach include the evaluation of the geometrical efficiencies and other systematical uncertainties under the same platform which have already been used for the analysis of [7, 8].

References

[1] E. Pellereau et al., EPJ Vol. 62 06005 (2013).

[2] J.L. Rodríguez-Sánchez et al., EPJ Vol. 62 07009 (2013).

[3] FAIRRoot, http://fairroot.gsi.de/

[4] R3BRoot, simulation and analysis framework for the R3B experiment at FAIR, D. Bertini, J. Phys.: Conf. Ser. 331 032036 (2011).

[5] B Voss et al., GSI Scientific Report 2011, p.184-186.

[6] A. Ebran et al., Nucl. Instrum. Methods A 728 (2013) 40.

[7] J.L. Rodríguez-Sánchez et al., ”Total Fission Cross Sections for Proton-Induced Fission of^{208} Pb” in this annual report.

[8] J.L. Rodríguez-Sánchez et al., ”Identification and Reconstruction of Fission Fragments for Proton-Induced Fission of 208 Pb at 500 MeV in Inverse Kinematics” in this annual report.

GSI SCIENTIFIC REPORT 2013 NUSTAR-KR-14

doi:10.15120 /GR-2014-1-NUSTAR-KR-14 153

GGLAND — command line simulations

H.T. Johansson^1, R. Thies^1, S. Buller^1, A. Heinz^1, S. Lindberg^1, J. Magnusson^1, T. Nilsson^1, T. Rathsman^1, and the R^3B collaboration

1Chalmers Univ. of Technology, Göteborg, Sweden

GGLAND is a small wrapper program around the GEANT3 and GEANT4 physics simulation libraries. Its task is to make it easy to perform the simulations needed for physics analysis of LAND/R^3B experiments, as well as other smaller nuclear physics setups.

The basic idea behind GGLAND [1] is that the physics knowledge needed for particle transport through matter is handled by the general libraries GEANT3/4 [2]/[3]. To perform a simulation, the user has to write code to interface the libraries, to setup and declare the geometry, generate particles, and retrieve results; often an obstacle for quick tests.

The wrapper program has grown organically out of a need to simulate calibrations of the Crystal Ball detector. But for each new feature, the handling has been generalised to allow use in other cases as well. GGLAND has thus become a rather versatile tool, especially for quick back-of-the-envelope simulations (see Fig. 1), since the user generally does not have to write or modify any code. Operation is controlled by command-line options and output data can be recorded in ROOT-files, with content very much resembling real data that has passed the first steps of analysis.

The program can run simulations in parallel by forking itself as several slave processes after setup. The master process gives the pseudo-random seeds for each event, and automatically merges the output data in original event order, with results independent of actual simulation order.

Geometry definition — detectors

The geometry elements making up the detectors are created on program startup, every time. This avoids bitrot in the creation code, is a very small fraction of the execution time, and gives flexibility in the creation and subsequent hit handling. Each detector type can be maintained in a single source file. The creation function constructs objects according to variables in an associated structure, describing vital measurements and other characteristics of the design. The default values can be overriden on the command line. Several detectors using the same design but with different parameters can be instantiated, as well as exact clones. Magnetic fields are placed using the same mechanism.

Particle gun

For each simulated event, one or more particles need to be generated, and passed to the physics interaction packages of GEANT3/4. The particle gun takes options to control various forms of randomisation of the source location, particle type, direction and energy. Matching the flexibility

./land_geant4 --gun=T=1MeV,gamma,z0=-2cm \ --test=d=1cm,type=Ge,tree=1 \ --tree=test4.root --events=100000

E [MeV]

0 0.2 0.4 0.6 0.8 1 0 200 400 600 800 1000

1200

1400_{Simulation engine}

GEANT3

GEANT4

Figure 1: Top: command-line example with a beam of 1 MeV photons directed at a 1 cm^3 cube of Ge, using a flexible test detector. Left: display of 10 events. Right: results, showing full energy detection and the Compton edge.

of physicists in specifying energies, many ways are supported: kinetic, total, momentum, β, and Bρ . Particles with correlations can be produced, e.g. for γ decay schemes with level feeding and back-to-back photons. Muons can be drawn from a realistic cosmic distribution [4], as well as particles in phase-space distributions, and boosting (e.g. reaction products from a fixed beam velocity).

To use particles from other reaction generator codes, particles can also be created from an input file.

Digitisation

For selected detector volumes, the discretised energy deposits reported by GEANT3/4 are collected. They are combined by a clusteriser, considering separation in space and time to determine which deposits to join. The resulting hits can be stored in ROOT trees for subsequent analysis. To help understand the processes simulated, the vertices with particles produced can be dumped as structured text, which can be colourised by a special markup program (ggmark ).

References

[1] H.T. Johansson, “The ggland command-line simulation wrapper” (2013), Göteborg, http://fy.chalmers.se/~f96hajo/ggland/ [2] “GEANT, Detector Description and Simulation Tool, CERN Program Library Long Write-up W5013”, CERN Geneva.

[3] S. Agostinelli et al., “Geant4—a simulation toolkit”, NIM A 506 (2003), 250–303.

[4] J. Kempa A. Krawczynska, “Low energy muons in the cosmic radiation”, Nucl.Phys. B (Proc. Suppl.) 151 (2006) 299-302.

NUSTAR-KR-15 GSI SCIENTIFIC REPORT 2013

154 doi:10.15120 /GR-2014-1-NUSTAR-KR-15

– PRECISION X-RAY SPECTROSCOPY FOR EXTREME FIELDS IN HIGH-Z IONS^∗

H.F. Beyer^1, D. Banaś^2, K.-H. Blumenhagen^8, F. Bosch^1, C. Brandau^4, W. Chen^1, Chr. Dimopoulou^1, E. Förster^{3,8}, T. Gaßner^{1,8}, A. Gumberidze^4, S. Hagmann^{1,5}, R. Heß^1, P.-M. Hillenbrand^1, P. Indelicato^6, P. Jagodzinski^2, T. K ämpfer^8, Chr. Kozhuharov^1, M. Lestinsky^1, D. Liesen^1, Yu.A. Litvinov^1, R. Loetzsch^8, B. Manil^7, R. M ärtin^8, F. Nolden^1, N. Petridis^{4,5}, M.S. Sanjari^{1,4}, K.S. Schulze^8, M. Schwemlein^1, A. Simionovici^{10}, U. Spillmann^1, M. Steck^1, Th. Stöhlker^{1,8}, C.I. Szabo^6, M. Trassinelli^{10}, S. Trotsenko^8, I. Uschmann^{3,8}, G. Weber^8, O. Wehrhan^{3,8}, N. Winckler^1, D. Winters^1, N. Winters^1, and E. Ziegler^{11}

1GSI Helmholtzzentrum, Darmstadt, Germany;^2Institute of Physics, Swietokrzyska Academy, Kielce, Poland;^3Inst. für Optik und Quantenelektronik, Friedrich-Schiller-Universität, Jena, Germany;^4Extreme Matter Institute, EMMI, GSI Helmholtzzentrum, Darmstadt, Germany;^5Institut für Kernphysik, Goethe-Universität, Frankfurt am Main, Germany; 6Lab. Kastler Brossel, Université P. et M. Curie, Paris, France;^7Laboratoire de Physique des Lasers (LPL) UMR 7538 CNRS - Université Paris 13, Villetaneuse, France;^8Helmholtz-Institut Jena, Jena, Germany;^9LGIT, Observatoire des Sciences de l’Univers de Grenoble, Grenoble, France;^{10}Institut des Nanosciences de Paris, Université Pierre et Marie Curie-Paris 6 and CNRS-UMR 7588, Paris, France;^{11}ESRF, Grenoble, France Introduction and Motivation The extraordinarily strong electric field provided by the nucleus of a very heavy one-electron ion exposed to its inner electrons is the testing ground for bound-state quantum electrodynamics (QED) in a largely unexplored domain. Experimentally the QED contribution to the 1s binding energy is accessible via a direct measurement of the K-shell transitions with sufficient accuracy. The corresponding Lyman transitions in high- Z ions lie in the hard x-ray region. Previously the x-ray energy has been measured with the aid of germanium xray detectors of limited resolution [1]. The present experiment marks the leap to wavelength-dispersive spectroscopy of substantially higher spectral resolving power simultaneously coping with the low x-ray intensity.

Experiment Figure 1 schematically shows the twin crystal-spectrometer assembly, Bi-FOCAL, operated in the FOcusing Compensated Asymmetric Laue [2] geometry which has been arranged at the ESR gas jet. The spectrometer system [3, 4] equipped with two 2D position-sensitive Ge strip detectors [5, 6], F1 and F2, was used in an experiment with one-electron Au^{78+} ions at a velocity corresponding to β = 0 .4711. The twin spectrometers were deliberately arranged symmetrically around the ion-beam at observation angles of ± 90^∘ in an angular-sensitive geometry where the usual Doppler broadening and angular Doppler uncertainties are near their maximum. The imaging properties of the FOCAL crystal optics are turned to advantage retaining nearly full spectral resolution also for the fast moving source.

Complementary to the crystal spectrometer an array of low-temperature micro calorimeters were mounted in a velocity-sensitive geometry at an observation angle of 145^∘, where angular uncertainties are reduced. That ex-

∗ This work has been supported by the European Community FP7 Capacities, contract ENSAR No. 262010. D. Banas acknowledges the support by the Polish Ministry of Science and Higher Education under Grant No. N N202 46353. P.-M. Hillenbrand acknowledges support by HIC-for- FAIR through HGS-HIRe and the Helmholtz-CAS Joint Research Group HCJRG-108.

Figure 1: Two crystal-spectrometers, Bi-FOCAL, symmetrically arranged around the ion beam at the ESR gas jet. Wavelength dispersion occurs in the vertical direction and the spectra are recorded by two position-sensitive x-ray detectors F1 and F2 mounted at two of the possible four locations as indicated.

periment, run in parallel, is described in another report [7].

Besides the high background-suppression capabilities of FOCAL figure 2 demonstrates its slanted Lyman-α and -β lines of Au^{78+} in accordance with the underlying x-ray-optical design. Without crystal optics Doppler broadening would blur the whole spectral range displayed. The spectrum shown in figure 3 was obtained by projecting the intensity along the slanted lines. In the experiment the Lyman-α_1 line was Doppler tuned to the position of the 63.1-keV gamma-ray line emitted from a radioactive sample of^{169} Yb used as a calibration source rendering dispersion uncertainties unimportant.

Systematic Effects At an observation angle of exactly 90^∘ the required transition wavelength λi_{on} in the emit-

GSI SCIENTIFIC REPORT 2013 PNI-AP-01

doi:10.15120 /GR-2014-1-PNI-AP-01 155

Figure 2: The spectrum of hydrogen-like Au^{78+} revealed as a position spectrum taken by F2. The Lyman-α and - β doublets appear as slanted lines caused by the Doppler effect in counterplay with the crystal optics employed.

Figure 3: The Lyman-α and -β doublets of Au^{78+} obtained by a projection of the two-dimensional intensity distribution of figure 2.

ter frame is simply related to the laboratory wavelength by λl_{ab} = γ λ i_{on} where γ denotes the relativistic Lorentz parameter. The two arms of the spectrometer assembly are mounted accurately inline resulting in observation angles λlab(ϑ) and λlab(π − ϑ), respectively. However missalignment of the ion beam relative to the spectrometer axis might still persist. This class of uncertainties are well canceled by averaging the two laboratory wavelengths as λion = ( λlab(ϑ) + λlab(π − ϑ))/ (2γ).

In addition there are a number of systematic influences on the measured wavelength that do not simply cancel and which need to be carefully identified and analyzed. We are currently in the process of assessing systematic corrections and their corresponding uncertainties referring to the procedures and mathematical algorithms by which the spectral lines are located including long-term drifts plus all the geometrical effects due to the positions and angular orientations of the x-ray source, of the curved silicon crystals and of the x-ray detectors. A particularly important example is the position of the gas-jet target in the horizontal plane

Figure 4: The radius of curvature of the two silicon crystals Karl and Ludwig determined by three different methods: optical reflections on the polished crystal surfaces, mapping with synchrotron radiation at the ESRF and by operating FOCAL as a scanner.

spanned by the ion-beam and the spectrometer axis. This was investigated in a separate experiment by scanning a thin wire across the gas jet [8].

Here we mention two other examples of the crystal optics which need to be understood: (i) the radius of curvature of the two crystals named Karl and Ludwigwas measured by three different methods which gave consistent results as summarized in figure 4. (ii) the observed slope of the spectral lines along with the calculated prediction is summarized in Table 1. Although the slanting effect is generally confirmed the measured slopes tend to be slightly lower than predicted.

Table 1: Doppler slanting: predicted and observed slopes of the Lyman-α_{1,2} and Lyman-β spectral lines of Au^{78+} at a velocity of β ≡ v/c = 0 .4711.

Lyman-α_2 Lyman-α_1 Lyman-β predicted 0.01922 0.01862 0.01597 observed FOCAL-1 0.0184(2) 0.0183(2) FOCAL-2 0.0188(3) 0.0179(2) 0.0165(4)

We thank K. Eberhard from the Institut für Kernchemie of the Johannes Gutenberg-Universität, Mainz, for the preparation of our calibration sources.

References

[1] A. Gumberidze et al., Phys. Rev. Lett. 94 (2005) 223001.

[2] H. F. Beyer, Nucl. Instrum. Methods. A400 (1997) 137.

[3] H.F. Beyer et al., Spectrochimica Acta B 59 (2004) 1535.

[4] H.F. Beyer et al., Spectrochimica Acta B 64 (2009) 736.

[5] D. Protić et al. IEEE Trans. Nucl. Sc. 52 (2005) 3194.

[6] U. Spillmann et al., Rev. Sc. Instr. 79 (2008) 083101.

[7] S. Kraft-Bermuth et al., GSI scientific report 2013.

[8] T. Gaßner et al., GSI scientific report 2013.

PNI-AP-01 GSI SCIENTIFIC REPORT 2013

156 doi:10.15120 /GR-2014-1-PNI-AP-01

Forward-angle electron spectroscopy in ion-atom collisions studied at the ESR^∗

P.-M. Hillenbrand^{1,2}, S. Hagmann^{1,3}, D. Banaś^4, C. Brandau^{2,5}, K.-H. Blumenhagen^{6,7}, W. Chen^1, R. Dörner^3, E. De Filippo^8, A. Gumberidze^5, D. L. Guo^9, O. Kovtun^{10}, C. Kozhuharov^1, M. Lestinsky^1, Yu. A. Litvinov^1, A. M üller^2, H. Rothard^{11}, S. Schippers^2, M. S. Sch öffler^3, U. Spillmann^1, S. Trotsenko^{1,6}, N. Winckler^1, X. L. Yan^9, X. L. Zhu^9, and Th. Stöhlker^{1,6,7}

1GSI Darmstadt;^2Univ. Giessen;^3Univ. Frankfurt;^4Univ. Kielce, Poland;^5EMMI Darmstadt;^6HI Jena;^7Univ. Jena;

8INFN Catania, Italy;^9IMP Lanzhou, China;^{10}Univ. Heidelberg;^{11}CIMAP-CIRIL-Ganil, Caen, France

The spectroscopy of electrons emitted in low-energy ionatom collisions, in particular in forward direction parallel to the projectile ion beam, has been in the focus of research in atomic physics for several decades. These electrons populate low-lying continuum states of the projectile and, due to Lorentz transformation, are observed in the laboratory frame as electrons emitted under ϑ_e ≈ 0^∘ with a velocity v_e similar to the projectile velocity v_e ≈ v_p. Experimentally the spectroscopy of these so-called ”cusp-electrons” benefits from enhanced energy resolution due to a reduced Doppler broadening.

� � � � � � �

� � � � �

� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � �

� � � � � � � � � � � � � � � � � � � � � � � � �

� Total

� ELC

� RECC

� ECC

40 50 60 70 80 90 100 0.0 0.2 0.4 0.6 0.8 1.0 0.5 0.1 0 0.1 0.5 1 2 3 4 5 6 7 8

electron energy in laboratory system E_e �keV� d^2Σ �dE_e�d�_e �arb. units� electron energy in projectile system E_e'�keV�

preliminary

Figure 1: Energy distribution of forward emitted electrons originating from processes (a) – (c).

At GSI this field of research was extended to high-energy heavy-ion atom collisions. For this purpose collisions of beryllium-like U^{88+} projectile ions at 90 MeV/u colliding with a molecular gas-jet target of N_2 were studied at the ESR in a beam time in 2012. The energy distribution of cusp electrons emitted in these collisions was measured with a dedicated magnetic electron spectrometer located downstream the gas-jet target. Additionally five X-ray detectors were positioned around the target, and two particle detectors were used to detect projectile ions which had lost or captured one electron during a collision with the target (or the residual gas). Applying coincidence conditions between the electrons observed in the spectrometer and signals of one of the X-ray or particle detectors three differ-

∗ Work supported by HIC-for-FAIR through HGS-HIRe and Helmholtz-CAS Joint Research Group HCJRG-108.

ent collision processes could be observed. Each of them resulted in an electron populating a low-lying continuum state of the projectile:

(a) The electron loss to continuum (ELC) corresponds to the ionization of a projectile electron into the projectile continuum during the collision with the target:

U^{88+} + N_2 → U^{89+} + [ N_2]^∗ + e^− .

(b) The electron capture to continuum (ECC) corresponds to the capture of a target electron into the projectile continuum, while the excess energy is carried away by the recoil of the generated target ion:

U^{88+} + N_2 → U^{88+} + � N^+_2

�_∗

+ e^− .

(c) The radiative electron capture to continuum (RECC) corresponds to the capture of a target electron into the projectile continuum, while the excess energy is carried away by a photon:

U^{88+} + N_2 → U^{88+} + � N^+_2

�_∗ + e^− + γ.

Previously the RECC process (c) was for the first time observed unambiguously at GSI and experimentally proven to be equivalent to the high-energy endpoint of electronnucleus bremsstrahlung studied in inverse kinematics [1]. Succeeding this pioneering experiment a high-resolution measurement of the processes (a) – (c) was performed in 2012, with a significantly improved experimental setup [2]. Whereas for low-energy projectiles used in former studies the cusp electron spectrum was dominated by ECC or ELC, it was proven within this experiment that at 90 MeV/u the cross sections of the three processes are comparably large, while the shapes of the electron energy distributions show significant differences (Fig. 1). Notably the opposite asymmetry of ECC and RECC gives a clear signature of the different underlying collision mechanisms. Comparison of the experimental results with various theoretical calculations is currently under way and soon to be published.

References

[1] M. Nofal et al., Phys. Rev. Lett. 99, 163201 (2007) [2] P.-M. Hillenbrand, Elektronenspektroskopie im Fundamentalprozess der Elektron-Kern-Bremsstrahlung , Dissertation Universität Giessen (2013)

GSI SCIENTIFIC REPORT 2013 PNI-AP-02

doi:10.15120 /GR-2014-1-PNI-AP-02 157

The Effect of the Breit-Interaction Studied for the Emission Characteristics of 1s2s^22p_{1/ 2} Decay in Be-like Uranium^∗

S. Trotsenko^{1,2}, A. Gumberidze^{3,4}, Y. Gao^{2,5}, C. Kozhuharov^2, S. Fritzsche^{1,6}, A. Surzhykov^{1,2,6}, N. Petridis^{2,7}, D. B. Thorn^{3,4}, H.F. Beyer^2, R.E. Grisenti^{2,7}, S. Hagmann^{2,7}, P.-M. Hillenbrand^2, U. Spillmann^2, G. Weber^1, and Th. Stöhlker^{1,2,3,6}

1Helmholtz-Institut Jena, D-07743 Jena, Germany;^2GSI Helmholtzzentrum für Schwerionenforschung, D-64291 Darmstadt, Germany;^3ExtreMe Matter Institute EMMI, D-64291 Darmstadt, Germany;^4FIAS, Frankfurt a. M., Germany;^5Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou, China;^6Friedrich-Schiller-Universität Jena, D-07743 Jena, Germany;^7Institut für Kernphysik, Universität Frankfurt, Germany

The well-known Breit interaction was first worked out by Gregory Breit in order to calculate the fine-structure of atomic helium [1]. Nowadays, the Breit interaction is described as quantum electrodynamics (QED) effect. It includes magnetic interactions and retardation in the exchange of a single virtual photon between the electrons, and affects not only the energy level structure but also the dynamics of atomic processes. The interaction has aroused great interest in further exploration and analysis of relativistic contributions to the electron-electron interaction, and its importance has already been confirmed for several processes in the collisions between electrons and highly charged ions (HCI) [2, 3, 4, 5, 6, 7, 8, 9].

More often than not the influence of the Breit interaction is small, so it is treated as a minor correction to the Coulomb interaction. However, in certain cases it can even dominate dynamics involving highly charged ions. Nakamura et al. [10] found that the Breit interaction can enhance dielectronic recombination (DR) resonant strengths by almost 100%. Soon afterwards, Fritzsche et al. [11] predicted that the Breit interaction could dominate the Coulomb interaction in the x-ray emission of Li-like heavy ions following dielectronic recombination and could even qualitatively change the angular distribution of x-rays for heavy ions with nuclear charge Z ≥ 73. Three years later, Hu et al. [12] obtained experimental evidence for the prediction of Fritzsche et al. by measuring the angular distribution of the [1s2s^22p_{1/ 2}]_1 −→ [1s^22s^2]_0 transition in dielectronic recombination of Li-like Au with free electrons in an electron beam ion trap (EBIT).

In this report, we present the experimental results for angular distribution of characteristic x-rays following the resonant transfer and excitation (RTE) in U^{89+} collisions with H_2 target at the experimental storage ring ESR of GSI. The RTE is equivalent to the DR processes, but with the difference that the electron is initially in a bound state of target. The experiment performed by colliding Li-like uranium (U^{89+} ) ions with H_2 at the resonance energy (116.15 MeV/u) for the U^{89+} [1s^22s]^{H 2}−−→ U^{88+} [1s2s^22p_{1/ 2} ]_1 process. The accurate and stable value of the ion beam energy was guaranteed by the electron cooler of the ESR. The layout of the experimental arrangement at the gas-jet target is

∗ Work supported by HI Jena/EMMI/GSI(ESR)

Figure 1: The experimental setup at the internal gas-jet target of the ESR.

shown in Fig. 1. We measured the angular distribution of the [1s2s^22p_{1/ 2}]_1 −→ [1s^22s^2]_0 x-ray transition following the resonant transfer and excitation.

The x-ray emission from the collisions was recorded with four high purity intrinsic germanium (HPGe(i)) detectors placed at 35^0, 90^0, 120^0 and 150^0 angles with regard to the direction of the ion beam. Exploiting time coincidences between the x-ray detectors and a particle detector mounted after the ESR dipole magnet, we were able to obtain the x-ray spectra corresponding only to the events of U^{89+} capturing an electron into singly or doubly excited states.

Four x-ray spectra have been obtained in the experiment at 35^0, 90^0, 120^0 and 150^0 observation angles corresponding to one-electron-capture events. As an example, Fig. 2 shows the spectrum recorded at 35^0 angle. In the spectrum, several radiative electron capture (REC) lines are present. They are denoted according to the shell where the target electron is captured into, i.e. L-REC stands for the capture into the L-shell (n=2), M-REC stands for the capture into the M-shell (n=3), etc. In addition, the RTE induced peak ([1s2s^22p_{1/ 2}]_1 −→ [1s^22s^2]_0 transition) very close to the radiative electron capture into the 2s_{j =1 / 2} and 2p_{j =1 / 2} states (L-REC_{1/ 2}) is found. The REC peaks are significantly broader than the RTE-induced characteristic transition, due to the Compton profile of the target. This allows us to fit the RTE and REC lines separately and obtain the corresponding intensities. This is also possible for x-ray spectrum recorded at 150^0. However, at 90^0 and 120^0, the large Doppler broadening and a poorer energy resolution

PNI-AP-03 GSI SCIENTIFIC REPORT 2013

158 doi:10.15120 /GR-2014-1-PNI-AP-03

Figure 2: X-ray spectrum obtained at the ESR corresponding to one-electron-capture events in 116.15 MeV/u U^{89+} collisions with the H_2 gas target, obtained at 35^0 observation angle.

of the corresponding detectors smear out the difference between the RTE and L-REC_{1/ 2} peaks, making it impossible to fit them separately and obtain directly their intensities. Therefore, we have to rely on the relativistic REC theory which has been extensively tested in many different experiments [13] and is currently known to provide accurate description of the process. Namely, we used the angular differential cross sections for L-REC_{3/ 2}, L-REC_{1/ 2} and M-REC [14] together with our experimental data for obtaining the intensity of the L-REC_{1/ 2}. As a cross check of theory, we also compared the theoretical values with our experimental results for L-REC_{1/ 2} : L-REC_{3/ 2} and L-REC : M-REC ratios at 35^0 and 150^0 where we could obtain the experimental values independently from the theory. We found a fair agreement between the theoretical and experimental results, however, in couple of cases a deviation of about 10% has been observed. The reason of this deviation is currently unclear. Therefore, we included the uncertainty of 10% for obtaining the experimental RTE intensity values at 90^0 and 120^0 angles. Furthermore, in order to obtain the angular distribution of the RTE induced [1s2s^22p_{1/ 2}]_1 −→ [1s^22s^2]_0 transition, we normalized its intensity to the one of the closely spaced L-REC_{3/ 2} peak and used the theoretical angular differential cross-section for the latter. In this way, uncertainties related to different solid angles and efficiencies of the x-ray detectors are almost completely cancelled out.

Our experimental and theoretical angular distributions [11] of the [1s2s^22p_{1/ 2}]_1 −→ [1s^22s^2]_0 transition are shown in Fig. 3. From the figure, a good qualitative agreement between the experiment and theory agreement can be observed. By fitting the equation for angular distribution of the electric dipole emission [11] to the experimental angular distribution, we received the experimental value for alignment parameter A_2 = − 0.46 ± 0.07. Our result is definitely closer to the prediction from [11] with Breit in-

Figure 3: Experimental angular distribution for the [1s2s^22p_{1/ 2}]_1 −→ [1s^22s^2]_0 transition following the RTE into initially Li-like uranium. The dashed line is a theoretical angular distribution from [11], with the alignment parameter A_2= -0.314. The solid line is from fitting the equation of the electric dipole emission [11] to our experimental data, having A_2 as a free fit parameter.

teraction included (-0.314) than to the one without the Breit interaction (0.47). This can be considered as a proof for the high importance of the Breit interaction for this case. The reason for the relatively small (∼ 2σ) quantitative deviation between our experimental and theoretical results for the alignment parameter (A_2) has still to be clarified.

References

[1] G. Breit, Phys. Rev. 36, 383 (1930). [2] G. Breit, Phys. Rev. 39, 616 (1932). [3] C. Fontes, D. Sampson, and H. Zhang, Phys. Rev. A59,1329 (1999).

[4] R. E. Marrs, S. R. Elliott, and D. A. Knapp, Phys. Rev. 72, 4082 (1994).

[5] W. R. Johnson, Springer, New York (2007). [6] I. P. Grant, Springer, New York (2007). [7] R. W. Childers, Phys. Lett. B 126, 485-488 (1983), ISSN 0370-2693.

[8] C.-Y. Wong and R. Becker, Phys. Rev. B 182, 251 (1986), ISSN 0370-2693.

[9] I. P. Grant and H. M. Quiney, Int. J. Quantum Chem. 182, 283 (2000).

[10] Nobuyuki Nakamura et al., Phys. Rev. Lett. 100, 073203 (2008).

[11] Stephan Fritzsche et al., Phys. Rev. Lett. 103, 113001 (2009).

[12] Zhimin Hu et al., Phys. Rev. Lett.108, 073002 (2012). [13] J. Eichler, Th. Stöhlker, Physics Reports 439, (2007) 1-99. [14] A. Surzykov, (private communication).

GSI SCIENTIFIC REPORT 2013 PNI-AP-03

doi:10.15120 /GR-2014-1-PNI-AP-03 159

Innovative Concepts for Collision Studies at GSI’s and FAIR’s Storage Rings^∗

C. Brandau^{1,2,4}, J. Glorius^{2,3}, C. Trageser^{1,4}, R. Reifarth^3, M. Heil^2, A. M üller^4, A. Gumberidze^{1,2}, C. Kozhuharov^2, Yu.A. Litvinov^{2,6}, M. Meister^2, S. Sanjari^{1,2}, S. Schippers^4, T. St öhlker^{2,7,8}, T. Davinson^5, and P. Woods^5

1EMMI/FIAS, Darmstadt;^2GSI, Darmstadt;^3Universität Frankfurt;^4Universität Gießen;^5University of Edinburgh; 6MPIK, Heidelberg;^7Helmholtz-Institut Jena;^8Universität Jena

Installation of two new detector manipulators in the dipoles of the ESR

Two prototype systems of a new particle detector manipulator ([1], and Fig. 1) are currently being installed in the ESR’s first dipole magnets in the south and the north arc, i.e., behind the electron cooler and the gas-target, respectively. The manipulators are equipped with vacuum gate valves and vacuum pumps and can thus be separated completely from the main vacuum system of the storage ring. The present design is especially adapted for the installation of detectors at the last ports of the C-type dipole magnets. The set-up in the south arc behind the electron cooler features a detector pocket with an entrance window of 25 μm thickness and is primarily targeted at recombination studies with a stochastically cooled ion beam using the electron cooler solely as a target for free electrons (cf. e.g. [2]). In the north arc a special detector mount is installed that allows for the placement of a detector in-vacuum on the inside of the ring. As a consequence of the C-type magnet design, the detector has to be inserted from the outside of the ring prior to beam injection leaving sufficient space for the circulating initially uncooled primary beam. The main purpose of this set-up is to enable nuclear reac-

Figure 1: New detector manipulator in the first dipole magnet of the south arc (behind the electron cooler) of the ESR.

tion studies at the internal gas-target at ion energies around the Coulomb barrier or around the Gamov window such as nuclear astrophysics (p,γ) experiments [3]. A new UHV compatible position sensitive ceramic-mounted Si-detector

∗ Work is supported by BMBF (contracts 06GI911I and 06GI7127/05P12R6FAN), by the Alliance Program of the Helmholtz Association (HA216/EMMI), by the HGF Young Investigators Project VH-NG-327 and by HIC for FAIR.

(Micron semiconductors) is delivered, was vacuum tested at GSI and will be mounted in the near future. Commissioning of the manipulators with beam and first (p,γ) data taking runs at the ESR are scheduled for the upcoming beamtimes spring/summer 2014.

A new data acquisition for the integration of Schottky signals in AP experiments

In a collaboration of Giessen University, EMMI and GSI a new data acquisition is presently being set-up that aims at the continuous and broadband recording of RF Schottky signals at the present ESR, and in perspective at FAIR’s future storage rings. In addition to the wellestablished Schottky mass and decay studies (cf. e.g. [4]) it is envisaged to provide a transparent, seamless and nondestructive recording of ion beam parameters (’beam logbook’) and supply the data for storage ring experiments. The DAQ system comprises a modular PXIe crate and corresponding modules (National Instrument VSA type NI- 5663E and Counter NI-6602, additional digitizer SPDevices ADQ-214) and is capable of uninterrupted highresolution recording of the full ring momentum acceptance. The DAQ records the Schottky signals of both, the old parallel plate pick-up and the new high-resolution cavitybased pick-up [5] simultaneously. In particular, the single particle sensitivity of the new resonant pick-up features a much improved time-resolution. The combination of both pick-ups with the new highly performant DAQ will also facilitate new experimental schemes for atomic and nuclear collsion studies at storage rings [6].

The system is presently being commisioned offline with test signals: an initial data taking software (using NI Labview) and first data analysis routines have already been implemented. Tests and optimizations with beams are planned for the course of 2014.

References

[1] C. Brandau et al., GSI annual report 2012, p. 327. [2] D. Bernhardt et al., Phys. Rev. A 783 (2011), 020701. [3] Q. Zhong, et al., J. Phys: Conf. Ser. 202 (2010), 012011. [4] Yu.A. Litvinov and F. Bosch, Rep. Prog. Phys. 74 (2011), 016301.

[5] F. Nolden et al., Nucl. Instrum. Meth. A (2011) 659, 69. [6] C. Trageser et al., 11th ECAMP, Aarhus, Denmark, 24.- 28.6.2013.

PNI-AP-04 GSI SCIENTIFIC REPORT 2013

160 doi:10.15120 /GR-2014-1-PNI-AP-04

High-resolution measurement of the time-modulated orbital electron-capture and of the β^+ decay of hydrogen-like^{142}Pm^{60+} ions^∗

P. Kienle^{†1,2}, F. Bosch^3, P. B ühler^2, T. Faestermann^1, Yu.A. Litvinov^{3,4,5}, M.S. Sanjari^{3,6,7}, D.B. Shubina^{4,5}, N. Winckler^{3,4}, D. Atanasov^{4,8}, H. Geissel^{3,9}, V. Ivanova^3, X.L. Yan^{3,4,10}, D. Boutin^{3,11}, C. Brandau^{3,7,12}, I. Dillmann^{3,9}, C. Dimopoulou^3, R. Hess^{3,7}, P.-M. Hillebrand^{3,12}, I. Izumikawa^{13}, R. Kn öbel^{3,9}, J. Kurcewicz^{3,8}, N. Kuzminchuk^{3,9}, M. Lestinsky^3, S.A. Litvinov^3, X.W. Ma^{10}, L. Maier^1, M. Mazzocco^{3,14}, I. Mukha^3, C. Nociforo^3, F. Nolden^3, C. Scheidenberger^{3,9}, U. Spillmann^3, M. Steck^3, Th. Stöhlker^{3,15,16}, B.H. Sun^{3,9,17}, F. Suzaki^{18}, S.Yu. Torilov^{19}, M. Trassinelli^{3,20}, X.L. Tu^{3,10}, M. Wang^{10}, H. Weick^3, D.F.A. Winters^3, N. Winters^3, P.J. Woods^{21}, T. Yamaguchi^{18}, and G.L. Zhang^{17}

1Technische Universität München, 85748 Garching, Germany;^2Stefan Meyer Institut für subatomare Physik, 1090 Vienna, Austria;^3GSI Helmholtzzentrum für Schwerionenforschung, 64291 Darmstadt, Germany;

4Max-Planck-Institut für Kernphysik, 69117 Heidelberg, Germany;^5Physikalisches Institut, Universität Heidelberg, 69120 Heidelberg, Germany;^6J.W.-Goethe Universität, 60438 Frankfurt, Germany;^7ExtreMe Matter Institute EMMI, 64291 Darmstadt, Germany;^8CERN, 1211 Geneva 23, Switzerland;^9II Physikalisches Institut, Justus-Liebig-Universität Gießen, 35392 Gießen, Germany;^{10}Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, PR China;^{11}Service de physique nucléaire CEA-Saclay, F 91191 Gif-Sur-Yvette Cedex, France;^{12}Institut für Atom- und Molekülphysik, Justus-Liebig-Universität Gießen, 35392 Gießen, Germany;^{13}Radio Isotope Center, Niigata University, Niigata-951-8510, Japan;^{14}Dipartimento di Fisica, INFN, 135131 Padova, Italy; 15Institute of Physics, Friedrich-Schiller-Universität Jena, 07743 Jena, Germany;^{16}Helmholtz-Institut Jena, Fröbelstieg 3, 07743 Jena, Germany;^{17}School of Physics and Nuclear Energy Engineering, Beihang University, 100191 Beijing, China;^{18}Graduate School of Science and Engineering, Saitama University, Saitama 338-8570, Japan;^{19}St. Petersburg State University, 198504 St. Petersburg, Russia;^{20}INSP, CNRS and Université Pierre et Marie Curie, UMR 7588, 75005 Paris, France;^{21}School of Physics and Astronomy, University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom

We report on the re-investigation of the two-body orbital electron-capture (EC) decay of hydrogen-like^{142} Pm^{60+} ions, stored and cooled in the Experimental Storage Ring ESR of GSI [1]. In a first measurement of this system, a couple of years ago, a modulation superimposed on the exponential decay has been observed with a period of T = 7 .1 seconds and an amplitude of about a = 0 .2 [2]. In the present experiment we benefitted from a newly designed Schottky-noise frequency detector [3]. This device, a 245 MHz pillbox-like resonator, exhibits a signal-to-noise ratio improved by about two orders of magnitude with respect to the capacitive pick-up used in the previous experiment. It reveals in an unprecedented manner hitherto hidden details of the EC decay of a single ion and provides the true decay time as well as the time- and frequency-resolved kinematics and the entire cooling process of the recoiling daughter nucleus just from the moment of its generation, as demonstrated in Fig. 1. In particular, the projection of the

∗ Work supported in part by the DFG cluster of excellence “Origin and Structure of the Universe” of the Technische Universität München, the Helmholtz Association via the Young Investigators Project VH-NG 627, the Helmholtz-CAS Joint Research Group HCJRG-108, the Alliance Program of the Helmholtz Association (HA216/EMMI), the BMBF (contracts 06GI911I70, 06GI7127/05P12R6FAN, and 05E12CD2), the External Cooperation Program of the Chinese Academy of Sciences Grant No. GJHZ1305, the Japanese Ministry of Education, Science, Sport and Culture by Grant-In-Aid for Science Research under Program No. A 19204023, the HIC-for-FAIR through HGS-HIRE, and the Joint Max Planck/CAS Doctoral Promotion Program.

† deceased at January 29, 2013

recoil velocity onto the beam direction is signalled within 32 ms after the decay by a frequency shift Δ f with respect to the revolution frequency of the cooled daughter ion (see Fig.1). From the distribution of these frequency shifts, observed for many thousand EC decays, finally the modulus of the recoil velocity could be figured out and, hence, the momentum of the recoiling daughter ion and of the generated electron neutrino which are entangled by momentumand energy conservation. Furthermore, the clearly visible onset of the cooling trace of the daughter ion provides an unambiguous signature of the decay time, in strict contrast to the previous experiment, where only the appearance of the cooled daughter ion could be observed [2].

The whole of all EC-decays recorded in the present experiment does not show significant modulations. However, it could happen that due to technical failures, “old” ions were not removed from the ESR thus leading to washing out the modulation. An uninterrupted series of 7125 consecutive injections of the ions into the ESR was determined and used for the data analysis. This is outlined in detail in [1]. A fit of the data recorded by the 245 MHz resonator yields a modulation with a period of T = 7 .10(11) seconds and an amplitude of a = 0 .107(24) (see Fig. 2), and for the simultaneously used “old” pick-up detector a period of T = 7 .12(11) seconds and an amplitude of a = 0 .134(27) . Both periods are not only in perfect agreement to each other, but also to the previously reported period of T = 7 .10(25) seconds [2]. Both amplitudes are,

GSI SCIENTIFIC REPORT 2013 PNI-AP-05

doi:10.15120 /GR-2014-1-PNI-AP-05 161

Figure 1: Time traces of two cooled^{142} Pm^{60+} parent ions, recorded at the 124^{th} harmonic of the revolution frequency by the 245 MHz resonator vs the the time after injection, with time-and frequency binning of 32 ms and 31.25 Hz, respectively. The arrows indicate the true decay times, as unambiguously identified by the onset of the trace of the recoiling daughter ion. It starts at a revolution frequency shifted by Δ f with respect to the frequency of the cooled daughter ion, where Δ f reflects the projection of the recoil velocity onto the beam direction immediately after the decay.

however, significantly smaller than the previous value of a = 0 .23(4) .

In order to assess the significance of these results evidence criteria in favour of a certain model have been used. We compared the reliability of a strictly exponential distribution (model M_0) of the data on the one hand, and of a periodical modulation superimposed on an exponential distribution (model M_1) on the other hand, according to the “Akaike Information Criterion (AIC)” which is based on a maximum likelihood analysis. For the data recorded by the 245 MHz resonator we get a “weight of evidence” of w_1 = 0 .998 for model M_1 and w_0 = 0 .002 for model M_0 and of w_1 = 0 .9998, w_0 = 1 .8 ·10^{− 4} for the data of the capacitive pick-up. These weights of evidence lead to the conclusion that the reported modulation period of T = 7 .1 s has been confirmed by the new experiment, although with significantly smaller amplitude.

For the three-body β^+ decays observed in the same data set no significant modulation was found, as shown in Fig. 3. This might point to a weak-interaction origin of the modulation which is observed in connection with the (almost) monoenergetic electron-neutrinos from the two-body EC decays, but absent for the continuous neutrino spectrum of the three-body β^+ decay branch. Any conclusive and commonly accepted explanation of the modulation is (still) missing. One of the proposed suggestions, strongly disputed in literature, is that the modulations reflect – like the well-known quantum beats – the interference of two coher-

Figure 2: Number of EC decays per 0.96 s of hydrogen-like 142 Pm^{60+} ions, recorded by the 245 MHz resonator, vs. the time t after injection of the ions into the storage ring ESR. Displayed is also the modulation fit. The inset shows the χ^2 values vs. the angular frequency ω , for a fixed total decay constant λ and a variation of amplitude a and phase ϕ.

Figure 3: Number of β^+ decays per 0.96 s of hydrogenlike^{142} Pm^{60+} ions, recorded by the 245 MHz resonator, vs. the time t after injection of the ions into the storage ring ESR. Displayed is also the exponential fit. The inset shows the χ^2 values vs. the angular frequency ω , for a fixed total decay constant λ and a variation of amplitude a and phase ϕ.

ent states, separated in the ion rest frame by an energy difference Δ E = hγ/T = 8 .3 ·10^{− 16} eV, for T = 7 .11 s and the Lorentz factor γ = 1 .43 of the stored ions. To be able to confirm or disprove this suggestion, further experiments are mandatory which exploit other systems, different magnetic fields acting on the stored ions and which provide, first of all, significantly higher decay statistics.

References

[1] P. Kienle et al., Phys. Lett. B 726 (2013) 638. [2] Yu. A. Litvinov et al., Phys. Lett. B 664 (2008) 162. [3] F. Nolden et al., Nucl. Instr. Meth. A 659 (2011) 69.

PNI-AP-05 GSI SCIENTIFIC REPORT 2013

162 doi:10.15120 /GR-2014-1-PNI-AP-05

Further insight into Bayesian and Akaike information criteria of the EC-decay rate oscillations^∗

N. Winckler^{1,2}, F. Bosch^1, P. B ühler^3, T. Faestermann^4, P. Kienle^{† 4}, Yu.A. Litvinov^{1,2}, M.S. Sanjari^{1,5}, D. Shubina^{1,2}, and the Two-Body Weak Decay collaboration^1

1GSI, Darmstadt;^2MPI-K, Heidelberg;^3SMI, Vienna;^4TU, Munich;^5EMMI, Darmstadt

Introduction

We discuss the Akaike and Bayesian information criteria obtained from the model and data set presented in [1]. Both criteria are model-selection methods that consists in penalizing the log-likelihood as a function of the parameters: IC_i = − 2 log( L(θ̂_i |data, M_i)) + A_n K_i. The Akaike information criterion (AIC) is a measure of the relative goodness of fit of a statistical model. Under appropriate conditions, the model that minimizes the AIC corresponds to the one that minimizes the Kullback-Leibler divergence with respect to the true unknown distribution.

The Bayesian Information Criterion (BIC) stems from Bayesian probabilities. If proper conditions are satisfied, it is twice the negative logarithm of the marginal likelihood, i.e. − 2 log( P (data|M_i)). From the BIC difference of model M_i and M_j , i.e. Δ BIC_i , an approximation of the Bayes’ factor : B_{i,j} ≈ exp( − Δ BIC_i/ 2) can be obtained. In this sense, the minimum BIC corresponds to the best model describing the data.

Results

The AIC and BIC values have been obtained from unbinned maximum likelihood method [2] and are thus free from any approximation. The AIC and BIC values as well as their differences and weights are listed in the table. Note that Δ AIC and Δ BIC values in the table are defined with respect to the minimum IC value : Δ IC = IC_i − IC_{min}. The Bayesian and Akaike weights are both defined for two models M_i, M_j as w_i =^{e− Δ ICi / 2}

e^{− Δ ICi / 2} + e^{− Δ ICj / 2} . We observe

that the AIC and BIC model selection methods can lead to different conclusion depending on the data.

Discussion: AIC vs BIC

It is a priori not trivial to choose between the AIC and BIC as they rely on various assumptions and asymptotic approximations, which in both cases are considered unrealistic [3]. Usually AIC prefers complex models and BIC simpler ones [3]. Although information criteria stem from different paradigms, the decision making of choosing M_1

∗ Work supported in part by the DFG cluster of excellence “Origin and Structure of the Universe” of the Technische Universität München, the Helmholtz-CAS Joint Research Group HCJRG-108, the Alliance Program of the Helmholtz Association (HA216/EMMI), and the HIC-for- FAIR through HGS-HIRE

† deceased at January 29, 2013

EC data β^+ data EC data (245 MHz res.) (245 MHz res.) (cap. pick-up) N 3616 2912 2989 AIC_0 28683.5 22711.2 23718.4 AIC_1 28674.7 22710.4 23689.4 Δ AIC_0 8.78 0.8 29 w_0 1.2 % 40.1 % 5 × 10^{− 5}% w_1 98.8% 59.9% 100(1 − w_0)% BIC_0 28689.67 22717.1 23724.4 BIC_1 28699.26 22734.3 23713.4 Δ BIC_0 0 0 11 Δ BIC_1 9.6 17 0 B_{0,1} 121.5 4914.7 0.0041 w_0 99.2% 99.98% 0.4% w_1 0.8% 0.02% 99.6% α_{AIC} ≈ 20% ≈ 20% ≈ 20% α_{BIC} 6.1 × 10^{− 3}% 8 .2 × 10^{− 3}% 7 .96 × 10^{− 3}%

rather than M_0 is mathematically equivalent to a likelihood ratio test in rejecting the null when:

− 2 log( L_0/L_1) > A_n (K_1 − K_0) (1)

where the rejection region is given by the right hand term.The likelihood ratio distribution obtained from MCtoys is in very good agreement with a χ^2_4 distribution^1. Thus, in the case of AIC, rejecting the null translates in the frequentist interpretation to a likelihood ratio test at an α level of P (χ^2_4 > 6) = 0 .199. In the case of BIC the α level depends on the sample size (c.f. α_{BIC} in table). Here we observe that AIC would have, in the frequentist interpretation, a Type I error rate of about 20% while for BIC the error rates decrease as the sample size increases and are all below 10^{− 2}%. On the other hand, the Type II error rates are in general lower for AIC than for BIC [3]. Therefore in situations where Type I error has to be avoided, the BIC is usually prefered. And vice versa, AIC is recommanded against Type II error. In the case of the resonator EC-data M_1 is favoured if AIC is used and M_0 in the case of the BIC. In order to resolve this issue, a proper alternative would be the computation of the Bayes’ factor from unbinned likelihood, which would significantly reduce the number of assumptions and approximations made.

References

[1] P. Kienle et al. PLB 726 (2013) 638 [2] N. Winckler et al. GSI report 2013 [3] J. Dziak et al., Penn. State U.,Tech. Rep. Ser. 12-119 (2012)

1From the Wilks theorem one expects a χ^2_3 distribution which is not obtained from MC toys. Assuming the Wilks theorem is valid in our case, α_{AIC} reduces to 11.1% and α_{BIC} reduce slightly as well.

GSI SCIENTIFIC REPORT 2013 PNI-AP-06

doi:10.15120 /GR-2014-1-PNI-AP-06 163

Increased lifetime of hydrogen-like^{192m} Os observed in the ESR^∗

A. Akber^1, M.W. Reed^1, P.M. Walker^2, I.J. Cullen^2, Yu.A. Litvinov^{3,4,5}, K. Blaum^{3,5}, F. Bosch^4, C. Brandau^{4,6}, J.J. Carroll^7, D.M. Cullen^8, A.Y. Deo^2, B. Detwiler^9, C. Dimopoulou^4, G.D. Dracoulis^1, F. Farinon^4, H. Geissel^{4,10}, E. Haettner^{10}, M. Heil^4, R.S. Kempley^2, T. Kib édi^1, R. Kn öbel^{4,10}, C. Kozhuharov^4, J. Kurcewicz^{4,11}, N. Kuzminchuk^{4,10}, G.J Lane^1, S. Litvinov^4, Z. Liu^{12,13}, R. Mao^{13}, C. Nociforo^4, F. Nolden^4, W.R. Plass^{4,10}, A. Prochazka^4, C. Scheidenberger^{4,10}, D. Shubina^{3,5}, M. Steck^4, Th. Stöhlker^{4,14,15}, B. Sun^4, T.P.D. Swan^2, G. Trees^9, H. Weick^4, N. Winckler^{3,4}, M. Winkler^4, P.J. Woods^{12}, and T. Yamaguchi^{16}

1Department of Nuclear Physics, R.S.P.E., Australian National University, Canberra ACT 0200, Australia;^2Department of Physics, University of Surrey, Guildford, Surrey GU2 7XH, United Kingdom;^3Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, 69117 Heidelberg, Germany;^4GSI Helmholtzzentrum für Schwerionenforschung, Planckstraße 1, 64291 Darmstadt, Germany;^5Physikalisches Institut, Universität Heidelberg, 69120 Heidelberg, Germany;^6ExtreMe Matter Institute EMMI, 64291 Darmstadt, Germany;^7US Army Research Laboratory, 2800 Powder Mill,Road, Adelphi MD, USA;^8Schuster Laboratory, University of Manchester, Manchester M13 9PL, United Kingdom;^9Youngstown State University, One University Plaza, Youngstown, Ohio 44555, USA;^{10}II Physikalisches Institut, Justus-Liebig-Universität Gießen, 35392 Gießen, Germany;^{11}CERN, 1211 Geneva 23, Switzerland;^{12}School of Physics and Astronomy, University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom;^{13}Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, PR China;^{14}Institute of Physics, Friedrich-Schiller-Universität Jena, 07743 Jena, Germany;^{15}Helmholtz-Institut Jena, Fröbelstieg 3, 07743 Jena, Germany;^{16}Graduate School of Science and Engineering, Saitama University, Saitama 338-8570, Japan Using the Experimental Storage Ring (ESR) it is possible to distinguish between charge states of an isotope with sensitivity down to single ions [1]. Projectile fragmentation of a^{197} Au beam (478-492 A·MeV) with a^9Be target was performed and the resultant fragments were passed through the FRagment Separator [2] where isotopes of interest were separted before being injected into the ESR. The ions were cooled by electron and stochastic cooling enabling Schottky Mass Spectrometry to be used and nuclear decays within the ESR are inferred from changes in ion revolution frequency [3].

Prior studies of^{192} Os revealed an isomer with a lifetime of τ_{neut} = 8 .5(14) s at 2015 keV. Three decay branches have been observed with transition energies of 47, 302, and 307 keV [4]. Neutral [5] and hydrogen-like internal conversion coefficients were calculated and indicate a decrease for all transitions (Table 1). For the 47 keV transition internal conversion in the hydrogen-like state is forbidden. An increased lifetime of τ_{calc} = 13 .0(24) s due to the reduction of internal conversion can be expected.

Table 1: Calculated total internal conversion coefficients for transitions from^{192m} Os [4, 5].

E_{trans} I_γ σλ α_{t (neut)} α_{t (H − like)}

47.4 0.0031(6) E3 7760 0 302.6 100(6) E3 0.433 0.084 307.0 13.3(3) M2 0.975 0.374

∗ Work supported in part by the Helmholtz-CAS Joint Research Group HCJRG-108, National Natural Science Foundation of China (No. 11105010), the Australian Research Council, UK STFC and AWE plc.

An increased lifetime for^{192m} Os was measured from observations of 106 single hydrogen-like ions in the ESR (Figure 1). After Lorentz correction (γ = 1 .4) the measured mean lifetime of^{192m} Os^{75+} was τ_{Lorentz} = 14.2(16) s. The observed increase in lifetime is attributed to the reduction of internal conversion because of the high charge state.

10

100

0 10 20 30 40 50 no. ions / 3.5 s bin

Time (seconds)

192m

Os^{75+}

τ_{H-like} = 19.9(23) s τ_{Lorentz} = 14.2(16) s

Figure 1: Lifetime curve for^{192m} Os^{75+} produced by direct observation of highly charged single ions in the ESR.

References

[1] Yu. Litvinov, et al., Nucl. Phys. A 756, 3 (2005). [2] H. Geissel et al., Nucl. Inst. Meth. B 70, 286 (1992). [3] Yu. Litvinov & F. Bosch, Rep. Prog. Phys. 74, 016301 (2011). [4] G.D. Dracoulis et al., Phys. Lett. B 720, 330 (2013). [5] T.Kibédi et al., Nucl. Inst. and Meth. A 589, 202 (2008).

PNI-AP-07 GSI SCIENTIFIC REPORT 2013

164 doi:10.15120 /GR-2014-1-PNI-AP-07

Odd-Even Staggering in Fragment Yields from^{78}Kr+Be Reactions^∗

B. Mei^{1,2,3}, H. S. Xu^1, X. L. Tu^{1,2,4}, Y. H. Zhang^1, Yu. A. Litvinov^{1,2,4}, K. -H. Schmidt^2, M. Wang^1, Z. Y. Sun^1, X. H. Zhou^1, Y. J. Yuan^1, M. V. Ricciardi^2, A. Keli ć-Heil^2, R. Reifarth^3, K. Blaum^4, R. S. Mao^1, Z. G. Hu^1, P. Shuai^{1,5}, Y. D. Zang^1, X. W. Ma^1, X. Y. Zhang^1, J. W. Xia^1, G. Q. Xiao^1, Z. Y. Guo^1, J. C. Yang^1, X. H. Zhang^1, X. Xu^1, X. L. Yan^{1,4}, W. Zhang^1, and W. L. Zhan^1

1IMP, Lanzhou;^2GSI, Darmstadt;^3University of Frankfurt;^4MPIK, Heidelberg;^5USTC, Hefei

Revolution time (ns)

39 20+Ca

41 21+Sc

43 22+Ti

45 23+V

47 24+Cr

49 25+ Mn

51 26+Fe

53 27+ Co 55 28+Ni

57 29+ Cu 59 30+Zn

61 31+ Ga 616 612.5 613 613.5 614.5 615.5 614 615

200 175 150 125 100 75 50 25 0

Counts

Figure 1: A part of the measured revolution time spectrum of the T_z = − 1/ 2 nuclides produced in^{78} Kr fragmentation reactions on Be target.

Nuclear fragmentation yields can provide unique information on nuclear structure properties, e.g. pairing, shell effects, and densities of excited levels. Odd-even staggering (OES) in the fragment yields, that is the enhancement in the yields of the even-Z nuclides compared with the neighbouring odd-Z nuclides, has been observed for different fragmentation reactions [1]. But an understanding of the origin of this OES is not yet reached. Our study allowed for the first time to quantitatively understand the origin of this OES.

OES in the fragment yields has been measured in the storage ring CSRe at the HIRFL-CSR facility in Lanzhou [2]. The fragments were produced in the^{78} Kr+Be reactions at an energy of 482.9 AMeV. The T_z = − 1/ 2 and T_z = 1 / 2 nuclides of interest were transmitted through RIBLL2 and injected into CSRe, which was tuned into an isochronous mode [3]. In this mode the revolution times of ions, which were measured using a dedicated time-of-flight detector [4], are used to measure their m/q values. Fig. 1 shows a part of the measured revolution-time spectrum of the T_z = − 1/ 2 nuclides.

The momentum distributions and the transmission efficiencies for various fragments were estimated by using the

∗ Work supported in part by the BMBF WTZ grant (No. 01DO12012), by the Helmholtz-CAS Joint Research Group HCJRG-108, by the HGF Young Investigators Projects VH-NG-327, by the ESF through EuroGE- NESIS program, by the 973 Program of China (No. 2013CB834401), and by the NNSFC grants 10925526, 111035007, 10675147, 10805059, U1232208, 1135005, 11075103, 11205205.

Figure 2: Fragment yields of T_z = − 1/ 2 and T_z = 1 / 2 nuclei measured in this experiment. The closed shells Z = 20 and 28, where the strongest OES is reached for the T_z = − 1/ 2 nuclei, are indicated.

LISE++ program [5]. The transmission efficiency varies almost smoothly with Z along a chain of nuclides with a constant T_z . The yields of T_z = − 1/ 2 and T_z = 1 / 2 nuclei are presented in Fig. 2. The OES is very evident for the yields of the T_z = − 1/ 2 nuclei, but small for the T_z = 1 / 2 nuclei. For the T_z = − 1/ 2 nuclei, a sharp drop of the fragment yields near the closed shells Z = 20 and 28, where the strongest OES is shown, is observed for the first time. To our knowledge, no nuclear reaction model can reproduce the above OES over such a wide range of mass numbers, especially for the T_z = − 1/ 2 nuclei.

The measured OES in the yields for the T_z = − 1/ 2 and T_z = 1 / 2 mirror nuclei enabled us to compare the relative OES in fragment yields and the relative OES in PETE of mirror nuclei [6]. This comparison reveals unambiguously that the origin of the OES of fragment yields is mainly determined by the OES of the particle-emission threshold energies, where the impact of both pairing correlations and evident shell effects are clearly observed.

References

[1] M. V. Ricciardi et al., Nucl. Phys. A733 (2005) 299. [2] J. W. Xia et al., Nucl. Instr. Meth. A 488 (2002) 11. [3] B. Franzke et al., Mass Spectrom. Rev. 27 (2008) 428. [4] B. Mei et al., Nucl. Instr. Meth. A 624 (2010) 109. [5] O. Tarasov et al., Nucl. Instr. Meth. B 266 (2008) 4657. [6] B. Mei et al., submitted.

GSI SCIENTIFIC REPORT 2013 PNI-AP-08

doi:10.15120 /GR-2014-1-PNI-AP-08 165

A study of Coulomb displacement energies for nuclides with A around 67^∗

X. L. Tu^{1,2,3}, Y. H. Zhang^{† 2}, H. S. Xu^2, Y. Sun^{2,4}, K. Kaneko^5, M. Wang^2, and Yu. A. Litvinov^{‡1,2,3}

1GSI, Darmstadt, Germany;^2IMP, LanZhou, China;^3MPIK, Heidelberg, Germany;^4SJTU, China;^5KSU, Japan

If one assumes that nuclear force is charge symmetric, Coulomb displacement energy (CDE) can be extracted as the binding energy difference of mirror nuclei [1]. CDEs play an important role in nuclear structure, like e.g., can be use to study deformation of nuclei [2]. Recent experiments provided a wealth of new data on nuclear masses of neutron-deficient nuclei, either measured for the first time or with significantly improved uncertainties [3]. With these mass data, experimental CDEs (Δ E_c) for the T=1/2 mirror nuclei up to A=73 in pf -shell can be mapped, as Fig. 1 shows.

Figure 1: Coulomb displacement energy for the T = 1 / 2 mirror nuclei in the fp -shell as a function of Z_< /A^{1/ 3}, labelled differently for odd-Z_> and even-Z_> . Δ E_c for even- Z_> were fitted by a linear function (solid line) and second order polynomial function (dashed line) of Z_< /A^{1/ 3}, respectively. For odd-Z_> , the dotted line shows an expected tendency obtained by second order polynomial fitting.

For a homogeneously charged spherical nucleus, the CDEs can be fitted well by an empirical linear formula. However, it is well known that the deformation can lead to modifications of single-particle states and cause qualitative changes in the structure, and therefore can alter the linear dependence of CDE on Z_< /A^{1/ 3}. If one assumes that a deformed nucleus has a quadrupole deformation, β, then the modified CDE, Δ E_c(β), can be estimated by the following

∗ Work supported by by NSFC grant no. 11205205, by the BMBF grant in the framework of the Internationale Zusammenarbeit in Bildung und Forschung Projekt-Nr. 01DO12012 and by the Helmholtz–CAS Joint Research Group HCJRG- 108

† YHZhang@impcas.ac.cn ‡ Y. Litvinov@gsi.de

expression [2],

△ E_c(β) ≃ △ E_c(0) � 1 − 4 45 β^2 � (1) where Δ E_c(0) is the spherical CDE, which can be fitted by using the known spherical nuclei.

The notable difference from the spherical shells is that the CDE values in the fp -shell can not be fitted by a linear function of Z_< /A^{1/ 3}, but show a slowing-down increase as Z_< /A^{1/ 3} increases [4]. The data are better fitted by a second order polynomial function as described by Eq. (1) with non-zero deformation parameters. This implies that spherical shape of nuclei starts to change at Z_< /A^{1/ 3} ∼ 7.96 (corresponding to A = 65 and Z_> = 33 ) and the quadrupole deformation β is developed for larger Z_< /A^{1/ 3} values. This is precisely the region where Hasegawa et al. [5] suggested, based on the study of the low-lying energy levels, that a spherical-to-deformed shape phase transition occurs along the N ≈ Z line.

Another feature seen in Fig. 1 is the staggering of the CDE values between the groups with odd-Z and even-Z . This so-called odd-even staggering is such that CDE with even-Z_> are larger than the CDE with odd-Z_> . The occurrence of the odd-even staggering in CDE was first explained by Feenberg and Goertzel [6] as being due to the fact that the paired protons with antiparallel spins have a space-symmetric wave function in their relative coordinates and therefore repel each other stronger than the pairs with parallel spins. This strong Coulomb repulsion for systems with all protons paired leads to larger CDE values for even-Z_> . However, with the new data, as seen in Fig. 1, the data point for the^{69} Br-^{69} Se mirror pair obviously departures from the staggering rule, and the regular trend of the odd-even staggering is thus destroyed. This is the first observation of this apparent anomaly, which has to be questioned theoretically on possible fundamental reasons as well as experimentally on possible systematic errors of the corresponding measurements [4].

References

[1] B. A. Brown et al., Phys. Rev. C 65, 045802 (2002). [2] M. S. Antony and V. B. Ndocko Ndongue, Il Nuovo Cimento 93, 249 (1986).

[3] M. Wang et al., Chin. Phys. C 36, 1603 (2012). [4] X. L. Tu et al., J. Phys. G 41, 025104 (2014) [5] M. Hasegawa et al., Phys. Lett. B 656, 51 (2007). [6] E. Feenberg and G. Goertzel, Phys. Rev. 70, 597 (1946).

PNI-AP-09 GSI SCIENTIFIC REPORT 2013

166 doi:10.15120 /GR-2014-1-PNI-AP-09

Angular differential measurement of linear polarization of elastically scattered hard x-rays.^∗

M. Schwemlein^{1,2,3}, K.-H. Blumenhagen^{4,5}, T. Gassner^{4,6}, T. Groß^7, A. Gumberidze^{1,2}, R. M ärtin^{4,6}, N. Schell^8, U. Spillmann^{4,6}, S. Trotsenko^{4,6}, G. Weber^{4,6}, and Th. Stöhlker^{4,5,6}

1ExtreMe Matter Institute EMMI, Darmstadt, Germany, ;^2FIAS, Frankfurt a.M., Germany; 3PI, Univ. Heidelberg, Germany;^4HI-Jena, Jena, Germany;^5IOQ, Univ. Jena, Germany;^6GSI, Darmstadt, Germany; 7IGVP, Univ. Stuttgart, Germany;^8HZG, Geesthacht, Germany

Elastic scattering of photons from atoms and molecules, also known as Rayleigh scattering, is one of the fundamental processes in the interaction of light with matter. Understanding of this scattering process, in particular in the hard X-ray regime, is important for various applications such as medical imaging, material research and it also provides information about the inner structure of atomic and molecular systems [1,2]. Also from theoretical point of view, there is ongoing interest at present [3,4].

Former experimental studies of this scattering process have used either unpolarized or linearly polarized photon sources to investigate the angular distribution and absolute peak intensities of the scattered radiation. However, the polarization properties of the elastically scattered photons have not been resolved up to now. Due to recent development in coherent light sources on one side and highlysegmented semiconductor based detection systems [5,6] on the other, it became feasible to control both, the polarization of the incident as well as the scattered photons.

Figure 1: Ge(i) detector response to synchrotron radiation that is scattered at a Au target under 35^∘ and 150^∘. The characteristic target radiation Kα_2 (67 keV), Kα_1 (68.8 keV), Kβ_1 (77.9 keV) and Kβ_2 (80.1 keV) is clearly visible. The 175 keV line correspond to elastic Rayleighscattering. The broader structure, shifting with the scattering angle, correspond to inelastic Compton scattering.

∗ Work supported by HGS-Hire / Helmholtz Alliance EMMI / DESY and HZG support at beamline P07.

Figure 2: 175 keV X-rays are elastically scattered in the Au target at a scattering angle of 120^∘. These Rayleigh photons are again Compton-scattered in the Si(Li) detector crystal. The figure shows their position distribution inside the Si(Li) detector with respect to the scattering position.

The present experiment aims to measure the angular distribution and polarization of the initially linearly polarized hard x-rays, scattered off a high-Z target. Therefore, a Si(Li) Compton polarimeter, developed for experiments at the international FAIR facility, as well as standard Ge(i) detectors have been used. The experiment took place at the DESY PETRA III beamline P07-EH3, where nearly 100% linearly polarized photons in the hard X-ray regime can be produced.

Fig. 1 shows the Ge(i) detector response to the radiation, coming from the target. A thin Au foil was used as the target. The synchrotron radiation energy was set to 175 keV. Fig. 2 shows the position distribution of Compton scattered photons (elastically scattered in the target) inside the Si(Li) detector crystal. The anisotropy indicates a high degree of linear polarization of the Rayleigh-scattered photons from the Au target. The data are currently being evaluated.

References

[1] S. C. Roy, Radiat. Phys. Chem. 41, 725 (1993). [2] M. Y. Sfeir et al., Science 306, 1540 (2004). [3] A. Surzhykov, Phys. Rev. A 88, 062515 (2013). [4] L. Safari, Phys. Rev. A 85, 043406 (2012). [5] U. Spillmann et al., Rev. Sci. Instr. 79, 083101 (2008). [6] G. Weber et al., JINST 5, C07010 (2010).

GSI SCIENTIFIC REPORT 2013 PNI-AP-10

doi:10.15120 /GR-2014-1-PNI-AP-10 167

Demonstrator: Electronic Readout for a Si(Li) – Compton – Polarimeter

U. Spillmann^{1,2}, E. Badura^1, K.H. Blumenhagen^2, H. Br äuning^1, J. Hoffmann^1, K. Koch^1, N. Kurz^1, R. Märtin^2, S. Minami^1, W. Ott^1, I. Rusanov^1, Th. Stöhlker^{1,2,3}, G. Weber^2, and M. Weber^4

1GSI, Darmstadt, Germany;^2HI Jena, Jena, Germany;^2IOQ, Friedrich-Schiller-Universität, Jena, Germany;^2IPE, KIT, Karlsruhe, Germany

Within the portfolio process of the Helmholtz Association Detector Technology and System Platform (DTS) [1] KIT, GSI, and HI Jena collaborate closely bringing together the expertise of the partners in the development of advanced detector readout systems. As one of the first common projects we develop a self-triggering 2-dimensional position-, time-, and energy sensitive Si(Li)-strip detector read out with modern custom designed FPGA-based signal digitizer hardware as a demonstrator system. This project is of great importance for future x-ray spectroscopy and polarimetry experiments of the SPARC collaboration [2] at GSI and FAIR. As detector platform we have chosen an already existing Si(Li)-strip detector [3] that has worked reliable in several beam times at the ESR as well as external places, e.g. TU Darmstadt and DESY, Hamburg, and has produced excellent results [4]. Up to now it was equipped with standard NIM and VME electronic. The outcome of this project using custom designed FPGA-based signal digitizer hardware will serve as a blue print for the next generation of compact and cost efficient readout electronics of thick planar strip detectors within the collaboration. The concept is based on the fast digitizing of the preamplifier signals coming from the detector to acquire the small signals directly. The consecutive employment of pulse shape analysis techniques will show the energy and timing information of an event. For this first demonstrator we profit from recent developments of the Experiment Electronics department of GSI. They provided us with a set of 8 FEBEX2 – ADC boards [5] with 8 input channels each. Sampling the data is performed with a frequency of 65 Ms/s and a resolution of 12 bit at an input range of +/-1V. A 1.6 Gbit fibre link connects the digitizer board with the PLEXOR3-PCIe Interface hosted by a commercial PC that manages the event building and data transport by ethernet. In addition a TRIXOR-PCIe board takes over the trigger handling and the dead time locking. The PC runs a LYNX RT-operating system and as DAQ we employ MBS [6] to take advantage of the GSI data acquisition and storage environment. With this system we studied the electronic response of the strip detector system for offline testing of appropriate pulse shape analysis algorithms. Meanwhile we moved to the next FEBEX generation (version 3a) which is a 16 channel ADC-board with differential inputs. The FEBEX3a boards are mounted in a crate with PCIe backplane together with a fibre link interface to fit into the existing DAQ environment. The digitizer cards host enough on-board FPGA resources to perform online self-triggering, double hit detection and trapezoidal filters for energy and timing applications. To adapt the signal output of the preamplifier to the input of the FEBEX3a board the fast linear amplifier SiLiVer was developed. At a later stage the small form factor of the amplifier boards will allow us to mount them inside the preamplifier housing to avoid losses on the signal cables. The main goal of this first step is to rebuild the functionality of the NIM and VME hardware and to be able to handle photo effect and Compton events. From this point on we can make use out of the system in atomic physics experiments. In collaboration with the KIT we will refine the algorithms for the digital pulse shape analysis with the aim to manage more complex event histories like two or three Compton events for one incident photon. We plan to meet the demand of increased computing power by dedicated hardware solutions designed by KIT.

Figure 1: Sketch of the new readout chain of the Si(Li)- Polarimeter Demonstrator

References

[1] http://www.helmholtz-detectors.de

[2] Technical Report of the SPARC collaboration http://www.gsi.de/fair/experiments/sparc/index e.html

[3] G. Weber et al., “Performance of a position sensitive Si(Li) xray detector dedicated to Compton polarimetry of stored and trapped highly-charged ions”, JINST 5,C07010 (2010)

[4] Th. Stöhlker et al., “Polarization and angular correlation studies of X-rays emitted in relativistic ion-atom collisions”, EPJ- ST 169, 5-14 (2009)

[5] https://www.gsi.de/fileadmin/EE/Module/FEBEX/febex2.pdf

[6] http://www-win.gsi.de/daq/

PNI-AP-11 GSI SCIENTIFIC REPORT 2013

168 doi:10.15120 /GR-2014-1-PNI-AP-11

Dominant secondary nuclear photoexcitation with the XFEL

J. Gunst^{∗1}, Y. A. Litvinov^{†2}, C. H. Keitel^{‡1}, and A. Pálffy^{§1}

1Max-Planck-Institut für Kernphysik, Heidelberg, Germany;^2GSI, Darmstadt, Germany

Photon energies accessible with the new x-ray freeelectron laser (XFEL) facilities open the way for the resonant driving of nuclear transitions. In particular, the high brilliance and coherence features of the XFEL light promise an increase in nuclear excitations in comparison to synchrotron radiation experiments. While in the latter experiments the electronic response only acted as background, the unique interaction between high-intensity XFEL pulses and matter can lead to new states, like cold, high-density plasmas [1] where secondary nuclear processes from the coupling to the atomic shell are rendered possible. In this work we show on the example of^{93m} Mo isomer triggering that secondary nuclear excitation by electron capture (NEEC) can even dominate the direct resonant photoexcitation.

The idea of isomer triggering is to connect the metastable isomeric state to an above-lying level in order to release the stored excitation energy on demand [2]. The 6.85 h long-lived^{93m} Mo isomer is particularly attractive for an XFEL-induced activation, since the 2.5 MeV excitation energy can be retrieved by a 4.85 keV triggering transition accessible by todays XFELs. In the subsequent decay cascade an outstandingly high energetic photon of 1 MeV can be used as distinct signature for the nuclear excitation. Moreover, in^{93}_{41} Nb(p,n)^{93m}_{42} Mo reactions, the isomers can be produced directly embedded into 1 μm thick niobium foils, providing high-density targets. Using, for instance, the LINAC proton beam at GSI a density of 10^{16} isomers/cm^3 can be achieved.

The direct light-nucleus coupling between the XFEL radiation and the Nb target foils can be described by the density matrix formalism using the semiclassical approach. Although the XFEL pulse is tuned on the 4.85 keV triggering transition, only a small fraction of the laser photons fulfill the nuclear resonance condition due to the large discrepancy between the laser width Γ_{XFEL} (∼ 10 eV) and the nuclear transition width Γ_n (∼ 10^{− 7} eV). Taking this effective intensity reduction into account and considering laser parameters for the LCLS at SLAC a signal rate of 5.6× 10^{− 14} photons/s is obtained [3]. A further analysis shows that the nuclear photoexcitation is strongly suppressed by the poor temporal coherence of current XFEL facilities.

The nuclear excitation induced directly by the laser should be compared to its secondary electronic-processes-induced counterpart. The XFEL-induced plasma forma-

∗ Jonas.Gunst@mpi-hd.mpg.de † Y.Litvinov@gsi.de ‡ Keitel@mpi-hd.mpg.de § Palffy@mpi-hd.mpg.de

0 1000 2000 3000 4000

Kinetic electron energy [eV]

10^{− 8}

10^{− 6}

10^{− 4}

10^{− 2}

10^0

10^2

10^4

NEEC cross section [b]

Capture into:

L shell M shell N shell O shell

10^{29}

10^{30}

10^{31}

10^{32}

10^{33}

10^{34}

10^{35}

Electron distribution [1/m^2/s/eV]

El. distribution:

T_e =350eV

Figure 1: NEEC resonance cross sections (left axis) together with the electronic energy distribution (right axis).

tion is governed by inner-shell photoionization and subsequent refilling by either radiative or Auger decay. Due to the fast and uniform heating process the plasma stays almost at solid-state density. After the irradiation of the sample, radiative and collisional processes lead to a fast thermalization among the electrons. In our scenario, we estimate an electron temperature T_e and density of 350 eV and 1.3× 10^{24} cm^{− 3}, respectively, and consider the plasma conditions to hold for 100 ps.

In this environment, NEEC takes place on a longer time scale compared to the laser pulse duration. The total NEEC rate in the plasma relies on the available charge states and electron energies. As shown in Fig. 1, NEEC prefers the capture into deep vacancies. At T_e=350 eV, the L shell seems to provide the pivotal NEEC channels. However, the available charge states are limited to q=18+. . . 30+ prohibiting the capture into the L shell. Nevertheless, a summation over all open resonance channels results in a NEECinduced signal rate of 1.7 × 10^{− 7} photons/s which is 6 orders of magnitude higher than the direct process [3]. Additionally, NEEC represents the more robust mechanism since it is less sensitive to the match between the photon frequency and the nuclear resonance condition.

References

[1] S. Vinko et al., Nature 482, 59 (2012).

[2] A. Pálffy et al., Phys. Rev. Lett. 99, 172502 (2007).

[3] J. Gunst et al., Phys. Rev. Lett. 112, 082501 (2014).

GSI SCIENTIFIC REPORT 2013 PNI-AP-12

doi:10.15120 /GR-2014-1-PNI-AP-12 169

The HILITE Penning trap and first tests at the HILITE setup

M. Vogel^{1,2}, W. Quint^{2,3}, G. Paulus^4, and Th. Stöhlker^{2,4,5}

1TU Darmstadt;^2GSI, Darmstadt;^3Ruprecht Karls-Universität Heidelberg;^4Universität Jena;^5Helmholtz-Institut Jena

We have built a dedicated Penning trap for preparation and control of suitable ion targets for irradiation with highintensity laser light and study of subsequent reactions, depicted in figure 1. Of particular interest is the detailed investigation of multiphoton-ionisation of confined particles by highly intense laser light. One important aspect is control over the confined particles’ mass, charge, density, localization and optimized overlap with the laser light by Penning trap techniques like the use of trap electrodes as ’electrostatic tweezers’ and by application of a ’rotating wall’, respectively [1]. Also, the non-destructive detection of reaction products is a central property. The Penning trap setup is designed in a portable fashion, such that it can be attached to existing laser systems easily, see figure 2.

The interaction of highly intense radiation with matter and the corresponding non-linear effects have been subject of lively research, both theoretical and experimental, especially in the infrared and visible photon energy regimes. Laser systems capable of producing high intensities also at photon energies in the extreme ultra-violet (EUV) and (soft) X-ray regime open access to novel effects like nonlinear Compton effects or simultaneous elastic and inelastic photon scattering, and allow multiphoton-ionisation experiments in a new domain. However, experiments have so far not been able to prepare and investigate well-defined particle ensembles and to non-destructively analyse the reaction products with high accuracy, nor were they able to select or prepare products for further studies in a well-defined way.

Figure 1: Photography of the HILITE Penning trap. The function of the individual electrodes is indicated, separation between electrodes is achieved by Sapphire rings (milky white).

The particles (atomic or molecular ions) are confined in the Penning trap following in-trap production or capture of externally produced ions. Confined ions can be cooled, compressed, positioned and selected with respect to their mass and charge prior to laser irradiation. The reaction products are analysed by non-destructive methods and hence remain confined for further studies. Such measurements are, for example, able to determine cross sections for multiphoton-ionisation in an energy- and intensity- regime so far not or not sufficiently examined. Additionally, the created electrons may be extracted from the trap and analysed externally. Hence, the reaction energetics may be reconstructed as completely as possible.

Figure 2: Photography of the HILITE superconducting magnet setup. The Penning trap from figure 1 will be installed in the centre of the magnet bore.

By now, we have completed the vacuum system which will host the Penning trap inside the magnet bore and cool it to cryogenic temperatures using a two-stage cryocooler. The magnet has been operated at fields up to 6 T and the vacuum system has successfully been tested to leak rates below the 10^{− 10} mbar l/s scale. We will now focus on the operation and detection electronics as well as on connectivity to an external (EBIT) ion source for highly-charged ions.

References

[1] M. Vogel, W. Quint, Th. Stöhlker and G.G. Paulus, Nucl.

Inst. Meth. B 285, 65 (2012).

PNI-AP-13 GSI SCIENTIFIC REPORT 2013

170 doi:10.15120 /GR-2014-1-PNI-AP-13

Highly charged ions at SpecTrap^∗

T. Murböck^1, G. Birkl^1, A. Martin^1, M. Vogel^1, K. K önig^2, W. N örtershäuser^2, S. Schmidt^2, S. Scholl^2, Z. Andelkovic^3, V. Hannen^4, J. Vollbrecht^4, C. Weinheimer^4, D. Segal^5, and R. Thompson^5

1IAP, TU Darmstadt;^2IKP, TU Darmstadt;^3GSI, Darmstadt;^4Westfälische Wilhems-Universität, Münster;^5Imperial College London

The SpecTrap collaboration aims at high precision laser spectroscopy of forbidden transitions in highly charged ions (HCIs). Similar experiments performed to date with ions stored in an EBIT or in a storage ring still suffer from Doppler broadening or the difficulties in wavelength conversion between the laboratory frame and the rest frame [1, 2]. Therefore, the SpecTrap experiment employs a cryogenic Penning trap suitable for trapping externally produced ions and sympathetically cooling them with laser cooled Mg^+ ions [3]. Cooling of HCI to the mK-regime will dramatically reduce the Doppler broadening of the fluorescence signal and allow the measurement of the hyperfine splitting of the HCI with an expected relative accuracy of 10^{− 8} for a stringent test of bound state QED. In 2013, a new beamline was installed at the HITRAP platform to connect a commercial EBIT with the SpecTrap Penning trap [4]. This EBIT can be used to produce argon ions with any desired charge state up to bare Ar. Since Ar^{13+} is a suitable candidate for a laser-accessible, forbidden transition in a HCI, the beamline has been optimised for maximum transmission of this charge state. Several 10^4 Ar^{13+} ions have been transported with a kinetic energy of 4 keV/q to the SpecTrap experiment. Because of the maximum voltage that can be applied to the trap electrodes only low energy ions with kinetic energies of a few hundreds eV/q can be trapped in the SpecTrap-Penning trap whereas much lower transport energies would be desirable. Unfortunately, intra-beam scattering and electron capture sets constraints to the minimum transport energy of the beam and further reduction of the current value of 4 keV/q would lead to much lower transport efficiency from the EBIT to the trap. Therefore, a pulsed drift tube has been installed close to the trap and used to decelerate several 10^4 Ar^{13+} ions in a single bunch to energies as low as 600 eV/q. Ions with this energy can be easily trapped with the Penning trap’s electrodes and the number of Ar^{13+} ions even in one single bunch is now sufficient for the designated spectroscopy experiments at SpecTrap.

Prior to the installation of the HITRAP beamline, the experiment had been connected to two different ion sources simultaneously. The first source supplied the experiment with singly charged magnesium, the second one with Ar^+ and Ar^{2+} . With this setup, alternating trapping of Mg^+ and Ar^+ was demonstrated, being the first step for simultaneous storage and sympathetic cooling of HCI. Ar^+ transported with a kinetic energy of 600 eV has been trapped and

∗ This work has been supported financially by BMBF (05P12RDFA4, 06DA9020I), DFG, EPSRC, GSI, HGS-HiRe and HIC for FAIR.

electronically detected with the resonant circuit attached to the endcaps of the SpecTrap Penning trap. Furthermore, resistive cooling of Ar^+ with the resonant circuit has been demonstrated as well. Different ion species and charge states were identified via their axial and radial oscillation frequencies. To this end, the trap parameters that influence the axial oscillation frequency have been determined with the species Mg^+ and Ar^+ . Resonant excitation of different ion species has been performed and detected by changes in the fluorescence signal of^{24} Mg^+ (see Fig. 1). This demonstrates the potential for non-destructive detection and identification of arbitrary ion species.

With these tools at hand, the SpecTrap experiment is ready for trapping and detection of HCI like Ar^{13+} . In a first step the storage time, resistive, and sympathetic cooling and the interaction between Ar^{13+} and Mg^+ will be investigated. As soon as a cold and dense ion cloud of Ar^{13+} is available, the forbidden transition of Ar^{13+} will be measured in a high precision laser spectroscopy experiment, followed by experiments with different ion species like Ca^{14+} and Bi^{82+} once HITRAP is fully operational.

Excitation Frequency [kHz]

Fluorescence Signal of Mg+24

24Mg+

25Mg+

26Mg+

Resonances of Three Mg Isotopes

Figure 1: Reduced cyclotron frequencies ν_c of^{24 − 26} Mg^+ isotopes. Excitation of ν_c changes the state of the ion cloud and therefore increases the fluorescence signal received from^{24} Mg isotopes.

References

[1] Mäckel et al., Phys. Rev. Lett. 107, 143002 (2011) [2] Lochmann et al., arXiv:1401.8224 (2013) [3] Murböck et al., Phys. Scr. T156 (2013) [4] Andelkovic et al., GSI Scientific Report (2013)

GSI SCIENTIFIC REPORT 2013 PNI-AP-14

doi:10.15120 /GR-2014-1-PNI-AP-14 171

In-trap production of highly charged ions at ARTEMIS

M. Vogel^{1,2}, G. Birkl^1, D. von Lindenfels^{2,3}, A. Martin^1, W. Quint^{2,3}, and M. Wiesel^{1,2,3}

1Institut für Angewandte Physik, TU Darmstadt;^2GSI, Darmstadt;^3Ruprecht Karls-Universität Heidelberg

We are currently setting up a laser-microwave doubleresonance spectroscopy experiment with highly charged ions in a Penning trap, which combines precise spectroscopy both of optical transitions and microwave Zeeman splittings [1, 2, 3]. The experiment aims at spectroscopic precision measurements of such energy level splittings and magnetic moments of bound electrons on the ppb level of accuracy and better. For first tests, the^{40} Ar^{13+} ion has been chosen. It has a spinless nucleus, such that only a fine structure is present. Similar measurements in hyperfine structures are to be performed with ions of higher charge states such as for example^{207} Pb^{81+} and^{209} Bi^{82+} as available to ARTEMIS within the framework of the HITRAP facility.

Figure 1: Photography of the ARTEMIS Penning trap, in which the ions are created and confined for spectroscopy.

In an external magnetic field, the Zeeman effect lifts the degeneracy of energies within fine- and hyperfine-structure levels. For highly charged ions in magnetic fields of a few Tesla strength, the Zeeman splitting is well within the microwave domain and thus accessible for precision spectroscopy. In addition, in case of fine- and hyperfinestructure transitions, the strong scaling with Z eventually shifts the corresponding energies into the laser-accessible region and thus makes them available for precision optical spectroscopy [1]. Figure 1 shows the Penning trap of the ARTEMIS experiment, in which the ions of interest are created and confined for spectroscopy. Creation takes place by electron impact ionization in close similarity to the charge breeding processes used in electron beam ion sources (EBIS). We have installed this trap arrangement in the superconducting magnet of the ARTEMIS experiment, and have used an EMCCD-camera to detect photons emitted during the charge breeding process of highly-charged argon ions. Figure 2 shows a false-colour image from this camera looking into the cylindrical trap along its symmetry axis from above. This optical tracking of the ion creation

Figure 2: EMCCD-image of photons emitted during creation of highly-charged ions in the trap.

process is a powerful diagnostic tool to control and optimize the charge breeding process in real-time. In a next step, it will be combined with non-destructive electronic detection able to yield mass spectra of produced ion distibutions, thus providing optimal control.

This work has been supported in part by DFG (Grants VO 1707/1-2 and BI 647/4-1), by GSI, HGS-HiRe, and by the IMPRS for Quantum Dynamics Heidelberg.

References

[1] W. Quint, D. Moskovkin, V.M. Shabaev and M. Vogel, Phys.

Rev. A 78 (2008) 032517.

[2] D. von Lindenfels, N. Brantjes, G. Birkl, W. Quint, V.

Shabaev and M. Vogel, Can. J. Phys. 89, 79 (2011).

[3] D. von Lindenfels, G. Birkl, D.A. Glazov, A. Martin, G.

Plunien, W. Quint, V.M. Shabaev, M.M. Sokolov, M. Vogel, A.V. Volotka, and M. Wiesel, Phys. Rev. A 87 023412 (2013).

PNI-AP-15 GSI SCIENTIFIC REPORT 2013

172 doi:10.15120 /GR-2014-1-PNI-AP-15

New approach for the induced charge calculation for cylindrical electrodes^∗

J. Steinmann^{1,2}, J. Groß^2, F. Herfurth^1, and G. Zwicknagel^3

1GSI Helmholtzzentrum, Darmstadt, Germany;^2University of Applied Sciences, Darmstadt, Germany;^3University, Erlangen-Nuernberg, Germany

The HITRAP facility is part of the GSI accelerator complex and it is designed to store and cool up to 10^5 bare uranium ions. One of the cooling mechanisms is the resistive cooling where energy is dissipated in an external RLC circuit, which is connected to the so called pick-up electrodes. These electrodes pick up the induced charge and the related current caused by the ion dynamics and give a feedback to the ion dynamics due to an imbalance of the potential on these electrodes. But since there exists no theoretical treatment of resistive cooling which is able to accurately predict cooling time and cooling behavior numerical simulations are necessary. In [1] we presented a model for the simulation of resistive cooling of ion clouds in cylindrical penning traps, which includes the complete ion-ion interaction. To handle the large computational effort this is done on graphic boards using parallel programming techniques [2]. The induced current is the time derivative of the induced charge and can be calculated by a finite element solver. This allows to model precisely the real geometry. But due to the increasing number of necessary elements, the simulation time increases strongly with the required numerical accuracy, and this method gets inefficient for a time discrete integration scheme in which these calculations must be repeated some billion of times. Based on the solution of the Poisson equation, we therefore worked out an analytical formula for the charge Q which is induced on the electrodes by an ion: Q = q π ∞� 0 I_0 � v ·^r_R � v ·I_0(v) · 1� j =0

(− 1)^j sin � v ·^{Δ zj}_R � dv (1)

Here, I_0 is the modified Bessel function of order zero, R is the trap radius, Δ z_j = z − z_j with z_0 and z_1 are the left and right axial coordinate of the pick-up electrode and q is the charge of the ion at position (r, z ). The total charge induced on the pick-up electrode caused by an ion cloud is calculated by superimposing the contributions of all single ions. Since we did not find an analytical solution of (1) some further simplification is needed to ensure a fast evaluation. Approximating now the term I_0 � v ·^r_R � /I_0(v) in expression (1) leads to an analytical formula which allows fast calculation and provides high accuracy: Q ≈ q 2 k_{max}�

k=0 β_k 1� j =0

(− 1)^j � erf �_{Δ zj}

γ_k � + r^2Δ z_j √ π γ^3_k e^−

“_{Δ z j} γ k ”_2 �

Here erf is the error function, k_{max} the order of approximation, γ_k = 2 Rα_k, α_k and β_k are numerical parameters.

∗ Work supported by FE, Project-Number DAGROS1012.

The calculated charge induced on single electrodes is shown in figure 1. The approximation error depends on

Figure 1: Induced charged at five cylindrical electrodes. The bins from left to right: Analytical solution (gray), approx. k_{max} = 2 (red), approx. k_{max} = 1 (green), Comsol (blue), calculation scheme of Ref.[3] (yellow). Electrode 2 and 4 are the pick-up electrodes

the choice of k_{max} , see figure 2. Already at k_{max} = 2 the results of (1) and the analytical approximation are in good agreement. The resulting absolute error for the pickup electrodes of less than 5 ·10^{− 3} will be sufficiently accurate for our simulations.

Figure 2: Approximation error per unit charge versus the order of approximation k_{max}

References

[1] J. Steinmann et. al., AIP Conference Proceedings 1521, 2013, pp. 240-249.

[2] J. Steinmann et. al., “Simulation of Ion Clouds in Penning traps using graphic boards”, GSI Scientific Report (2012).

[3] G. Maero et. al., Applied Physics B: Lasers and Optics 107 (2012) 1087.‘

GSI SCIENTIFIC REPORT 2013 PNI-AP-16

doi:10.15120 /GR-2014-1-PNI-AP-16 173

Polarization transfer in elastic Rayleigh scattering^∗

A. Surzhykov^{†1}, V. A. Yerokhin^2, Th. Jahrsetz^{1,3}, Th. Stöhlker^{1,4,5}, and S. Fritzsche^{1,4}

1Helmholtz Institute Jena, Germany;^2St. Petersburg State Polytechnical University, Russia;^3University of Heidelberg, Germany;^4University of Jena, Germany;^5GSI Helmholtzzentrum, Darmstadt, Germany

Studies on the elastic Rayleigh scattering of photons by bound atomic (or ionic) electrons have a long tradition. Since the mid 1930’s, a large number of experimental and theoretical works have dealt with the total as well angle– differential Rayleigh cross sections [1]. More recent investigations were focused, moreover, on the linear polarization of the scattered photons. Of particular interest here is the question of how this polarization is affected if the incident light is itself (linearly) polarized. Owing to recent advances in coherent light sources and efficient detection techniques, a new generation of experiments has currently become feasible, in which such a “polarization transfer” can be explored for heavy atomic targets and the radiation in the x–ray region. Polarization analysis of the Rayleigh scattering in the high–Z —and—high–energy domain may serve as a valuable tool for exploring this second–order quantum electrodynamical (QED) process in very strong electromagnetic fields.

In order to analyze the current and future experiments on the polarization transfer in elastic Rayleigh scattering of x–rays by heavy targets, detailed theoretical study has been performed by us based on the second–order perturbation theory and Dirac relativistic equation [2]. The practical application of such a perturbative approach requires the knowledge about the complete Dirac spectrum of an atom (or ion), including not only bound– but also positive and negative energy continuum–states. In our study, this spectrum was represented by means of the Coulomb Green’s function:

G_E (r , r^′) = � ν � ψ^†_ν (r ) ψ_ν (r^′) E_ν − E

, (1)

constructed from the eigensolutions ψ_ν (r ) ≡ ψ_{n ν j ν ,μ ν} (r ) of the Dirac Hamiltonian. By using the analytical representation of G_E (r , r^′) in terms of the regular and irregular Whittaker functions [3] we were able to perform an accurate perturbative calculations of the angular as well as polarization properties of scattered Rayleigh photons.

With the help of the relativistic Green’s function approach we investigated, in particular, the elastic scattering of completely linearly polarized x–rays on hydrogen–like ions in their ground state. For example, Fig. 1 displays the angular distribution (left panel) and the degree of linear polarization (right panel) of scattered photons for the case of xenon Xe^{53+} target and three different energies ℏω

∗ Work supported by Helmholtz Association under the project VH– NG–421 and by the BMBF under the project No. 05K13VHA.

† a.surzhykov@gsi.de

Figure 1: The angle–differential cross section (left panel) and the degree of linear polarization (right panel) of elastically scattered x–rays on hydrogen–like xenon Xe^{53+} ions in their ground state. Relativistic calculations were performed for the completely linearly polarized incident light with energies ℏω = 1.1 I_{1s} (solid line), 5 I_{1s} (dashed line) and 10 I_{1s} , where I_{1s} ∼= 41 keV refers to the 1s ionization threshold. Data from Ref. [2].

of the incident light. As seen from the figure, both (angular and polarization) properties appear to be very sensitive to the photon energy. In particular, if ℏω ∼= 45 keV, which is just 10 % above the 1s ionization threshold, the Rayleigh photons are strongly polarized over the entire angular range, except for θ ≈ 80–100^∘, and their emission pattern is almost dipole–like, W (θ) ∼ cos^2 θ. In contrast, the increase of the energy leads to (i) a strongly enhanced forward emission and to (ii) a significant reduction of the polarization of outgoing radiation. This reduction is largest for the backward scattering but may also reach 20–30 % for the emission angles in the range 30^∘ ≲ θ ≲ 60^∘, where the photon yield is high. Based on our theoretical analysis, we argue that such a “depolarization” of light in the course of elastic scattering is caused mainly by the higher, non–dipole components of the electromagnetic field. The measurements of the depolarization effects, which is feasible today with the help of available solid–state detectors, can reveal, therefore, useful information about the details of photon–matter interactions in the extreme relativistic regime; the topic which attracts currently much attention both in intense–laser and heavy–ion physics.

References

[1] R. Pratt, Rad. Phys. Chem. 74, 411 (2005). [2] A. Surzhykov et al., Phys. Rev. A 88, 062515 (2013). [3] P. Koval and S. Fritzsche, Comp. Phys. Commun. 152, 191 (2003).

PNI-AP-17 GSI SCIENTIFIC REPORT 2013

174 doi:10.15120 /GR-2014-1-PNI-AP-17

Development of the HITRAP experimental facility

Z. Andelkovic^1, S. Fedotova^1, F. Herfurth^1, N. Kotovskiy^1, B. Maaß^2, J. Steinmann^3, and G. Vorobjev^1

1GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt;^2TU Darmstadt;^3Hochschule Darmstadt

Heavy few-electron ions are relatively simple systems in terms of electron structure which offer unique opportunities to conduct experiments under extremely large electromagnetic fields that exist around their cores. This makes them perfectly suited for various experiments including, but not limited to, tests of quantum electrodynamics at the strong field limit, multiple electron transfer or interaction of highly charged ions (HCI) with surfaces. In the recent decades the theory has advanced enough to be able to calculate quantities such as the g-factor of bound electrons or electron energy levels with high precision. Thus, the major challenge for such kind of experiments has remained the preparation of such highly charged ions.

As an extension of the existing GSI accelerator facility, the heavy ion trap (HITRAP) facility was conceived as the final deceleration stage for HCI. It is designed to provide cold bunches of up to 10^5 ions with charge states as high as bare uranium. The HITRAP decelerator consists of several stages designed to bring the energy of HCI from the initial 4 MeV per nucleon stepwise down into the sub-eV range. After the successful offline tests of the modified radio-frequency quadrupole (RFQ) - the second deceleration stage - it was installed back into the main beamline and equipped with diaphragms at the ion input and output. They will ensure ion beam injection on axis of the 4-rod structure, which was found to be crucial for the deceleration efficiency during the offline tests.

The final deceleration stage - the cooling trap - has seen some modifications for better high voltage stability and suppression of unwanted electron emission processes. After successful trapping of HCI from the EBIT in the year before, the ongoing work at the moment is to prepare the trap for the ions at 6 keV/u decelerated from the RFQ. A detailed simulation study of the resistive cooling process is carried out at the same time [1]. Together with electron cooling, this method will reduce the ion energy to the sub-eV level and prepare a cold bunch of heavy HCI for distribution to different experiments.

The HITRAP facility on the experimental platform included so far a Dresden EBIT and a transfer beamline connecting it to the cooling trap. In 2013 the branch connecting the EBIT and the HITRAP decelerator with various experiments has been completed, thus extending the low-energy beamline by some 15 m, as shown in the figure below. The new section includes nine quadrupole doublets, two 90^∘ deflectors, four diagnostics chambers and an appropriate number of UHV pumps for reaching a residual gas pressure of 10^{− 10} mbar. Ion bunches, including highly charged O, Xe and Ar ions have been successfully transported along the full beamline length. This result enables the planned laser spectroscopy experiments in the SpecTrap Penning trap [2], and also paves the way for other experiments associated with HITRAP, like the measurements of the boundelectron g-factor [3] and study of multiple electron transfer in cold atom-HCI collisions [4].

As an addition to the Dresden EBIT, plans and preparations were made for an installation of the high-energy S- EBIT [5]. Consigned to GSI as a loan from the Helmholtz Institut Jena, it currently being installed on the HITRAP experimental platform and connected with the existing infrastructure. This accelerator-independent source of heavy, highly charged ions will help bridge the shutdown time of the GSI accelerator complex during the preparation for FAIR and supply heavy HCI to the experimental stations.

References

[1] J. Steinmann, J. Groß, F. Herfurth, G. Zwicknagel, GSI Scientific Report 2013

[2] T. Murböck, et al. GSI Scientific Report 2013

[3] D. von Lindenfels, et al.: Phys. Rev. A 87, 023412 (2013)

[4] S. Götz, et al.: Rev. Sci. Instrum. 83, 073112 (2012)

[5] S. Trotsenko, et al. GSI Scientific Report 2013

GSI SCIENTIFIC REPORT 2013 PNI-AP-18

doi:10.15120 /GR-2014-1-PNI-AP-18 FAIR@GSI 175

SPARC at Storage Rings of FAIR^∗

Yu. A. Litvinov^{†1,2}, Th. Stöhlker^{‡1,3,4}, and the SPARC Collaboration^5

1GSI Helmholtzzentrum für Schwerionenforschung;^2Ruprecht-Karls-Universität Heidelberg;^3Helmholtz Institut Jena; 4Friedrich-Schiller-Universtät Jena;^5http://www.gsi.de/sparc

The FAIR project will be realized in stages as determined by the Modularized Start Version (MSV) [1]. Since the New Experimental Storage Ring (NESR), which is the main instrument for SPARC experiments in FAIR [3], is not within the first stage of the MSV, its realization will inevitably be delayed. Therefore, the MSV has triggered substantial efforts to investigate alternatives enabling unique experiments in the realm of atomic physics using stored and cooled ion-beams already within the MSV. Apart from the MSV program at a dedicated fix-target experimental hall, APPA-Cave, and laser-cooling experiments in SIS- 100, these plans include the installation of the CRYRING at the presently operating ESR [2] and the realization of an experimental program with relativistic ions beams in the High-Energy Storage Ring (HESR) [4].

UNILAC

SIS-18

SIS-100

SUPER-FRS

APPA- Cave

CR

HESR

FRS ESR

CRYRING

HITRAP

PHELIX

atomic physics experiments

Figure 1: Schematic view of the presently operational accelerator facility at GSI (gray) and the initial phase of the future FAIR facility (red). The main locations of SPARC experiments are indicated, including the HITRAP, which is being commissioned at the ESR, and CRYRING, which is presently under construction. Possible beam lines for transport of protons and ions from SIS-18 directly to the HESR and of antiprotons and ions from HESR to the ESR are shown with light-blue color. These beam lines are currently subject of detailed investigations.

The latter was described in a dedicated feasibility study [5]. Since then the conditions for SPARC experiments were further investigated in a close collaboration with researchers from FZ Jülich. Stochastic and electron cooling of heavy ions has been studied in very detail. It was shown that – by using the available system [6] – stochastic cooling

∗ Work supported by Helmholtz Institute Jena, Helmholtzzentrum Jülich, and the Helmholtz-CAS Joint Research Group HCJRG-108 † Y. Litvinov@gsi.de ‡ T.Stoehlker@gsi.de

of ion beams will be possible at the injection energy of 740 MeV/u [7] as well as at the highest energies of a few GeV/u [8]. Furthermore, adding an available barrier bucket voltage will allow for a sufficient cooling of the ions also with dense internal targets [9]. The simulation of the full cycle SIS-100 → CR → HESR including bunching, cooling and acceleration has been performed [10]. These studies have shown that the SPARC experiments even with highest target densities can be performed in the HESR without any additional modifications of the HESR stochastic cooling and RF systems.

To facilitate the commissioning of the various machines of the FAIR facility, a direct beam line connecting SIS-18 and HESR could be imagined [11]. This would allow for an easier commissioning of the HESR on the one side. On the other side, since the HESR is capable to efficiently accelerate the stored beams, this would enable the exciting SPARC physics program [12] at a very early stage of FAIR, even before the commissioning of the complex accelerator chain SIS18-SIS100-CR-HESR is completed. A possible location of such a beam line is indicated in Figure 1.

With CRYRING@ESR two fully commissioned storage rings will be available, and, by installing an anti-proton transfer line, the physics program of the FLAIR collaboration could be realized at a very early stage. A possible beam line could connect the HESR with the ESR as, e.g., indicated in Figure 1. In such a case the cooled and sloweddown antiprotons would be extracted from the HESR at 9.5 Tm towards the ESR, where they would further be cooled and slowed-down to about 1.4 Tm, the injection rigidity of the CRYRING, and transferred to CRYRING.

Fruitful collaboration with T. Katayama, E. Mahner, R. Maier, D. Prasuhn, R. Stassen, M. Steck, H. Stockhorst on the SPARC@HESR issues is greatly acknowledged.

References

[1] FAIR Green Paper: The Modularized Start Version (2009). [2] M. Lestinsky et al.: CRYRING@ESR: A Study Group Rep. [3] R. Schuch et al.: SPARC Technical Proposal (2005) [4] R. Maier et al: HESR Technical Design Report (2008) [5] T. Stöhlker et al: SPARC Exp. at HESR: A Feasibility Study [6] R. Stassen et al., Proc. IPAC2013, Shanghai, China. [7] H. Stockhorst et al., Proc. IPAC2013, Shanghai, China. [8] H. Stockhorst et al., Proc. IPAC2012, New Orleans, USA. [9] T. Katayama et al., Proc. IPAC2013, Shanghai, China. [10] T. Katajama and H. Stockhorst, in preparation (2014). [11] T. Stöhlker et al.: Hyperfine Interactions, in press (2014). [12] T. Stöhlker et al.: Phys. Scripta T 156, 014085 (2013).

PNI-AP-19 GSI SCIENTIFIC REPORT 2013

176 doi:10.15120 /GR-2014-1-PNI-AP-19

Swift heavy ion induced radiation damage in EuPO_4^{∗ †}

A. Romanenko^{1,2}, C. Trautmann^{1,2}, F. Fujara^2, and M. Lang^3

1GSI, Darmstadt, Germany;^2TU Darmstadt, Germany;^3The University of Tennessee, Knoxville, TN, U.S.A.

Europium phosphate (EuPO_4) is the synthetic analogue to the natural mineral monazite and is considered as a promising material for long term storage of radioactive waste because of its structural flexibility incorporate uranium and thorium without significant structure degradation due to self-irradiation. Earlier irradiation experiments with 800keV- Kr ions revealed a high radiation hardness of monazite-structure orthophosphates and low critical temperature, above which the material can no longer be amorphized [1]. In contrast to displacive radiation effects there is no information available about the response of EuPO_4 to the irradiation with swift heavy ions (SHI) where electronic energy loss processes dominate.

Single crystals of EuPO_4 were irradiated at the UNI- LAC facility using 2.0-GeV Au ions (energy loss 39 keV/nm). The experiments were performed at room temperature using a flux of 3× 10^8 ions/cm^2s and fluences between 5× 10^{11} and 1× 10^{13} ions/cm^2.

For damage analysis, the irradiated samples were investigated by Raman spectroscopy using a Horiba Jobin Yvon LabRam HR800 system with a laser of λ = 473.1 nm.

Figure 1: Raman spectra of EuPO_4 crystals exposed to 2.0 GeV Au ions of different fluences (spectra are stacked for better visualization). All spectra were recorded on spontaneously cleaved crystal planes normal to the irradiated surface at 10 μm depth.

Due to irradiation-induced stress accumulation, the crystals broke perpendicular to the irradiated surface. This created a flat normal-to-surface plane and allowed us to record Raman spectra along the full range of the ions.

Raman spectra of virgin lanthanide phosphates LnPO4 have previously been reported, assigning the most intense peak at 987 cm^{− 1} in the EuPO_4 spectrum to the symmetric stretching mode of the (PO_4)^{3−} group [2]. After applying a fluence of 5× 10^{11} ions/cm^2, no significant change in

∗ Supported by GSI-TUD cooperation and HGS-HIRe graduate school † an.romanenko@gsi.de the Raman spectrum was observed, while further irradiations result in an overall increase of the background and a strong broadening of all Raman bands (Fig. 1). At high fluences, a broad peak develops at around 960 cm^{− 1}. Given by the similarity of Raman spectra of fully amorphized phosphates and amorphous phosphate glasses, we ascribe this band to the vibrations of the (PO_4)^{3−} tetrahedron in the amorphous matrix. At a fluence of 1× 10^{13} ions/cm^2, almost all bands from the original crystalline phase disappeared. The damage cross section was estimated by analyzing the band area of the (PO_4)^{3−} symmetric stretching mode from the crystalline (987 cm^{− 1}) and the amorphous (960 cm^{− 1}) state as a function of fluence. Based on the single-impact model [3], the damage accumulation increases in the initial stage linearly with increasing fluence and saturates for track overlapping. Applying the Poisson law allows us to determine the track radius R.

A_c A_c + A_a

= exp(− πR^2Φ) (1)

where Φ denotes the fluence, and A_c and A_a represent the respective band area of the crystalline (987 cm^{− 1}) and amorphous (960 cm^{− 1}) Raman peak. Fitting the data (Fig. 2) by Eq. 1 yields a track radius of R = 3.4 ± 0.2 nm which is consistent with track radii in other minerals.

Figure 2: Crystalline sample fraction as a function of fluence. From the exponential decrease, the track radius for 2.0-GeV Au ions in EuPO_4 is deduced. The solid line corresponds to the fit equation given as inset.

References

[1] A.Meldrum, L.A.Boatner, R.C.Ewing, Phys. Rev. B, 56 (1997) 13805.

[2] G. M. Begun, G. W. Beall, L. A. Boatner, and W. J. Gregor, J. Raman Spectrosc. 11, 273 (1981).

[3] W.J. Weber, Nucl. Instr. Methods Phys. Res. B,166 (2000) 98.

GSI SCIENTIFIC REPORT 2013 PNI-MF-01

doi:10.15120 /GR-2014-1-PNI-MF-01 177

New approach to investigate irradiated calcite crystals – UV Raman and Photoluminiscence with UV excitation^∗

S. Dedera^{† 1}, N. Sch öppner^1, U. A. Glasmacher^1, M. Burchard^1, and C. Trautmann^{2,3}

1Institute of Earth Sciences, University Heidelberg;^2GSI Darmstadt;^3Technical University Darmstadt

In the past, calcite (CaCO_3) turned out as a sensitive natural detector for ion defects. Additional experiments shall now reveal, if there are more useful properties of this very common mineral.

During a test experiment at the SIS, a trigonal calcite crystal of 6× 6.5× 4 mm^3 in size was irradiated with 192 MeV/u^{238} U ions of fluence 1× 10^{11} cm^{− 2} (subsequently denoted as SIS-calcite). We observed a pronounced ionoluminescence and unexpected long phosphorescence for about 20 min, which was not reported so far.

Crystals from the calcite family are known to luminescent under UV excitation [1]. We thus exposed the SIScalcite offline with UV light of wavelengths λ_L =366 nm (“long UV”) and λ_S =254 nm (“short UV”) to investigate whether the increase of defect concentration through ion irradiation changed the properties of the SIS-calcite.

No luminescence was detected for the “long UV”- excitation, whereas under the “short UV” excitation the SIS-calcite showed a thin line of greenish to yellowish luminescence localized around to the range where the electronic energy loss of the ions is maximum. The rest of the crystal did not contribute to luminescence.

Trigonal calcite crystals irradiated at the UNILAC with 11.1 MeV/u^{197} Au-ions showed the same greenish to yellowish luminescence when stimulated with “short UV”. The luminescence starts to become visible at a fluence of 1× 10^9 ions/cm^2. Subsequently, experiments with UVstimulated Raman spectroscopy and photoluminescence (PL) were performed to test the luminescence response to UV stimulation. The work is motivated by the expectation that a UV-stimulated change in the luminescence pattern may be a suitable non-destructive analytical technique to quantify defect concentrations in calcite crystals produced by bombardment with heavy ions in the low fluence regime (< 1× 10^9 Au-ions/cm^2).

The experiments were performed with the UV-Raman and photoluminescence spectrometer (UV-laser: 244 nm) of Jobin Yvon Horiba. Calcite irradiated with 1× 10^6 Au-ions/cm^2 (11.1 MeV/u) show distinct photoluminescence with bands at about 520 and 545 nm (Fig. 1), which matches the greenish, yellowish color of the luminescence light whereas unirradiated calcite crystals show only a minor peak at 545 nm. When increasing the fluence to 1× 10^8 Au-ions/cm^2, the amplitude of both peaks increases (Fig. 1). All spectra are taken with the following parameters: grate 300, objective 40× , accumulation 2× , hole 50.

∗ Work supported by BMBF Verbundprojekt 05K10VH1 † Sebastian.Dedera@geow.uni-heidelberg.de

Excitation (UV-laser: 244 nm) of the SIS-calcite also indicated the already known two bands with high amplitude (Fig. 2). In addition, a new peak at about 575 nm is observed.

Summarizing the first results, UV-excitation combined with photoluminescence spectroscopy is sensitive enough to detect crystal defects created by heavy ions (11.1 MeV/u 197 Au) at a fluence as low as 1× 10^6 ions/cm^2.

So far Raman spectroscopy and detection with the UVexcitation (Laser: 244 nm) did not lead to any fluencerelated change of the Raman bands.

Figure 1: PL-Spectra of calcite crystals irradiated with 1× 10^6 and 1× 10^8 Au-ions/cm^2 (11.1 MeV/u). Spectra are not shifted, (detection time 20 s irradiated, 1 s nonirradiated).

Figure 2: PL-Spectra of SIS-calcite crystal irradiated with 1× 10^{11} U-ions/cm^2 (192 MeV/u). Strong luminescence due to good noise/signal ratio (detection time 5 s).

References

[1] M. Gaft, L. Nagli, G. Panczer, G. Waychunas and N. Porat. ”The Nature of Unusual Luminescence in Natural Calcite CaCO3.” American Mineralogist 93, no. 1 (2008): 158-167.

PNI-MF-02 GSI SCIENTIFIC REPORT 2013

178 doi:10.15120 /GR-2014-1-PNI-MF-02

Spectroscopic study on ion irradiated calcites and gypsum^∗

N. Schöppner^{†1}, S. Dedera^1, U.A. Glasmacher^1, M. Burchard^1, M. Zdorovets^{2,3}, and Christina Trautmann^4

1Institute of Earth Sciences, University of Heidelberg, Germany;^2Institute of Nuclear Physics, Almaty, Kazakhstan; 3Gumilyov Eurasian National University, Astana, Kazakhstan;^4TU Darmstadt and GSI Helmholtzzentrum Darmstadt, Germany Within geosciences, the use of fission tracks in various minerals as a thermochronological analytical technique is of high importance. The visualization of spontaneous and induced fission tracks uses the well established etching technique. Carbonate minerals have been tested in the past with differentiated results. The latest research clearly indicates that fission tracks develop in carbonate minerals and that they can be revealed by specific etching conditions [1], [2]. As carbonate minerals are excellent minerals for spectroscopic analytical techniques, the application of those techniques to non-destructively deduce information on fission tracks was tested.

Various carbonate minerals were irradiated within two different ion energy ranges. Ions of GeV kinetic energy were available at the GSI, while irradiations at lower energy were performed at the RGP Institute Yadernoi Fiziki, Astana, Kazakhstan. Mono crystalline samples of carbonate used in these experiments are trigonal calcite (CaCO_3), rhomboedric aragonite (CaCO_3), monocline malachite (Cu_2[(OH)_2/CO_3]), trigonal rhodochrosite (MnCO_3), trigonal dolomite (MgCO_3), and monocline gypsum (CaSO_4*2H_2O). At GSI, the carbonate minerals were irradiated at the UNILAC accelerator with 11.1 MeV/u^{197} Au and^{209} Bi ions, applying fluences of 1× 10^6, 5× 10^6, 1 × 10^7, 5 × 10^7, 1 × 10^8, 1 × 10^{11}, and 1× 10^{12} ions/cm^2. At the RGP Institute, the samples were irradiated at the Astana accelerator with 1.7 MeV/u^{84} Kr ions applying fluences between 1× 10^{10} and 1× 10^12 ions/cm^2. The lower mass and energy of these Kr ions is closer to the conditions given by natural fission fragments from^{238} U.

All crystals were analyzed by Raman spectroscopy using the LabRam HR800 UV spectrometer equipped with an OLYMPUS BXFM-ILHS optical microscope, a grating with 1800 grooves per millimeter and a Peltier-cooled CCD detector. During the spectroscopic measurements an objective of 50x magnification was used. The spectra were excited by laser light of wavelength 473.03 nm. The lateral resolution was ∼ 2 μm, the wave number accuracy 0.5 cm^{− 1} and the spectral resolution was 1 cm^{− 1}. First results are provided for irradiated calcite and gypsum (Figs. 1, 2). The revealed Raman spectra are similar up to a fluences of 5× 10^{11 84} Kr-ions/cm^2. Above those fluences a new Raman band appears at about ∼ 430 cm^{− 1}. In addition, at 5× 10^{11 84} Kr-ions/cm^2 a shoulder appears at the left side of the main Raman band at about 1100 cm^{− 1}.

Significant changes in the Raman spectra of gypsum ap-

∗ Work supported by GSI(UNILAC), Work supported by GSI-HD cooperation contract and HGS-HIRe graduate school † nicole.schoeppner@geow.uni-heidelberg.de

Figure 1: Spectra of calcites irradiated with fluences between 1× 10^{10} and 1x10^{13 84} Kr-ions/cm^2 and a spectrum of a non-irradiated calcite crystal.

pear above a fluence of 1× 10^{10 84} Kr-ions/cm^2. With increasing fluences the peak intensities decrease and the full width at half maximum of the bands (FWHM) become larger. This applies especially to the Raman band at 3404 cm^{− 1}, which characterizes the H_2O band (Fig. 1). The amplitude decrease is an indication of irradiationinduced release of water. Similar effects were observed for irradiation of gypsum with neutrons [1, 2].

Figure 2: Raman spectra of gypsum before and after irradiation with^{84} Kr -ions.

References

[1] http://www.patent-de.com/20060406/DE102004052158A1.html (2006). (Stand: 14.02.2014)

[2] A. R. Patel, K. S. Raju (1970): Radiation damage in gypsum.

J. Phys. Chem. Solids, 31, 331-335.

GSI SCIENTIFIC REPORT 2013 PNI-MF-03

doi:10.15120 /GR-2014-1-PNI-MF-03 179

High Aspect Ratio Nanotubes fabricated by Ion-Track Technology and Atomic Layer Deposition^∗

A. Spende^{1,2}, I. Alber^1, N. Sobel^3, C. Hess^3, M. Lukas^4, B. St ühn^4, R. Zierold^5, J. M Montero Moreno^5, K. Nielsch^5, C. Trautmann^{1,2}, and M.E. Toimil Molares^{† 1}

1GSI, Darmstadt, Germany;^2Materials Research, Technische Universität Darmstadt, Germany;^3Eduard-Zintl-Institut für Anorganische Chemie und Physikalische Chemie, Technische Universität Darmstadt, Germany;^4Experimental condensed matter physics, Technische Universität Darmstadt, Germany;^5Institute of Applied Physics, Universität Hamburg, Germany

Nanotubes and nanochannels embedded in solid state membranes are of high relevance in many different fields including nanofluidics, catalysis, health care, or solar energy harvesting. On the way to novel industrial applications, systematic basic studies on these nanostructures as well as development of suitable fabrication techniques to precisely tailor their dimensions and surface properties are required. For synthesis of cylindrical nanochannels anodic alumina and polymer membranes are frequently used.

In this study, we fabricated nanotubes of alumina (Al_2O_3), titania (TiO_2) and silicon dioxide (SiO_2) by combining the ion-track technology and atomic layer deposition (ALD). As template we used 30-μm thick polycarbonate foils, which were irradiated at the UNILAC with 2 GeV heavy ions and a fluence of 10^9 ions/cm^2. Subsequent chemical etching transforms each ion track into a cylindrical nanochannel [1]. Depending on the etching time, cylindrical nanochannels with a diameter between 55 and 400 nm and respective aspect ratios between 545 and 75 were fabricated. The etched membranes were coated by ALD with Al_2O_3, TiO_2 and SiO_2.

Figure 1: a) STEM image of a single SiO_2 nanotube with an aspect ratio of 545 and a wall thickness of 10 nm. b) SEM image of TiO_2 nanotubes with an aspect ratio of 207 and a wall thickness of 15 nm.

To study the successful coating along the complete length of the nanochannels the polycarbonate template is dissolved by wet-chemical methods. The resulting nanotubes are visualised by scanning electron microscopy (SEM) and scanning transmission electron microscopy

∗ Work supported by DFG-FOR1583 and HGS-HIRe † M.E.ToimilMolares@gsi.de

(STEM) in SEM. Figure 1 displays representative images of SiO_2 (a) and TiO_2 (b) nanotubes.

Coated and uncoated samples were further investigated by small angle X-ray scattering (SAXS). Deduced nanochannel radii as a function of etching time are displayed in Figure 2. As expected the channel radii increase linearly with increasing etching time. The values of the coated channels are shifted by 10 nm to smaller radii, in complete agreement with the nominal coating thickness of the ALD process. The SAXS scattering pattern of the coated membranes show the same high-quality ondulations indicating highly conformal ALD coating.

Figure 2: Nanochannel radius deduced from SAXS before (□ ) and after (△ ) ALD deposition of 10-nm SiO_2. Uncertainties are smaller than symbols.

In conclusion, these first results show the fabrication of inorganic nanotubes in ion-track etched polycarbonate membranes with aspect ratios above 500. The successful surface modification process creates new opportunities in the precise reduction of pore sizes for filtration or purification applications.

References

[1] M. E. Toimil-Molares, Beilstein J. Nanotechnol. 3 (2012) 860

PNI-MF-04 GSI SCIENTIFIC REPORT 2013

180 doi:10.15120 /GR-2014-1-PNI-MF-04

Generation of Physical Conditions Similar to Interior of Superearth Extrasolar Planets by Imploding Solid Iron in LAPLAS Experiments at FAIR^∗

N.A. Tahir^1, A. Shutov^2, A.R. Piriz^3, and Th. Stöhlker^{1,4}

1GSI, Darmstadt, Germany;^2IPCP, Chernogolovka, Russia;^3UCLM, Ciudad Real, Spain;^4IOQ Friedrich-Schiller Universität and Helmholtz Institute, Jena, Germany

Due to the discovery of a huge number of Extrasolar planets of different types (gas giants, frozen water rich and earth like rocky planets) over the past two decades, the subject of planetary science has entered into a new very exciting era. This contribution presents numerical calculations using the LAPLAS experimental scheme [1-3] to implode solid Fe to physical conditions that are predicted to exist in the interior of Extrasolar rocky planets named ”Superearths” or ”Exoearths”. The target consists of a solid Fe cylinder having L = 4 mm and r = 0.2 mm that is enclosed in a W cylinder having an outer radius of 3 mm.

Figure 1: T vs time (Density distribution at the time of maximum compression 5 × 10^{11} ions.

Figure 2: Phase state of the target corresponding to Fig. 1.

A hollow beam of 1 GeV/u U ions (that will be available at FAIR) that has an annular focal spot is used to implode the target. The beam intensity is considered to be 5 × 10^{11} ions per bunch where the bunch length is 50 ns. Numerical simulations have been done using the 2D hydrodynamic code, BIG2.

In Fig. 1 we present the target density at the time of maximum compression. It is seen that a shell of tungsten tamper with a density of about 40 g/cm^2 has been generated

∗ Work supported by the BMBF

around uniformly compressed Fe. Fig. 2 shows the material phase corresponding to conditions presented in Fig. 1. It is seen that the compressed Fe and the compressed tungsten tamper are in solid phase whereas the tungsten region directly heated by the target is in liquid state.

0 25 50 75 100 125 Radius (micron) 0

5

10

15

20

25

30

Density (g/cc); Pressure (MBar); Temp. (K)x1000

Density Pressure Temperature

t = 104 ns

"Super-Earth" Core Conditions

Figure 3: ρ, T and P vs r in Fe region using 5 × 10^{11} ions.

In Fig. 3 we plot the density, temperature and pressure vs radius in the iron region at L = 2 mm (target middle). It is seen that Fe has been compressed to twice the solid density where as the pressure is around 10 Mbar. These are conditions that are expected to exist in the interiors of huge earthlike Exoplanets.

0 25 50 75 100 125 150 Radius (micron) 0

5

10

15

20

25

30

Density (g/cc); Pressure (MBar); Temp. (K)x100

Density Pressure Temperature

t = 145 ns

Earth Core Conditions

Boundary

Figure 4: ρ, T and P vs r in Fe region using 2 × 10^{11} ions.

In Fig. 4 we plot the same parameters as in Fig. 3, but using a lower beam intensity of 2 × 10^{11} per bunch. In this case one achieves conditions similar to that in the earth core. LAPLAS experiment is a very efficient scheme to study planetary physics at FAIR.

References

[1] N.A. Tahir et al., PRE 63 (2001) 016402.

[2] N.A. Tahir et al., High Energy Density Phys. 2 (2006) 21. [3] N.A. Tahir et al., New J. Phys. 12 (2010) 073022.

GSI SCIENTIFIC REPORT 2013 PNI-PP-01

doi:10.15120 /GR-2014-1-PNI-PP-01 181

Operation and Improvements of PHELIX^∗

S. Götte^1, C. Brabetz^2, U. Eisenbarth^1, S. Kunzer^1, M. Kreutz^1, D. Reemts^1, T. St öhlker^{1,3}, L. Tymura^1, F. Wagner^4, B. Zielbauer^{1,3}, and V. Bagnoud^{†1,3}

1GSI, Darmstadt, Germany;^2Johann Wolfgang Goethe University Frankfurt, Germany;^3Helmholtz Institute Jena, Germany;^4Technical University Darmstadt, Germany

General overview

PHELIX, the workhorse of the plasma physics program at GSI has performed in line with prediction in 2013. In the wake of the decision to reduce the beam time offer for users at GSI, PHELIX reduced the time dedicated to external users by 30%. Nevertheless, even under these circumstances PHELIX has shown proper performance in its fifth year of operation: 10 experiments were realized which were served in 12 beam times for external users. Three of these were performed at the Z6 area (but without ions from the UNILAC), the rest in-house in the PHELIX laser hall (PLH). Altogether, 156 shifts were delivered by the PHE- LIX operating team. The average duration of the preparation of an experiment at PHELIX was about 4 days, the average duration of an external beam time 6 to 7 days.

Furthermore, upgrades and improvements have been commissioned in 7 internal beam times. The longest has been the commissioning of the new target chamber (37 days) at the PLH. This and other developments are illustrated in the following.

Operation of the laser facility

In 2013, GSI has focused its activity mainly on the preparation of FAIR and, as a consequence, the accelerator was shut down. For PHELIX, which should remain in operation throughout the building phase of FAIR, this means a shift from the combined laser-ion experiments at Z6 to more stand-alone experiments. To enable this, the target area in the PHELIX building was upgraded. This, together with the decision of GSI to reduce user beam time at PHE- LIX by 30% had a visible impact on the beam time offer, which was set for 2013 to 170 shifts. As can be seen in fig. 1, an appreciable part of the time has been used for external beam time (29%) and the preparation (17%) of these experiments. This is - as expected - less than in 2012 where nearly 50% of the available time was spent for experiments: 2012 was, however, an unusual year, as many experiments had to be scheduled to anticipate the accelerator shut down of 2013, a necessary step in the preparation of FAIR. In addition, some maintenance tasks were delayed and took place in 2013. In 2013 also the relation between preparation and beam time changed in favor of the preparation time: PHELIX was able to offer more of this which was of advantage to set up complex experiments. Development

∗ The acronym stands for Petawatt High Energy Laser for heavy Ion Experiments † v.bagnoud@gsi.de

beam time (28%) and maintenance periods (17%) also increased compared to 2012 where this portion was 22% altogether. The time of shut down (9%) did not change noteworthy due to the high operational readiness of the small operating team.

Figure 1: PHELIX usage in 2013

But the operation is not ensured by this team only: GSI supports by the help of several infrastructure departments. The PHELIX operation team is working together with these colleagues in close collaboration: To give an example, the radiation protection department is involved in nearly every beam time.

Shots are documented in the PHELIX shot database as described in the 2012 report. For 2013, 1655 shots were recorded totally in this data base. Since this includes all test shots and also the so-called snap shots (these data are taken to store actual settings of the system), the number of shots delivered for experiments is of more interest: these were 463 in 2013.

The database allows for an evaluation of failed shots: 40 of the experimental shots (8.6%) ended up with an error. One has to face the fact that this information is of less significance: On the one hand, no ”failed shot” is recorded if the laser system shows an error which forbids to shoot, on the other hand a shot can be delivered mostly shortly after the failed shot occurred. Thus, there is no severe loss of time for the experiment. But it is of interest to classify the failed shots for their reasons; it turned out that the most failures are caused by hardware (37%) as well as by the PHELIX control system (PCS: 45%). The increase of the last (in 2012, less than 10% of failed shots were caused by the PCS) is due to necessary changes made to the system which will be described in the following. These prob-

PNI-PP-02 GSI SCIENTIFIC REPORT 2013

182 doi:10.15120 /GR-2014-1-PNI-PP-02 lems have been solved in the meantime. Only 10% of the failed shots are caused by the operators (in 2012, the majority - 52% - happened due to this reason). This shows the high experience of those who operate the complex laser system, and also the increase of programmatically implemented help at the PCS in order to avoid operating errors. The last portion of 8% were caused by external reasons.

Anyhow, 423 successful experimental shots delivered in 2013 attest PHELIX to be a reliable scientific facility. It can be compared with others without any shame. The experimentalists appreciate the fact that nearly always the first shot is delivered in the early morning of the first day of the beam time - if the experimental setup is ready for operation.

Internal developments

In 2013, some modifications enabling full user service during the construction phase of FAIR have been completed with the upgrade of the high-energy target area in the PLH. By that, the experimental options have been improved while the handling of the experiments has been eased and the radiation protection was optimized. For details refer to [1].

Another goal during the ongoing preparation phase of FAIR is the development of innovative technical solutions, like the operation of high-energy lasers at higher repetition rates. A test bed has been set up in the past 18 months to tackle this issue with the particular task to upgrade the preamplifier of PHELIX to higher repetition rates and to develop the relevant diagnostics. This test bed is equipped with a separate pulsed power system. Upgrade activities in this field are described in more detail in [2].

The work on the improvement of the temporal characteristics of PHELIX has continued. First the uOPA stage (ultrafast optical parametric amplifier) in the short pulse frontend was made available to users and is rightfully documented [3]. The system is meanwhile fully integrated into the laser setup, has been used several times for experiments and is close to be operated in a daily routine. Secondly, the search and elimination of the sources of pre-pulses in the frontend and throughout the system was carried on, such that the quality of the temporal profile of PHELIX has been greatly improved. And last, a test beam time was conducted to measure the plasma expansion of the target before the main shot in order to quantify the effect of high-temporal-contrast pulses on laser-matter interactions [4].

An important component of the PCS has been changed during the year: the Beckhoff control bus systems have been equipped with Ethernet bus couplers. This piece of hardware connects several devices (for example nearly everything related to the pulsed power system) with the PCS. This change became necessary since the linear optical bus couplers used before can not easily be operated with the available hard- and software when changing the operating system of the computers from XP to WINDOWS 7. The migration of the operating system of the PCS-PCs was started afterwards at the end of the year.

All these improvements have been tested in several internal beam times.

Contribution to the scientific program and outreach

In 2013, seven peer-reviewed articles [5 - 11] were published on data collected at PHELIX. As seen in the past, these articles report on results often obtained during beam times which occurred longer before, since the analysis of data takes some time.

As a side effect, PHELIX was used to acquire data for the test of a new type of dosimeter which was developed by the GSI radiation protection department. Details can be found in [12].

Concerning the laser activities at FAIR, several meetings were held to understand the requirements of the different research fields. These have been written down in a project report in order to derive the parameters of a future laser facility. Finally, working on a draft of a design of such a facility has been started while in parallel resulting necessary change requests for the FAIR site management are in preparation.

Outlook for 2014

User beam time is granted at PHELIX by the scientific director of GSI after recommendation of an expert panel, the PPAC. In January 2013, the PPAC met at GSI and reviewed experiment proposals that amounted for more than 300% of the available yearly beam time.

References

[1] B. Zielbauer et al., this report

[2] U. Eisenbarth et al., Annual Report of the Helmholtz Institute Jena

[3] F. Wagner et al., Appl. Phys. B, online first DOI 10.1007/s00340-013-5714-9 (2013)

[4] F. Wagner et al., this report

[5] A. Frank et al., Phys. Rev. Lett. 110 11 (2013)

[6] A. Tauschwitz et al., High Energy Density Physics 9 (11) 158-166 (2013)

[7] W. Cayzac et al., Rev. Sci. Instrum. 84 043301 (2013)

[8] G. A. Vergunova et al., Plasma Physics Reports 39 (9) 755- 762 (2013)

[9] S. Busold et al., Phys. Rev. Lett. Special Topics - Accelerators and Beams 16 (10) 101302 (2013)

[10] S. Busold et al., Nucl. Instrum. Methods A http://dx.doi.org/10.1016/j.nima.2013.10.025 (2013)

[11] D. Kraus et al., Phys. Rev. Lett. 111 255501 (2013)

[12] F. Horst et al., this report

GSI SCIENTIFIC REPORT 2013 PNI-PP-02

doi:10.15120 /GR-2014-1-PNI-PP-02 183

Upgrade of the PHELIX Target Area^∗

B. Zielbauer^{†1,2}, C. Brabetz^3, G. Fehrenbacher^1, S. G ötte^1, P. Kewes^1, S. Kunzer^1, D. Reemts^1, T. Sẗohlker^{1,2}, L. Tymura^1, F. Wagner^4, and V. Bagnoud^{1,2}

1GSI, Darmstadt, Germany;^2Helmholtz Institute Jena, Germany;^3Johann Wolfgang Goethe University Frankfurt, Germany;^4Technical University Darmstadt, Germany

In 2013, the upgrade of the PHELIX high-energy target area, dedicated to laser-only experiments in the PHELIX Laser Hall (PLH), has been completed. Due to this effort, the experimental possibilities could be broadened, experiment setup became simpler and radiation protection has been optimized. In April, the new chamber was commissioned by an internal beam-time testing the radiation shielding. Since then, eight experimental beam-times have been realized [1].

Experimental aspects

The most important improvement compared to the previous target chamber is that now, the full-aperture (25 cm) PHELIX beam can be transported into the target chamber which in itself allows for a doubling of the available energy. Together with the new, 22.5^∘ incidence angle off-axis focusing parabolic mirror with an effective focal length of 400 mm, intensities of up to 1.1·10^{22} W/cm^2 are attainable. However, due to aberrations caused by the beam transport and the parabolic mirror, low-energy measurements give an estimate of 2·10^{21} W/cm^2 while diagnostics data taken during the shots show additional aberrations resulting in more realistic intensities of about 5 ·10^{20} W/cm^2. These issues are to be addressed in the coming year with adaptive optics and the acquisition of a new glass paraboic mirror.

Furthermore, two idendical beam entrances through which the laser coming from the PW compressor can enter the chamber allow for a high degree of flexibility with multiple beams on multiple targets. Especially, the last turning mirror before the chamber lets through a leakage about 1% of the full beam energy which offers a versatile beam for pump/probe, shadowgraphy or interferometry setups with a temporal resolution of a few picoseconds [2].

From the practical point of view, the new chamber can now be accessed from three sides via specially developed sliding doors, allowing users to operate the target chamber without the use of a heavy-duty crane. The target manipulator system can be easily reconfigured for all allowed target positions. This year’s experiments have shown that the electrical shielding of the manipulator stages is sufficient, however, additional shielding measures for the motor controllers and control PCs in the target area were necessary. The vacuum system has also been upgraded with a 450 m^3/h screw pump as well as an overall turbo pumping speed of 2800 l/s, allowing for a pump-down time of about

∗ This work at the Petawatt High Energy Laser for heavy-Ion Experiments has been supported by the BMBF contract 05E12CD2 † b.zielbauer@gsi.de

30 min from air pressure to 5·10^{− 5} mbar which is the upper limit for the operation of the optical compressor.

Figure 1: View of the experimental area in the PHELIX laserbay with the additional shielding around the target chamber; red: laser beam path via new parabola; green: permitted target position area

Radiation protection

Before the upgrade, the necessary radiation shielding was assured by means of metal bricks which had to be piled around the target in the vacuum chamber. This seriously limited the use of diagnostics and it was also labor intensive as the shielding material had to be removed after nearly every shot to exchange targets or read out diagnostics. Now, metal shielding panels were installed outside the new target chamber. The design reflects the building wall shape and material in order to minimize the amount of additional shielding material. Important parts are hidden behind the clean-room wall, others directly mounted at or close to the chamber as can be seen in fig. 1. If the target is mounted within a volume of ± 17.5x59x1 cm, the laser can irradiate the target from any direction without further shielding. The relevant documents like the radiation protection directive of PHELIX have been updated. Finally, the responsible authority has allowed GSI to operate PHE- LIX with laser intensities of up to 7 ·10^{22} W/cm^2.

References

[1] S. Götte et al., this report [2] F. Wagner et al., this report

PNI-PP-03 GSI SCIENTIFIC REPORT 2013

184 doi:10.15120 /GR-2014-1-PNI-PP-03

Preplasma characterization at PHELIX

F. Wagner^1, S. Bedacht^1, A. Ortner^1, B. Zielbauer^{2,3}, M. Roth^1, and V. Bagnoud^{2,3}

1Technische Universität Darmstadt, Institut für Kernphysik, Darmstadt, Germany;^2Helmholtz-Institut Jena, Jena, Germany;^3GSI, Darmstadt, Germany

Introduction

The temporal contrast of high-power laser systems like PHELIX is a critical parameter for laser plasma experiments. The generation and amplification of short pulses using the chirped pulse amplification (CPA) scheme thereby entails a contrast degradation leading to an uncontrolled target pre-ionization. A preplasma is generated which strongly influences the interaction with the main pulse. To ensure well-defined initial parameters for laser plasma experiments as well as computer simulations a detailed knowledge about the preplasma expansion is required.

Temporal contrast at PHELIX

The temporal contrast of the PHELIX short-pulse system has been significantly increased within the last years. An optical parametric amplifier with a pump pulse duration of 1 ps has been developed and implemented at PHELIX. Using this device, we are able to tune the level of ASE between 10^{− 6}, which is a typical value for a CPA system, and 10^{− 11} . Moreover, all the compressed prepulses have been successfully removed ensuring an undisturbed target before the impact of the main pulse at the lowest ASE level. For more detailed information about the temporal contrast control at PHELIX see Ref. [1, 2].

parabola parabola

Tm1 Tm2

target delay BBO shadowgraphy

99% 1%

PHELIX target chamber

Figure 1: Setup of the preplasma diagnostics

Preplasma shadowgraphy

To evaluate the influence of different ASE levels on the preplasma, defining the initial conditions for laser-plasma experiments, we have developed a new preplasma diagnostics for the PHELIX target chamber which is depicted in figure 1. The main part of the beam is reflected by two turning mirrors (Tm1 and Tm2) and then focused onto the target to achieve an intensity of 10^{20} W/ cm^2 while the transmission of 1 % through Tm1 is used as a probe beam.

After being down collimated and frequency doubled this probe beam backlights the target and the target plane is imaged to a camera located outside the chamber. The temporal separation between the main pulse and the probe beam can be varied in the range of ± 200 ps allowing for the evaluation of the plasma expansion at different times before and after the impact of the main pulse.

Using this setup we took shadow images from flat copper targets with thicknesses around 5 μm for three different contrast levels. In figure 2 the size of the preplasma shadow is shown for different times. Time 0 ps corresponds to the impact of the main pulse. For an ASE level of 2 ·10^{− 7} we could identify a preplasma shadow which is nearly constant between − 230 ps and 0 ps . The size of this shadow decreases by a factor on the order of two when the ASE contrast is increased by two orders of magnitude. At an ASE level of 10^{− 10} no preplasma shadow was detected.

This measurement confirms that our maximum contrast level is high enough to prevent any major preplasma expansion. In a next step the measured data will be compared to simulations to link the shadow sizes to an actual plasma density.

Figure 2: Size of the preplasma shadow for different times and three different ASE-levels

References

[1] F. Wagner et al, “Temporal contrast control at the PHELIX petawatt laser facility by means of tunable sub-picosecond optical parametric amplification”, Appl. Phys. B. DOI 10.1007/s00340-013-5714-9 (2013) [2] F. Wagner and V. Bagnoud, “Prepulse removement at the PHELIX short-pulse beam”, GSI Scientific Report 2012 (2013)

GSI SCIENTIFIC REPORT 2013 PNI-PP-04

doi:10.15120 /GR-2014-1-PNI-PP-04 185

Energy loss measurements of heavy ions in dense weakly coupled plasma generated by volumetric heating with hohlraum generated x-rays

A. Ortner^{∗1}, A. Blazevic^2, M. Basko^7, S. Bedacht^1, W. Cayzac^2, A. Frank^5, S. Faik^6, D. Kraus^3, T.

Rienecker^6, G. Schaumann^1, D. Schumacher^2, An. Tauschwitz^{6,8}, F. Wagner^1, and M. Roth^1

1Technical University Darmstadt, Germany ;^2GSI, Darmstadt, Germany;^3UC Berkeley, USA ;^6University Frankfurt, Germany ;^7KIAM Moscow, Russia ;^8HIC for FAIR, Germany

In two experimental campaigns in 2012 precise measurements of the energy loss of Ca ions in dense, partly ionized carbon plasma have been carried out. An unexpected hight increase of the stopping power in this weakly coupled plasma ( Γ ≈ 0.5) has been measured. This was the first time, that ion stopping in such a plasma was measured. A 1 ns long, frequency doubled (λ = 527 nm) laser pulse with a total energy of 150 J is converted in a spherical cavity into X-rays with a radiation temperature of T_r ≈ 100 eV. This Plackian radiation heats up a secondary cylindrical hohlraum to a radiation temperature of T_r ≈ 30 eV. These soft X-rays are then used to heat volumetrically two thin carbon foils into a dense plasma state. A weakly coupled carbon plasma with an electron temperature of 5 eV to 15 eV and electron density of up to 5 ·10^{21} cm^{− 3} and an ionization degree of 2^+ to 4^+ is generated. The properties of the primary as well as of the secondary hohlraum have been extensively studied by RALEF2D hydro-simulations [2, 3] and characterized in several experimental campaigns [4]. It has been shown, that no gold from the walls of the cylindrical hohlraum flows into the ion path for about 5 ns, which allows us to study the interaction of an ion beam in a pure carbon plasma.

Fig. 1 shows the experimental setup used at the Z6 target area at GSI. The radiation temperature is measured with an X-ray streak spectrometer [4] and the electron density of the carbon plasma is characterized with a multi-frame interferometry. The ion energy loss is determined by a time of flight measurement of the delayed ion bunches. Details

∗ a.ortner@gsi.de

ion beam high energy laser

ToF distance stop detector target interferometry

X ray streak camera

Figure 1: setup of the ion energy loss experiment

carbon plasma cold carbon empty hohlraum vacuum reference

� 15 � 10 � 5 0 5 10 0 50 100 150 200

time �ns� energy loss � �

Figure 2: Energy loss results compared with an empty hohlraum, cold carbon and vacuum measurements. t = 0 ns indicates the beginning of the laser pulse. The gray area the 5 ns time probing window.

about the experimental setup and the double hohlraum targets can be found in [5].

The experimental results are shown in Fig. 2 and compared to measurements of the ion bunch delay in cold carbon of the same areal density as well as to vacuum and to a empty hohlraum shot. The scale of the y-coordinate is normalized to the energy loss in cold carbon. As it can be seen on the ”empty hohlraum” - measurement, the gold plasma coming from the wall, at earliest affects the ion bunches after 5 ns. In plasma an increase of the energy loss of +70 % is observed. Presently, our theoretical model basing on the CaSP code for the stopping-power calculation and on a newly developed Monte-Carlo code for the charge-state determination, cannot explain such a strong increase [6]. A crucial point to validate this theoretical approach is to compare the calculated charge state distribution with experimental data. For this reason, we will carry out a beam time in september 2014 where we will focus on the measurement of the charge state distribution of the outcoming ion beam after interacting with the plasma column.

References

[1] A. Ortner et al., GSI Report 2013-1, 374 p. (2013) [2] M. M. Basko et al., GSI Report 2011-03 (2011) [3] S. Faik et al., somewhere in this annual report [4] D. Schumacher, PhD-Thesis, TU Darmstadt, (2012) [5] A. Ortner et al., IFSA 2013 conference proceedings (2014) [6] A. Ortner et al., somewhere in this annual report

PNI-PP-05 GSI SCIENTIFIC REPORT 2013

186 doi:10.15120 /GR-2014-1-PNI-PP-05

Theoretical investigation of the charge transfer processes of heavy ions at intermediate energies interacting with a plasma

A. Ortner^{∗1,}, A. Frank^3, A. Blazevic^2, and M. Roth^1

1Technische Universität Darmstadt, Germany;^2GSI Darmstadt, Germany;^3Helmholtz-Institut Jena, Germany

The in fluence of the plasma properties, like plasma density, temperature and ionization degree, on the development of the charge state distribution of a heavy ion beam interacting with this plasma was investigated theoretically by a Monte-Carlo code. The charge transfer processes in plasma are quite different compared to those in cold matter due to the presence of free electrons and ionized atoms. In cold matter, the dynamic balance of the projectile charge state is mainly governed by impact ionization of the projectile and recombination with bound target electrons (non-radiative electron capture, NREC).

In plasma, the ionization processes are the same, but the rates increase significantly due to a reduced screening of the target nucleus potential. As in a plasma, the number of bound electrons is reduced, which consequently suppresses NREC, the recombination processes with free electrons, like radiative electron capture (REC), dielectronic recombination (DR) and three-body recombination (3BR), become more dominant. However, due to the much smaller cross sections for free electron capture processes, the recombination rates in plasma are typically dropping with higher ionization degrees. In addition, the plasma density is changing the mean free path length of the projectile ions which leads to higher collision rates and in consequence to increasing ionization rates with raising density.

The charge state of the projectile ion is determined by the ionization and recombination rates which are balancing each other out. After a certain interaction time in

∗ a.ortner@gsi.de

temperature �eV �

10 50 100 150 200 ion density�cm^{� 3} �

10^{18}

10^{19}

10^{20}

10^{21}

10^{22}

10^{23 Z}target

1 2 3 4 5 6

Figure 1: The plasma parameter space investigated in our study. The ionization degree of the carbon plasma is calculated by solving the saha equation.

the plasma the charge state distribution reaches an equilibrium and a mean charge state can be determined. For our study we used an Ar^{16+} ion as projectile with an energy of 4 MeV/u interacting with a plasma column of 200 g/cm^{− 2}. As shown in Fig. 1, the plasma parameter space varies from electron temperatures from 10 eV to 200 eV and ion densities of 10^{18} cm^{− 3} to 10^{23} cm^{− 3}.

temperature �eV �

10 50 100 150 200 ion density�cm^{� 3} �

10^{18}

10^{19}

10^{20}

10^{21}

10^{22}

10^{23 Z}mean out

14.5 15 15.5 16 16.5 17

Figure 2: Mean charge state of an Ar^{16+} ion beam after interacting with 200 μg/cm^2 carbon plasma.

The calculated mean charge state in plasma compared to cold gas of the same density (color bar on the left side) is shown in Fig. 2. At hight temperatures one can clearly see the ”density effect” where the charge state increases with higher densities. At low densities the temperature dependency, the so called ”plasma effect” shows the reduction of the charge state to lower temperatures. As expected, in a hot plasma, the projectile mean charge state increases compared to the equilibrium charge state in cold matter of the same density. However, at low plasma temperatures, where a partly ionized plasma is predominant, both effects are compensating each other and even a decrease of the mean charge state in plasma compared to cold matter can be observed (e.g. ρ = 5 ∗10^{20} cm^{− 3}, T = 10 eV to 50 eV). At detailed description of the code can be found in [1]. The code was benchmarked with experimental results [2]. This work was supported by the Helmholtz International Center for Fair and HGS-Hire.

References

[1] A. Frank, PhD-Thesis, TU-Darmstadt, (2012)

[2] A. Frank, A. Blazevic, W.Cayzac, A.Ortner, M.Roth et al., Phys. Rev. Lett.110 11 115001 (2013)

GSI SCIENTIFIC REPORT 2013 PNI-PP-06

doi:10.15120 /GR-2014-1-PNI-PP-06 187

Radiation-hydrodynamic simulations of foils heated by hohlraum radiation^∗

S. Faik^1, An. Tauschwitz^{1,4}, J. A. Maruhn^{1,2}, M. M. Basko^{2,3}, A. Ortner^6, A. Blažević^5, M. Roth^6, V. G. Novikov^3, and A. S. Grushin^3

1Goethe University, Frankfurt am Main, Germany;^2EMMI, GSI, Darmstadt, Germany;^3KIAM, Moscow, Russia;

4HIC for FAIR, Frankfurt, Germany;^5GSI, Darmstadt, Germany;^6TU Darmstadt, Germany

An attractive way to generate a uniform plasma state for measurements of the ion stopping power is to heat a sample indirectly with the radiation of a millimeter-scale hohlraum. Recently, simulations of such a hohlraum target with an attached carbon foam [1] have been carried out with the newly developed code RALEF-2D. Now, new simulations are in progress to support another experimental approach at GSI. The target consists of two hohlraums, a primary spherical one irradiated by the PHELIX laser for the indirect X-ray heating of a secondary cylindrical hohlraum with two attached carbon foils. Simulations of the primary hohlraum [2] have shown to stay in good accordance with the experiment. Here we want to present the preliminary results of a series of simulations of the secondary hohlraum with the goal to find the optimum target configuration and to verify the ion stopping measurements [3].

The RALEF-2D code solves the one-fluid one-temperat-ure hydrodynamic equations in two spatial dimensions and incorporates thermal conduction as well as radiation transport. The applied EOS, thermal conductivity, and spectral opacities were provided by the THERMOS code. Figure 1 shows the lateral cut of the simulated Cartesian (x, y) configuration which extends to infinity along the z-axis. Each carbon foil has an initial thickness l_f = 1 μm and areal density <ρ_f l_f > = 0 .1 mg cm^{− 2}. The supposedly empty parts of the simulated domain were filled with gases at density ρ = 10^{− 5} g cm^{− 3}. The incoming X-rays of the primary hohlraum were set up in accordance with experimental measurements with a peak Planckian temperature of 93 eV. The X-ray heating ends at t = 5 ns. In the presented preliminary simulation the spectral energy transport by thermal radiation was treated with one frequency group. The final simulation will be done with 24 discrete groups hν_i which implies a much longer computational time. The angular dependence of the radiation intensity was calculated with the S_{30} method, which offers 960 discrete ray directions over the entire 4π solid angle.

Figure 2 shows the free electron density and the LTE ionization degree at t = 5 .3 ns when the expanding carbon plasma clouds collide. At this time the ablated gold plasma is close to get into the way of the ion beam. Before the collision the carbon free electron densities are of the order n_e ≈ 1 − 4 × 10^{20} cm^{− 3} with an ionization degree of Z ≈ 3.2 − 3.8 at plasma temperatures T ≈ 10 − 16 eV. Hence a time window of nearly 6 ns exists with appropriate plasma conditions for the ion stopping measurements.

∗ supported by BMBF (Project 05P12RFFTR), HIC for FAIR, EMMI

Figure 1: 2D lateral cut of the simulated configuration.

Figure 2: Color contour plots of the free electron density n_e and the LTE ionization degree Z at t = 5.3 ns, when the carbon plasma clouds collide at the hohlraum center.

References

[1] S. Faik et al., HEDP 10 (2014) 47.

[2] M. M. Basko et al., GSI Report 2011-03.

[3] A. Ortner et al., GSI Report 2013-1.

PNI-PP-07 GSI SCIENTIFIC REPORT 2013

188 doi:10.15120 /GR-2014-1-PNI-PP-07

Ion energy loss at maximum stopping power in a laser-generated plasma

W. Cayzac^1, V. Bagnoud^{1,2}, M.M. Basko^3, S. Bedacht^4, A. Blažević^{1,2}, O. Deppert^4, A. Frank^2, D.O. Gericke^5, L. Hallo^6, A. Knetsch^4, D. Kraus^7, G. Malka^8, A. Ortner^4, K. P épitone^6, G. Schaumann^4, T.

Schlegel^2, D. Schumacher^1, An. Tauschwitz^{9,10}, J. Vorberger^{11}, F. Wagner^4, and M. Roth^4

1GSI;^2Helmholtz institute Jena;^3KIAM Moscow;^4Technical University of Darmstadt;^5University of Warwick; 6CEA/CESTA;^7University of California;^8Univ. Bordeaux-CEA-CNRS CELIA UMR 5107;^9University of Frankfurt; 10HIC for FAIR;^{11}MPI for physics of complex systems

Ion stopping in plasma is relatively well-understood for projectile velocities much higher than the thermal velocity of plasma electrons (v_{ion} /v_{th} >> 1), but large uncertainties remain around the stopping-power maximum, for v_{ion} /v_{th} ≈ 1. This parameter region is of crucial importance for ICF and especially for the alpha-particle heating of the DT fuel. Yet, its theoretical description is difficult [1] and no experimental data are available in order to benchmark the existing theories and numerical codes. Within this collaboration, first measurements of this kind have been performed and compared with theoretical predictions. The plasma was generated by the use of 100 μg/cm^2 carbon foils irradiated from both sides by the second harmonic frequency of the PHELIX and nhelix laser systems, where random phase plates were employed to reach a 1-mmdiameter top-hat uniform illumination [2]. This configuration resulted in a spatially quasi-homogeneous and fully ionized plasma slab after a few ns, which has been wellcharacterized by the joint use of multi-frame interferometry [3] and hydrodynamic simulations with the RALEF2D code [4]. The projectile energy was 0,5 MeV/u, and carbon ions were employed on the basis of Monte-Carlo calculations showing that they become completely stripped in the fully ionized plasma. In this way, the whole set of beam-plasma parameters is known, which enables reliable comparisons of ion energy-loss data with the theory for the first time. The energy loss was predicted theoretically by combining the results of the RALEF2D simulations and of the Monte-Carlo code, according to (i) perturbative stopping-power approaches basing on the first Born approximation: asymptotic Bethe and Bethe-Bloch formulas, standard stopping model (SSM), dielectric theory based on a linearized Vlasov equation, Li-Petrasso model, and (ii) a nonperturbative stopping description using a T- Matrix scheme [5].

Figure 1: Schematics of the experimental setup.

The experimental setup is shown in Fig.1. The ions were decelerated to 0,5 MeV/u by using a carbon foil of 45 μm thickness. The time-of-flight distance was 50 cm, allowing a 100 keV energy resolution for an optimal test of the theories. The ions were detected on a specifically developed polycrystalline chemical-vapour-deposition (CVD)- diamond detector able to register 20 % of the beam and shielded against any plasma radiation [6].

Figure 2: Energy loss as a function of time. 100 % corresponds to the energy loss in the solid foil. The experimental points are compared with the theoretical curves.

A first experimental campaign was conducted, and preliminary results are compared with the theoretical predictions in Fig.2. A maximum increase in energy loss in plasma of 53 % in relation to the cold target is observed. In the time frame where the plasma is hot and highly ionized and hence v_{ion} /v_{th} ≈ 1, the obtained experimental values are thus significantly smaller than predicted by any theory. The precise interpretation of these discrepancies is in progress and further simulations as well as measurements are planned.

This project has been supported by CEA/CESTA and the Région Aquitaine as well as by BMBF and HIC4FAIR.

References

[1] D.O. Gericke et al., Phys. Rev. E 60, 904 (1999) [2] A. Frank et al., Phys. Rev. Lett. 110, 115001 (2013) [3] M. Boerner et al., Rev. Sci. Instrum. 83, 043501 (2012) [4] An. Tauschwitz et al., High Energy Density Phys. 9, 158 (2013) [5] D.O. Gericke et al., Laser Part. Beams, 20, 471 (2002) [6] W. Cayzac et al., submitted to J. of Physics, Conf. Ser. (2014)

GSI SCIENTIFIC REPORT 2013 PNI-PP-08

doi:10.15120 /GR-2014-1-PNI-PP-08 189

A laser-driven proton beamline at GSI^∗

S. Busold^1, D. Schumacher^4, O. Deppert^1, C. Brabetz^2, F. Kroll^3, A. Blazevic^{4,5}, V. Bagnoud^{4,5}, I. Hofmann^4, and M. Roth^1

1TU Darmstadt, IKP, Germany;^2JWG Universität Frankfurt, IAP, Germany;^3Helmholtz - Zentrum Dresden-Rossendorf, Germany;^4GSI, Darmstadt, Germany;^5Helmholtz Institut Jena, Germany

The LIGHT beamline . Laser-based ion acceleration became an extensively investigated field of research during the last 15 years. Within several micrometers particles are accelerated to MeV energies. The main drawback for many applications is their continuous exponential energy spectrum and large divergence angle from source. The exploration of proper beam shaping and transport is the major goal of the LIGHT collaboration [1], for which an experimental test beamline has been built at GSI. This LIGHT beamline at GSI is located at the Z6 area within the experimental hall. The PHELIX 100 TW laser beamline is currently capable of delivering up to 15 J of laser energy in a 650 fs short pulse on target, focused to intensities exceeding 10^{19} W/cm^2 within the Z6 target chamber. Protons could be accelerated via the TNSA mechanism to maximum energies of 28.4 MeV and propagated through a pulsed high-field solenoid with a field strength up to 9 T, which is used to select a specific energy interval from the continuous initial spectrum via chromatic focusing. A large capture efficiency of 34% of the initial protons within a selected energy interval (Δ E=(10± 0.5) MeV) was measured [2]. The protons are weakly focused to a 15× 15 mm^2 spot at 3 m distance to the source, containing particle numbers > 10^9 in a single 8 ns short bunch. The energy spread of the bunch is (18± 3)% and the central part of the bunch can be described by a Gaussian-like distribution: dN dE = N_0 E exp � − (E − E_0)^2 2σ^2 � (1) Figure 1 (upper graph) shows the experimental results (E_0=9.6 MeV, σ=(0.7± 0.06) MeV) compared to simulations. First experiments on phase rotation . The cavity is a three gap spiral resonator, inserted to the beamline between 2 and 2.55 m distance to the laser target and connected to the UNILAC rf system. Injection at -90 deg synchronous phase and 100 kW input power leads to energy compression of the bunch. The energy spread at FWHM (Δ E/E_0=2.35σ/E_0) could be reduced to (2.7± 1.7)% at a central proton energy of E_0=9.7 MeV (see lower graph in figure 1) and particle numbers of 1.2× 10^9 (± 15%) within the FWHM were measured. A detailed description has been published in [3]. Furthermore, the experimental setup allows for phase focusing. Simulations predict shortest possible bunch durations down to the sub nanosecond regime. Highest single

∗ This work is supported by the Helmholtz Institute Jena and HIC for FAIR.

bunch intensities of 10^{10} protons/ns are accessible. An experimental campaign is planned for 2014.

Thanks to the compact laser-driven source the whole beamline is only 3 m long in total and represents a currently unique combination of novel laser and conventional accelerator technology to generate highest single bunch intensities in the multi-MeV region.

8.5 9 9.5 10 10.5 11 0 0.2 0.4 0.6 0.8 1

proton energy [MeV] norm. dN/dE [(10 keV)^{−1}] simulation errorlimits no rf

8.5 9 9.5 10 10.5 11 0 0.2 0.4 0.6 0.8 1

proton energy [MeV] norm. dN/dE [(10 keV)^{−1}]

−78 deg errorlimits simulation

Figure 1: Simulated and measured proton spectra at a distance of 3 m to the source for solenoid focusing only (upper) and additional energy compression (lower figure) for a central bunch energy of E_0=(9.6± 0.1) MeV.

References

[1] S. Busold et al., Shaping laser accelerated ion for future applications - the LIGHT collaboration , NIMA 740, 94-98 (2014)

[2] S. Busold et al., Focusing and transport of high-intensity multi-MeV proton bunches from a compact laser-driven source, PRSTAB 16, 101302 (2013) [3] S. Busold et al., Commissioning of a compact laser-based proton beamline for high intensity bunches around 10 MeV, PRSTAB 17, 031302 (2014)

PNI-PP-09 GSI SCIENTIFIC REPORT 2013

190 doi:10.15120 /GR-2014-1-PNI-PP-09

Laser-driven ion acceleration with a hollow beam at PHELIX^∗

C. Brabetz^1, S. Busold^2, O. Deppert^2, D. Schumacher^3, B. Zielbauer^{3,4}, and V. Bagnoud^{3,4}

1Johann Wolfgang Goethe-Universität, Frankfurt am Main, Germany;^2Technische Universität Darmstadt, Darmstadt, Germany;^3GSI Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany;^4Helmholtz-Institut Jena, Jena, Germany

In the framework of the Laser Ion Generation Handling and Transport (LIGHT) research project at GSI, the reduction of the divergence of the laser accelerated ions is a central issue. One solution relies on engineering the electron sheath used in laser-driven proton acceleration (target normal sheath acceleration, TNSA) for reducing the initial divergence of the ion beam. In the experimental campaign conducted in 2013 a hollow laser focal spot has been used to drive proton acceleration. This focal spot is created via a spatial phase shaping element in the laser beam path. A qualitative effect of the focal spot shape on the ion beam divergence was observed as expected, and the energy cut-off in the proton spectrum was higher with the hollow focus.

Report on the 2013 beam time

During the beam time, we have continued our investigations on laser-driven ion acceleration with engineered beams. In total, we had 26 successful high-energy experiment shots on gold foils with different thicknesses with and without the hollow beam during that beam time. We have focused particularly on avoiding strong on-shot wave front distortion in the laser amplifier (astigmatism) because we saw how crucial this is for that kind of experiment. Therefore a newly developed bending mechanism was installed to the main folding mirror in the laser chain, addressing the on-shot astigmatism aberration. These efforts resulted in a significant improvement of the laser beam transport through the PHELIX system, as we could verify from the boost of the maximum proton energy measured by radiochromic film imaging spectroscopy [1].

The dependency of the achieved maximum proton energy and the envelope divergence on the used flat gold foil target thickness was experimentally shown. In contradiction to the widely accepted intensity scaling law of TNSA (the maximum proton energy scales with the square root of the laser intensity), higher proton energies were achieved in presence of the hollow focus. The focal spot size of the hollow focus is roughly two times larger compared to the Gaussian one. This results in an laser intensity drop by a factor of 4 and therefore a two times lower maximum proton energy was expected for the hollow laser beam. In shots with the hollow focus (with a 2π total step height of the phase shaping element) the dependency of the maximum proton energy on the target thickness could be observed (figure 1). With a larger hollow beam (4π) this effect is shifted to thicker targets. For a Gaussian focal spot no scal-

∗ Work supported by GSI(PHELIX) / HGShire/ HIC for FAIR

0 5 10 15 20 25 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1

Target thickness [μm]

E_{max, protons}/√I_{laser} [a.u.]

Gaussian focal spot ring focal spot (2π) ring focal spot (4π)

Figure 1: Scaling of the maximum proton energy with different target thicknesses. A connection of the maximum proton energy and the target thickness can be observed as well as a systematically higher scaled proton energy. Shots with the 2π hollow focus are drawn as solid, the 4π hollow focus as dashed, and the Gaussian focus as a dotted line.

0.2 0.3 0.4 0.5 0.6 0.7 0.8 5 10 15 20 25 30 35 envelope half opening angle [°]

E_{protons}/E_{protons, max}

Gaussian focal spot ring focal spot fit Gaussian fit ring

Figure 2: Comparison of different focal spot geometries and their effect on the envelope divergence angle. Each data point represents a RCF layer and the therein measured proton imprint size, scaled by the maximum proton energy of the corresponding shot for comparison. The tendency to achieve a smaller envelope divergence with the hollow beam can be observed, given by the two average lines.

ing was observable. With the optimum target thicknesses it was demonstrated that the half envelope divergence could be decreased by ≈ 3^∘ (figure 2) in case of the hollow focus in comparison to the standard Gaussian focal spot.

References

[1] F. Nürnberg et al., Rev. Sci. Instrum. 80, 033301, 2009

GSI SCIENTIFIC REPORT 2013 PNI-PP-10

doi:10.15120 /GR-2014-1-PNI-PP-10 191

Laser-driven Ion Acceleration with Cryogenic Hydrogen Targets^∗

S. Bedacht^{†1}, O. Deppert^1, S. Geschwind^1, R. Jaeger^1, A. Kleinschmidt^1, F. Mertins^1, A. Ortner^1, V. Schanz^1, G. Schaumann^1, A. Tebartz^1, F. Wagner^1, B. Zielbauer^{2,3}, V. Bagnoud^{2,3}, M. Roth^1, and D.H.H. Hoffmann^1

1Technische Universität Darmstadt, Germany;^2GSI, Darmstadt, Germany;^3Helmholtz-Institut Jena, Germany

Abstract

We successfully demonstrated laser-driven ion acceleration with cryogenic hydrogen targets at PHELIX. By using short pulses with 200 J in 500 fs and the uOPA high contrast option [1] an intensity on target of around 5 ·10^{20} W/cm^2 was obtained. This enabled the acceleration of ions from cryogenic hydrogen targets and plastic targets with energies up to 65 MeV/nucleon for protons, setting a new record for laser-driven ion acceleration at PHELIX.

Introduction

For laser-driven ion acceleration the mechanism of Target Normal Sheath Acceleration (TNSA) has been dominant for the last ten years. Typical experiments at PHE- LIX involving metal targets made from aluminum, copper, and gold with thicknesses in the range of 5 μm to 50 μm yielded proton energies of up to 40 MeV/nucleon. In order to achieve higher particle energies new mechanisms of laser-driven ion acceleration need to be exploited such as the Laser Breakout Afterburner (BOA) [2] scheme. This scheme relies on a phase of relativistic transparency of the target during the interaction with the laser, thus making high demands on both the driving laser pulse in terms of energy and temporal contrast as well on the target in terms of composition and thickness.

Setup

The experimental campaign P060 was carried out in two runs of 10 and 20 shifts of PHELIX beam time in April and August of 2013, respectively. The experiment was set up inside the new target chamber in the PHELIX laser bay. It made use of the uOPA high contrast option [1] of the short pulse frontend and an off-axis parabolic mirror with an f/1.6 opening. With pulses delivering 200 J in 500 fs the peak intensity on target was on the order of 5 ·10^{20} W/cm^2. For the production of hydrogen targets a custom made cryogenic target mount cooled by a cold head down to temperatures as low as 8 K was used. [3] The cryogenic hydrogen targets were produced just prior to the actual laser shot at the laser interaction point with a thickness of few μm to 100 μm. Additionally, thin plastic targets made from polymethylpentene with thicknesses in the range of 200 nm up to 1100 nm were used.

∗ Work supported by TU Darmstadt, GSI(PHELIX), BMBF, HiPER † s.bedacht@gsi.de

0 20 40 60

10^8

10^9

10^{10}

10^{11}

10^{12}

Energy [MeV] dN/dE

TNSA BOA

Figure 1: Particle distribution function dN/dE of laserdriven protons obtained from a 700 nm thick plastic target at PHELIX using radiochromic film. The blue and the green lines correspond to protons accelerated via the TNSA and BOAacceleration schemes, respectively.

Results

For the very first time pure cryogenic hydrogen targets and combinations of plastic substrates with layers of cryogenic hydrogen were employed for laser-driven ion acceleration. The pure cryogenic hydrogen targets yielded energies of up to 41 MeV/nucleon. Adding cryogenic hydrogen layers to 200 nm plastic substrates significantly improved the smoothness of the spatial profile of the accelerated ions and yielded higher ion energies of up to 57 MeV/nucleon. The shots at pure plastic targets yielded ion energies of up to 65 MeV/nucleon for a target thickness of 700 nm.

By tilting the target with respect to the laser propagation axis by an angle of about 10^∘ two spatially separated ion beam profiles could be obtained. The ion beam along the target normal direction can be attributed to TNSAwhile the beam profile along the laser propagation axis corresponds to an acceleration via BOA [2]. The particle distribution function dN/dE of these two beams is shown in figure 1.

References

[1] F. Wagner et al., Applied Physics B, DOI 10.1007/s00340-013-5714-9 (2013) [2] L. Yin et al., Laser and Particle Beams , DOI 10.1017/S0263034606060459 (2006) [3] S. Bedacht et al., GSI Scientific Report 2011, PNI-PP-25, page 458 (2012)

PNI-PP-11 GSI SCIENTIFIC REPORT 2013

192 doi:10.15120 /GR-2014-1-PNI-PP-11

Electron beam based space charge measurement of intense ion beams^∗

S. El Moussati^{†1}, D.H.H Hoffmann^1, O. Meusel^3, U. Ratzinger^3, S. Udrea^1, D. Varentsov^2, and K. Weyrich^2

1TU Darmstadt, Germany;^2GSI, Darmstadt, Germany;^3Uni- Frankfurt, Germany

In order to determine the transverse profile of an intense, strongly focused ion beam, like those at the HHT experimental area at GSI or at the future facility FAIR, a non-invasive methode has been successfully developed and tested. This methode is based on the electrons which pass perpendicular through the ion beam and get deflected because of its the electromagnetic field and was designed as a possible alternative to gas scintillation [1].

Theoretical Model

The relationship between the charge in the ion beam and the deflection angle of an electron is given by the equations below [2]: d dy θ(y) = − � e 2ϵ_0E_e � ·q(y)

|θ_{max} | = e 4ϵ_0 · λ E_e

Inside the ion beam the charge q(y) = � ρ(x, y) dx is proportional to the first derivative of the deflection angle.

Outside the ion beam the deflection angle of the electrons stays constant and depends only on the line charge density (λ) of the ion beam and the electron energy (E_e).

Numerical Calculations

In order to test the theoretical model and to show that one can distinguish between different ion beam distributions several numerical calculations have been performed.

Figure 1: On the left: Uniform, Gaussian and annular transversal charge distributions of an ion beam as function of radius. On the right: The deflection angle of electrons, which pass perpendicular through the ion beam.

An ion beam with a radius of 5 mm and a line charge density λ = 2 .2 ·10^{− 9} C/m has been considered. The electron beam had an energy of 10 keV and a slit shaped transversal cross-section which was tilted by 45^o with respect to the ion beam [3].

∗ Work supported by BMBF and the Helmholtz Russia Joint Research Group._†

s.elmoussati@gsi.de

Experimental Setup

At the FRANZ-Accelerator facility at the University of Frankfurt an electron beam system to measure the transverse profile of a cw Helium (^4He^+ ) beam was setup.

Electron Gun magnetic lens mirror

Scintillator

Figure 2: On the left is the electron beam system and on the right the detection system (Camera is out of image).

Experimental Results

The ion beam had an energy of 13.5 keV/ion and a line charge density of about 1.25 · 10^{− 9} C/m. The electron beam had an energy of 2.3 keV and a slit shaped transversal cross-section which was tilted by 45^o with respect to the ion beam.

Figure 3: The left image shows one experimental result, the right image the analysis of this result.

Conclusion

An electron beam diagnostic device for the measurement of the transverse charge distribution of an intense ion beam was successfully developed and tested. The numerical simulations show a very good agreement to the theoretical model and the experiments were in good qualitative agreement with the theoretical predictions. Further investigations are needed to improve the precision of the method.

References

[1] D. Varentsov et al, Contributions to Plasma Physics 48, pp.

586-594 (2008) [2] Prabir K. Roy et al, Review of Scientific Instruments 76, 023301 (2005) [3] W. Blokland et al, Proceedings of 2011 Particle Accelerator Conference, New York, NY, USA, 1438 (2011)

PNI-PP-13 GSI SCIENTIFIC REPORT 2013

194 doi:10.15120 /GR-2014-1-PNI-PP-13

Target development for Warm Dense Matter research

J. Helfrich^{∗1}, G. Schaumann^1, An. Tauschwitz^2, M. Basko^3, B. Lommel^4, B. Kindler^4, and M. Roth^1

1TU Darmstadt, Germany;^2Uni Frankfurt, Germany;^3KIAM, Moscow, Russia;^4GSI, Darmstadt, Germany

Introduction

Carbon is one of the most abundant elements on earth. It’s behavior in the Warm Dense Matter regime at very high pressures in the Mbar area and several thousand degrees Celsius is part of current research. A better understanding of carbon under these conditions is important for the understanding of planetary cores, beam dumps for accelerators or as a component of plastic in inertial confinement fusion targets and for Equation of State systems to improve and benchmark this equation [1]. These exotic states can be achieved in the laboratory by a shock wave which is driven by a laser. The final state depends on the laser intensity and the initial carbon structure and density. In previous experiments it was possible to generate liquid carbon and to prove it with X-ray scattering. This was made possible by the method of X-ray Thomson scattering, which is planned as a key diagnostic for the plasma physics research program at FAIR [2]. In the next step, the solid-liquid phase transition region should be determined more accurately. This will be intend with a new target geometry and a VISAR (Velocity Interferometer System for Any Reflector) detector.

Target design and Simulations

A novel idea is to reduce the laser intensity for the shock generation so far that there is no phase transition to the liquid state and then initiate the solid liquid phase transition using a further shock. This should be achieved by the reflection of a part of the initial shock wave from a fixed wall by a conical geometry (see figure 1).

Figure 1: sketch of the cone target

The shock wave is reflected on both sides and converges at the center. Figure 2 shows a RALEF2D simulation of the target geometry [3]. In simulations it is clearly seen how

∗ j.helfrich@gsi.de

the shock-wave is reflected from the gold wall resulting in an increase of the density and temperature of the shocked carbon.

gold wall reflected wave

Figure 2: density increased by the reflected shock wave simulated with the RALEF2D code

The best reflective material has a high sound velocity and a high density such as osmium or uranium, but the processing, handling and safety aspects of these materials are not acceptable. The best compromise for the reflective wall is gold.

Target production

Target production is challenging due to the sub millimeter size of the samples. Cones were made from a carbon rod which was processed with a CNC precision lathe at the target laboratory of the TU Darmstadt. In the next step, the carbon was coated with gold. The gold coating was done by DC sputtering under argon in the target laboratory of GSI. For the shock wave reflection a good connection between the gold and carbon is require which is ensured by this method. This work was supported by BMBF project 05P12RDFA1.

References

[1] S. H. Glenzer, R. Redmer, Rev. Mod. Phys. 81, 1625 (2009) [2] FAIR Baseline Technical Report (2006) [3] M. M. Basko, J. Maruhn and An. Tauschwitz, GSI Scientific Report 2009: GSI Report 2010-1, p. 410.

GSI SCIENTIFIC REPORT 2013 PNI-PP-14

doi:10.15120 /GR-2014-1-PNI-PP-14 195

Simulations of a conical target for Warm Dense Matter-experiments^∗

An. Tauschwitz^{1,2}, M. M. Basko^{3,4}, J. A. Maruhn^1, J. Helfrich^5, and M. Roth^5

1Goethe University, Frankfurt, Germany;^2HIC for FAIR, Frankfurt, Germany;^3EMMI, GSI, Darmstadt, Germany; 4KIAM, Moscow, Russia;^5TU Darmstadt, Germany

In recent experiments at GSI liquid carbon was investigated using spectrally resolved x-ray scattering from laserirradiated shocked carbon samples [1]. The goal of the upcoming experimental campaign is a more accurate determination of the solid-liquid phase transition of carbon. For these experiments it was proposed to used a conical target configuration which allows to increase the compression and the temperature in the laser-driven shock compared to irradiation of a plane foil [2]. The target consists of a tapered tube made of gold filled with graphite of ρ_0 = 1 .9 g/cm^3 initial density. The wide side of the cone is irradiated with a laser. The length of the cone, L = 140 μm and the radius of the narrow end, r_1 = 20 μm were fixed by demand of the scattering diagnostics. The radius of wide side, r_0 = 90 μm was adapted numerically to the nhelix laser parameters.

Simulations were done using the RALEF-2D code [3] which solves the one-fluid one-temperature hydrodynamic equations in two spatial dimensions by a second-order Godunov-type numerical scheme using the ALE approach. Thermal conduction, radiation transport, and laser energy deposition by means of inverse bremsstrahlung absorption are coupled using a symmetric semi-implicit approach with respect to time discretization. Here we present the results for a λ = 532 nm laser pulse of 30 J over a focal spot of radius r_f = 125 μm; the 11-ns long pulse was ramped with 3-ns linear rise and fall intervals. The spectral opacities and the equation of state data were generated with the THER- MOS code [4].

For the planar carbon foil the simulation shows a density of ρ = 3 .3 g/cm^3 and a temperature of T = 0 .25 eV. The calculated density distribution in the conical target is displayed in Fig. 1. A shock wave induced by the laser in the graphite propagates to the narrow end of the cone and becomes stronger due to reflection at the interface to the gold shell, as shown in Fig. 1a. An increase of density to ρ = 3 .4 g/cm^3 due to reflection of the shock wave on the gold interface can be seen from the density distribution at t = 9 ns. The reflection at the axis of symmetry corresponds to t = 13 .5 ns (Fig. 1b). Because of the converging axial symmetry, at this time the shock wave is amplified in a small region near the axis (ρ = 4 .75 g/cm^3). A planar shock develops at the end of the cone with a density of ρ = 3 .75 g/cm^3 and a temperature of T = 0 .7 eV resulting from the propagation of the laser launched shock at t = 16 ns (Fig. 1c).

∗ supported by BMBF (Project 05P12RFFTR), HIC for FAIR, EMMI

C

Au

ρ^3

, g/cm

ρ^3

, g/cm

ρ^3

, g/cm

Figure 1: Color contour plots of density ρ in a conical target at different times. The laser beam comes from the right.

References

[1] D. Kraus et al., Phys. Rev. Lett. 111 (2013) 255501. [2] J. Helfrich et al., “Target development for Warm Dense Matter research”, this report.

[3] M. Basko, J. Maruhn, An. Tauschwitz, GSI Report 2011-03. [4] A.F. Nikiforov, V.G. Novikov, V.B. Uvarov, Quantumstatistical models of hot dense matter: methods for computation of opacity and equation of state, Birkhäuser, 2005.

PNI-PP-15 GSI SCIENTIFIC REPORT 2013

196 doi:10.15120 /GR-2014-1-PNI-PP-15

Experimental Studies and Theoretical Interpretation of Hydrodynamic Tunneling of SPS Protons in Solid Targets^∗

R. Schmidt^1, J. Blanco Sancho^1, F. Burkart^1, D. Wollmann^1, N.A Tahir^2, A. Shutov^3, and A.R. Piriz^4

1CERN, Geneva, Switzerland;^2GSI, Darmstadt, Germany;^3IPCP, Chernogolovka, Russia;^4UCLM, Ciudad Real, Spain

The phenomenon of hydrodynamic tunneling has been experimentally studied at the CERN HiRadMat facility using the SPS beam [1]. The beam parameters include, proton energy = 440 GeV, bunch intensity = 1.5x10^{11}, bunch length = 0.5 ns, bunch separation = 50 ns and σ of the transverse intensity distribution = 0.2 mm. In two experiments, 108 and 144 proton bunches, respectively, were used and the protons were delivered in sets of 36 bunches each while a separation of 250 ns was considered between the bunch packets.

Figure 1: Photograph of the Al target cover

The target was composed of 15 identical solid copper cylinders, each 10 cm long having a radius of 4 cm, placed in a row. For diagnostic purposes, a gap of 1 cm was left between two neighboring cylinders. The beam is irradiated transversely at the face of the first cylinder.

The results of the experimental measurements are presented in Fig. 1 which is a photograph of the Al cover that was placed on the top of the target. It is seen that in the case of the experiment using 108 bunches, the material is deposited up to the gap between cylinder 7 and cylinder 8 whereas in the experiment with 144 bunches, the deposition of the melted/gaseous material is up to the gap between cylinders 8 and 9. To understand these results, detailed numerical simulations have been carried out running the FLUKA and BIG2 codes iteratively. For simplicity, we considered a single solid copper cylinder 150 cm long with a radius of 4 cm. This is a good approximation to the target used in the experiments.

In Fig. 2 are plotted ρ and T vs target axis at t =5800 ns when 108 bunches have been delivered. It is seen that the

∗ Work supported by the BMBF and EuCARD2

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 Target Length (cm) 0

2

4

6

8

10

Temperature (K)x1000, Density (g/cc)

Temperature density

Time = 5800 ns 108 bunches delivered

Melting

c1 c2 c3 c4 c5 c6 c7 c8 c9 c10

Figure 2: ρ and T vs target axis at t = 5800 ns [108 bunches]

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 Target Length (cm) 0 1 2 3 4 5 6 7 8 9 10

Temperature (K)x1000, Density (g/cc)

Temperature density

Time = 7850 ns 144 bunches delivered

Melting

c1 c2 c3 c4 c5 c6 c7 c8 c9 c10

Figure 3: ρ and T vs target axis at t = 7850 ns [144 bunches]

flat part of the temperature curve that represents melting, lies within the second half (RHS part) of the eighth cylinder. This means that the material in the LHS half of the cylinder has been melted. The melted material escapes from the left face of cylinder number 8 and collides with the melted/gaseous material ejected from the right face of cylinder number 7 and is deposited on the target cover. This is in full agreement with the experimental observations.

Fig. 3 shows same variables as Fig. 2, but at t = 7850 ns when 144 bunches have been delivered. The melting region now lies in the RHS half of cylinder 9 while the left half part has been melted. The simulations thus predict material deposition at the target cover in the region between cylinder 8 and 9, in full agreement with the experimental measurements. These experiments therefore fully confirm the existence of the hydrodynamic tunneling.

References

[1] R. Schmidt et al., Proceedings of IPAC13, Shanghai, China, 2013.

GSI SCIENTIFIC REPORT 2013 PNI-PP-16

doi:10.15120 /GR-2014-1-PNI-PP-16 197

Numerical Simulations of Hydrodynamic Tunneling Experiments Performed at HiRadMat Facility Using SPS Proton Beam^∗

N.A Tahir^1, F. Burkart^2, A. Shutov^3, R. Schmidt^2, D. Wollmann^2, J. Blanco Sancho^2, and A.R. Piriz^4

1GSI, Darmstadt, Germany;^2CERN, Geneva, Switzerland;^3IPCP, Chernogolovka, Russia;^4UCLM, Ciudad Real, Spain

Extensive simulations carried out over the past 10 years to study the full impact of the LHC beam on solid targets has revealed substantial hydrodynamic tunneling of protons and their shower [1-3]. This effect has very important implications on the LHC machine protection design. In order to confirm the validity of these simulations, experiments have been carried out at the HiRadMat facility using 440 GeV protons impacting on solid targets. Detailed numerical simulations have been done to interpret the experiments. The experimental results together with a comparison with the simulations has been reported elsewhere [4,5]. In the present contribution we present the details about the simulations.

Figure 1: Energy distribution after 144 bunches.

Figure 2: Temperature distribution after 144 bunches.

The simulations have been carried out running an energy deposition code FLUKA and a 2D hydrodynamic code BIG2 iteratively using an iteration interval of 700 ns. The beam parameters include, proton energy = 440 GeV, bunch intensity = 1.5x10^{11}, bunch length = 0.5 ns, bunch separation = 50 ns and σ of the transverse intensity distribution = 0.2 mm. In two experiments, 108 and 144 proton bunches, respectively, were used and the protons were delivered in sets of 36 bunches each while a separation of 250 ns was

∗ Work supported by the BMBF and EuCARD2

considered between the bunch packets. The target is considered to be a solid copper cylinder 150 cm long having a radius of 4 cm, which is a good approximation to the target used in the experiments [4,5].

Figure 3: Pressure distribution after 144 bunches.

Figure 4: Density state after 144 bunches.

In Fig. 1, is plotted the specific energy deposition after 144 bunches have been delivered. It is seen that a maximum specific energy deposition of 6.3 kJ/g is achieved at the target center. Fig. 2 shows a corresponding maximum temperature of 7600 K. This high temperature generates a high pressure that leads to hydrodynamic motion in the target material (see Fig. 3). The hydrodynamic motion leads to substantial density depletion in the beam heated region which is the cause of hydrodynamic tunneling. The simulations show very good agreement with the experimental results [5].

References

[1] N.A. Tahir et al., JAP 97 (2005) 083532. [2] N.A. Tahir et al., PRE 79 (2009) 046410. [3] N.A. Tahir et al., PRSTAB 15 (2012) 051003 [4] R. Schmidt et al., Proc. of IPAC13, Shanghai, China, 2013. [5] R. Schmidt et al., This year’s annual report.

PNI-PP-17 GSI SCIENTIFIC REPORT 2013

198 doi:10.15120 /GR-2014-1-PNI-PP-17

Laser acceleration of small projectiles for hypervelocity impact experiments

E. S. Kjartansson^{∗2}, A. Ortner^{†2}, S. Sander^2, J. Helfrich^2, B. Cihodariu-Ionita^1, G. Schaumann^2, A. Blazevic^{1,3}, V. Bagnoud^{1,3}, and M. Roth^2

1GSI, Darmstadt, Germany;^2Technical University Darmstadt, Germany;^3Helmholtz Institute Jena, Germany

A new experimental concept is being developed to measure the enhanced momentum transfer during hypervelocity impacts of small solid projectiles on solid targets.

Figure 1: Proposed hohlraum target concepts for accelerating metal plates (left) and later small particles (right) to hypervelocities with the nhelix laser.

The magnitude of the enhanced momentum transfer caused by the ejection of material when a crater is formed on the target during hypervelocity (v_{rel} ≈ 10− 15 km/s) impacts is not well known for the materials and scales we are interested in, but it is believed to be at least tenfold [1, 2] compared to elastic collisions. We aim to measure the momentum transfer of dust-size metal particles colliding on larger metal targets with velocities in the aforementioned region. The collection of this data is critical e.g. to determine the feasibility of ideas proposed by G. Ganguli et. al.[3] for the active removal of space debris in the lower earth orbit. The experimental challenges of this project are both the acceleration of such small projectiles to hypervelocities and the accurate measurement of their velocities.

We will use a laser pulse from the nhelix laser system (∼ 30 J energy over ∼ 7 ns @ 532 nm) to drive a plasma expansion from a plastic foil mounted at the front of a hohlraum target. The rapidly expanding plasma will be used to accelerate a secondary projectile target to hypervelocities without melting it. At first we aim at accelerating small metal plates as depicted on the left side in Fig. 1 and to measure their velocity and momentum transfer onto a ballistic pendulum. Ultimately, the goal will be to accelerate spherical dust-size metal particles to hypervelocities and to gather extensive data on the momentum transfer for different materials and parameters. The targets will be fabricated in our own target laboratory at the Technical University of Darmstadt.

To accurately measure the velocity of the projectiles, we have set up a VISAR (Velocity Interferometer System for any Reflector) at the Z6 experimental area. The VISAR

∗ e.s.kjartansson@gsi.de † a.ortner@gsi.de

Figure 2: A simulation showing the temporal evolution (yaxis) of the mass density of a target consisting of a 270 μm plastic foil and a 16,5 μm aluminum metal plate, positioned 300 μm behind the plastic. The laser hits the plastic foil from the left edge at t = 0 .

can measure velocities in the hypervelocity regime timeresolved on a sub-nanosecond scale with 1% accuracy. The VISAR requires a laser with high temporal coherence for its measurements. For this purpose we have comissioned a custom Nd:YLF laser by Continuum and modified it to better suit our needs. Dichroic mirrors were installed into the cavity to subdue the dominating 1047 nm lasing line in favour of the more exotic 1320 nm line and a 1320 nm diode laser which acts as an injection seed for the main resonator was incorporated into the system to provide the required temporal coherence.

Simulations with the HELIOS 1D hydrodynamic code have been carried out (see Fig. 2) and are ongoing to help choose the initial values for important experimental parameters such as laser energy, plastic foil thickness and the distance between plastic foil and metal plate. Preliminary results indicate that plastic foils of thickness 50 - 100 μm combined with a distance of 300 - 600μm between plastic foil and metal plate is the optimal setup to reach velocities in the 10 - 20 km/s range without melting the metal plate.

References

[1] J. D. Walker and S. Chocron, Int. Journal of Impact Engineering 38, A1-A7, 2011 [2] W. M. Alexander and J. A. M. McDonnel, Adv. Space Rev.

Vol.2, No.12, pp. 185-187, 1983 [3] G. Ganguli et al., Aerospace Conf., 2012 IEEE, pp. 1-9, March 2012

GSI SCIENTIFIC REPORT 2013 PNI-PP-18

doi:10.15120 /GR-2014-1-PNI-PP-18 199

Radiation protection related x-ray spectrometry at PHELIX

F. Horst^{1,2}, G. Fehrenbacher^1, T. Radon^1, E. Kozlova^1, K. Zink^2, and J. Breckow^2

1GSI, Darmstadt, Germany;^2Technische Hochschule Mittelhessen, Gießen, Germany

Introduction

In the context of a bachelor thesis [1], a thermoluminescence dosimetry (TLD) based method has been developed for the measurement of photon spectra in ultrashort-pulsed radiation fields as generated e.g. during operation of the PHELIX-laser at GSI [2]. The method is a further development of a work from Behrens et al. [3] and has been validated at a clinical electron-linac (Elekta Synergy: 6 and 18 MeV) by comparing spectra measured by the developed method with spectra obtained by detailed Monte Carlo simulations of the linac. It has been first applied at PHELIX during a beamtime in December 2013. The following article presents the principle of the method of measurement and first results from the measurements at PHELIX.

Method of measurement

As a result of the sub-picosecond time scale of the laser pulses at PHELIX, an active measurement is quite difficult to implement. For that reason, TLD’s are used. 10 TLD-cards (Harshaw TLD-700H) are placed into a stack of absorbers, made of various materials and thicknesses, surrounded by a shielding stepped from lower to higher Z materials. The prototype is shown on Figure 1.

Figure 1: Schematic view of the TLD-spectrometer

The response functions of the 10 TLD’s to monoenergetic photon- and electron-radiation were simulated by the use of the Monte Carlo code FLUKA [4]. The different gradients and thresholds of these response-functions (Figure 2) allow the reconstruction (unfolding) of photon spectra from the readings of the 10 TLD’s. An algorithm for the purpose of unfolding bremsstrahlung spectra in the range of 30 keV to 100 MeV, resolved in 10 different energy bins, was developed (written in SCILAB [5]).

Figure 2: Simulated response-functions of the 10 TLD’s to monochromatic photon radiation

First results

Figure 3 shows an x-ray spectrum, measured by this prototype at the PHELIX petawatt target area from the outside of the target chamber behind a 2 cm steel window during experiments in December 2013. The laser intensity deposited on the Ti-foil target was about 10^{19} W/cm^2. The distance between the target and the spectrometer was 80 cm. The presented x-ray spectrum is equivalent to an ambient dose of 80 ± 20 μSv/shot.

0.01 0.1 1 10

10^6

10^7

10^8

Photon Energie E / MeV

Fluence Φ_{Ph} /

cm^{−2} ⋅ MeV^{−1} ⋅ shot^{−1}

Figure 3: X-ray spectrum: measured at PHELIX

Repeated measurements with a variation of the window materials and thicknesses provided evidence, that the wall of the target chamber is the main x-ray source.

References

[1] F. Horst, “Röntgenspektrometrie am Petawattlaser PHELIX”, bachelor thesis, Technische Hochschule Mittelhessen, 2014 [2] S. Götte et al., this report [3] R. Behrens et al., “A thermoluminescence detector-based few-channel spectrometer for simultaneous detection of electrons and photons from relativistic laser-produced plasmas”, Review of Scientific Instruments Vol. 74, 961, Feb 2003 [4] http://www.fluka.org/ [5] http://www.scilab.org/

PNI-PP-19 GSI SCIENTIFIC REPORT 2013

200 doi:10.15120 /GR-2014-1-PNI-PP-19