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Monday Morning Oral Presentations 
MonM01 
   (9:00) 

Ion Source requirements for high energy accelerators 
(Invited) 

Thomas Roser 

MonM02 
   (9:30) 

Recent Developments of Ion Sources for Life Science Studies 
at the Heavy Ion Medical Accelerator in Chiba (Invited) 

Atsushi Kitagawa 

MonM03 
  (10:00) 

High density plasmas and new diagnostics: an overview 
(Invited) 

Luigi Celona 

MonM04 
  (11:00) 

Molecular ion sources for semiconductor ion implantation 
(Invited) 

Ady Hershcovitch 

MonM05 
  (11:30) 

Ambient Ionization, Ion Transport and Ion Mobility-based 
Detection for Sensing and Identification of Trace Materials 

Samar Guharay 

MonM06 
  (11:50) Ion beam sources for surface modification André Rosenkranz 

Monday Afternoon Oral Presentations 
MonA01 
  (16:00) 

Towards 20 A Negative Hydrogen Ion Beams for Up to 1 
hour Achievements of the ELISE Test Facility (Invited) 

Ursel Fantz 

MonA02 
  (16:30) First Experiments with the Negative Ion Source NIO1 Marco Cavenago 

MonA03 
  (16:50) Final Design of the Beam Source for the MITICA Injector Diego Marcuzzi 

MonA04 
  (17:10) Improvement of Accelerator of N-NBI on LHD Masashi Kisaki    

Monday Poster Session

Empire
C2  Beam extraction, transport and diagnostics
C5  Industrial and medical applications

Soho
C7  Electron Cyclotron Resonance Ion Sources
C8  Negative Ion Sources    

Monday Afternoon Poster Session – Empire (14:00-16:00) 
MonPE01 Simulation of beam profiles from extracted ion current 

distributions for mini-STRIKE 
P. Agostinetti 

MonPE02 Multi-beamlet investigation of the deflection 
compensation methods of SPIDER beamlets 

Carlo Baltador 

MonPE04 
Modeling of the charge-state separation at ITEP 
Experimental facility for material science based on a 
Bernas ion source 

Helen Barminova 

MonPE05 High intensity proton injector for facility of antiproton 
and ion research (FAIR) 

Rustam Berezov 

MonPE06 A new solid state extractor pulser for the FNAL 
magnetron ion source 

Daniel Bollinger 

MonPE07 Analysis of diagnostic calorimeter data by the transfer 
function technique 

Rita S. Delogu 

MonPE08 Design and Fabrication of a Duoplasmatron Extraction 
Geometry and LEBT for the LANSCE H+ RFQ Project 

Clifford M. Fortgang 

MonPE09 

Scaning Effects of Applied Voltage to a Deceleration 
Electrode on the Ion Current Density Profile of Low-
Energy and High-Current-Density Ion Beam Extracted 
through Concave Electrodes 

Yutaka Fujiwara 

MonPE10 Effect of Coulomb Collision on the Negative Ion 
Extraction Mechanism in Negative Ion Sources  

Ippei Goto 

MonPE11 Installation of Spectrally Selective Imaging System in RF 
Negative Ion Source 

Katsunori Ikeda 

MonPE12 
Study of Electron Current Extraction from a Radio 
Frequency Plasma Cathode Designed as a Neutralizer in 
Ion Source Applications 

Sina Jahanbakhsh 

MonPE13 
Prototyping of beam position monitor for medium 
energy beam transport (MEBT)section of RAON heavy 
ion accelerator 

Hyojae Jang 

MonPE14 The Beam Injection Line Test of CYCIAE-100 Cyclotron Xianlu Jia 

MonPE15 Beam dynamics simulations of post Low Energy Beam 
Transport 

Hyunchang Jin 

MonPE16 Transportation of a radioactive ion beam for precise 
laser-trapping experiments 

Hirokazu Kawamura 

MonPE17 Modification to the Accelerator of the NBI-1B Ion Source 
for improving the Injection Efficiency 

T. S. Kim 

MonPE18 Development of ion beam analyzing system for KBSI 
heavy-ion accelerator 

Byoung-Seob Lee 

MonPE20 
Development of the Pepper-pot Emittance Meter for 
Diagnostics of Low-Energy Multi-Charged Heavy Ion 
Beams Extracted from an ECR Ion Source 

Takashi Nagatomo 

MonPE21 Beam imaging in the injection line of the 
Superconducting Cyclotron of the INFN-LNS 

Dario Nicolosi 



MonPE22 Castellated tiles as the beam-facing components for the 
diagnostic calorimeter of the negative ion source SPIDER 

Simone Peruzzo 

MonPE23 Charge Neutralized Low Energy Beam Transport at 
Brookhaven 200 MeV Linac 

Deepak Raparia 

MonPE24 Beam Simulation Studies of ECR Beam Extraction and 
Low Energy Beam Transport for FRIB 

Haitao Ren 

MonPE25 Gas Flow and Density Profile in NIO1 Accelerator and 
Vessel 

Emanuele Sartori 

MonPE26 Simulation of Space Charge Compensation in a 
multibeamlet negative ion beam 

Emanuele Sartori 

MonPE27 Effects of a Dielectric Material in an Ion Source on the 
Ion Beam Current Dencity and Ion Beam Energy 

Hajime Sakakita 

MonPE28 Numerical Simulations of the First Operational 
Conditions of the Negative Ion Test Facility SPIDER 

Gianluigi Serianni 

MonPE29 Surface Modification of Ferritic Steels Using MEVVA and 
Duoplasmatron Ion Sources 

Timur V. Kulevoy 

MonPE30 Development of a Long-Slot Microwave Plasma Source Yusuke Kuwata 

MonPE31 Compact RF Ion Source for Industrial Electrostatic Ion 
Accelerator 

Hyeok-Jung Kwon 

MonPE32 Enhancement of Ionization Efficiency of Hot-Cavity Ion 
Sources 

Yuan Liu 

MonPE33 Development of a compact ECR ion source for various 
ion production 

Masayuki Muramatsu 

MonPE34 Development of C6+ Laser Ion Source and RFQ for 
Carbon Ion Radiotherapy 

Takayuki Sako 

MonPE35 Development of a Microwave Ion Source for Ion 
Implantations 

Nobuaki Takahashi 

MonPE36 Low-energy Ion Beam-based Deposition of Gallium 
Nitride 

Magdaleno R. Vasquez    

Monday Afternoon Poster Session – Soho (14:00-16:00) 
MonPS01 First Results of the 2.45 GHz Oshima Electron Cyclotron 

Resonance Ion Source 
Toyohisa Asaji 

MonPS02 Electron Cyclotron Resonance Ion Sources with High 
Stability and Long Lifetime 

Preston Barrows 

MonPS03 The characteristic of Evaporative Cooling Magnet for ECRIS Xiong Bin 

MonPS04 Development of a compact high intensity ion source for 
light ions at CEA-Saclay 

Oliver Delferrière 

MonPS05 Installation and first operation of the IFMIF LIPAC Injector  R. Gobin 

MonPS06 Microwave Mode Converter Optimized for 
Superconducting ECR Ion Source SECRAL  

Junwei Guo 

MonPS07 Production of Multicharged Metal Ion Beams on the First 
Stage of Tandem-Type ECRIS 

Shogo Hagino 

MonPS08 Development of superconducting magnet and LHe 
recondensing cryostats for RAON 28 GHz ECR Ion Source 

Jeongil Heo 

MonPS09 Heavy ion injector based on ECR ion source for RISP linac In-Seok Hong 

MonPS10 Compact Permanent Magnet H+ ECR Ion Source with Pulse 
Gas Valve 

Yoshihisa Iwashita 

MonPS11 
Microwave Emission Related to Cyclotron Instabilities in a 
Minimum-B Electron Cyclotron Resonance Ion Source 
Plasma 

Ivan Izotov 

MonPS12 Cyclotron Instability in the Afterglow Mode of Minimum-B 
ECRIS 

Ivan Izotov 

MonPS13 Suppression of Cyclotron Instability in ECR ion Sources by 
Two-frequency Heating 

Vadim Skalyga 

MonPS14 First Experiments with Gasdynamic Ion Source in CW Mode Vadim Skalyga 

MonPS15 First plasma and beam extraction of the RAON ECR ion 
source 

Yonghwan Kim 

MonPS16 
YFL Ion Source Research and Development: Studies of 
Different Plasma Processes and Towards the Higher Beam 
Intensities 

Hannu Koivisto 

MonPS17 Negative Ion Surface Production in Low Pressure Cesium-
free H2/D2 Plasmas 

Kostiantyn Achkasov 

MonPS18 
Determination of Energy and Angular Distribution 
Functions of the Surface-Produced Negative Ions in H2/D2 
Plasmas by Mass Spectrometry 

Kostiantyn Achkasov 

MonPS19 Development of a High Reliability, Long Lifetime H- Ion 
Source 

Gabriel Becerra 

MonPS20 Effect of Plasma Grid Bias on Extracted Currents in the RF 
Driven Surface-Plasma Negative Ion Sources 

Yuri Belchenko 

MonPS21 Efficient Cesiation in the RF Driven Surface-Plasma 
Negative Ion Sources 

Yuri Belchenko 



MonPS22 
Facilitation of High Voltage Conditioning and Improvement 
of High Voltage Holding in the large Surface-Plasma 
Negative Ion Sources with Cesium Deposition 

Yuri Belchenko 

MonPS23 Determination of discharge parameters via OES at the 
Linac4 H– ion source 

Stefan Briefi 

MonPS24 Different Approaches to Modeling the LANSCE H- Ion 
Source Filament Performance 

Ilija Draganic 

MonPS25 
Electron Stripping Rates of H- Ion Beam in the 80 kV High 
Voltage Extraction Column and Low Energy Beam Transport 
Line at LANSCE 

Ilija Draganic 

MonPS26 Converter Electrode Erosion Processes in the H- Ion Source 
at LANSCE 

Ilija Draganic 

MonPS27 Abnormal electron heating by magnetic filter field in a 
negative hydrogen ion source 

June-Young Kim 

MonPS28 
Optimization of plasma parameters with transverse 
magnetic field strength and pressure to maximize H- ion 
density in a negative hydrogen ion source 

Won-Hwi Cho 

MonPS29 Saddle Antenna Radio Frequency Ion Sources Vadim Dudnikov 

MonPS30 Compact surface plasma H- source with geometrical 
focusing 

Vadim Dudnikov 

MonPS31 High Current DC Negative Ion Sources for Cyclotron Haruhiko Etoh 

MonPS32 Charged Particle Flows in the Beam Extraction Region of a 
Negative Hydrogen Ion Source for NBI 

Shaofei Geng 

MonPS33 Advanced Negative Ion Source  Alexey Goncharov 

MonPS34 Duty Factor Variation Investigation from 1% to 100% with 
One Microwave Driven Cs-Free Volume H- Source at PKU 

Shixiang Peng 

MonPS35 
Characterization of the 13.56-MHz CW Starter Plasma for 
the Pulsed, High Power 2-MHz Plasma of the SNS H- Ion 
Source 

Baoxi Han 

MonPS36 A Collisional Radiative Model of Hydrogen Plasmas  
Developed for Diagnostic Purposes of Negative Ion Sources 

Snejana Iordanova 

MonPS37 Efficiency Improvements With the Radiofrequency H— Ion 
Source RADIS 

Taneli Kalvas    

Tuesday Morning Oral Presentations 
TueM01 
  (8:30) 

Intense pulsed heavy ion beam production by EBIS and its 
future development (Invited) 

Edward Beebe 

TueM02 
  (9:00) 

New Development of Laser Ion Source for Highly Charged Ion 
Beam Production (Invited) 

Huanyu Zhao 

TueM03 
  (9:30) 

High Charge States Heavy Metal Ion Source Based on 
Vacuum Spark 

Efim Oks 

TueM04 
  (9:50) 

Design Steps Towards A High Brightness Electron Impact Ion 
Source 

Oliver De Castro 

TueM05 
  (10:10) 

Development and testing of a pulsed helium ion source for 
probing materials and warm dense matter studies 

Qing Ji 

TueM06 
  (11:00) 

Negative Ion Production and Beam Extraction Processes in a 
Large Ion Source (Invited) 

Katsuyoshi Tsumori 

TueM07 
  (11:30) Linac4 H– Ion Sources Jacques Lettry 

TueM08 
  (11:50) 

Recent Performance of and Plasma Outage Studies with the 
SNS H- Ion Source  

Martin P. Stockli 

TueM09 
  (12:10) 

Commissioning the Rutherford Appleton Laboratory (RAL) 
Scaled Penning Surface Plasma Source 

Daniel Faircloth 

Tuesday Afternoon Oral Presentations 
TueA01 
  (16:00) 

Inductively Driven Surface-Plasma Negative Ion Source for N-
NBI use (Invited) 

Yuri Belchenko 

TueA02 
  (16:30) Particle model of full scale ITER-relevant negative ion source Francesco Taccogna 

TueA03 
  (16:50) 

Physics of Negative Ion Beam Formation and Extraction from 
the Plasma Electrode Surface in High Brightness Magnetized 
Plasma Sources 

Gwenael Fubiani 

TueA04 
  (17:10) 

Fine-Tuning to Minimize Emittances of J-PARC RF-Driven H¯ 
Ion Source 

Akira Ueno   
Tuesday Poster Session

Empire
C1  Fundamental processes
C8  Negative Ion Sources

Soho
C2  Beam extraction, transport and diagnostics
C6  Electron Beam Ion Sources / Traps, MEVVA and Laser Ion 
          sources  



Tuesday Afternoon Poster Session – Empire (14:00-16:00) 

TuePE01 Probing vibrational levels of ground state hydrogen 
molecules by laser photodetachment 

Spyridon Aleiferis 

TuePE02 A Multicusp Ion Source at MIT optimized for H2+ Spencer Axani 

TuePE03 Oscillatory instability development in extraction system of a 
negative ion source 

Helen Barminova 

TuePE04 Mixed Pierce-two-stream instability development in 
extraction system of a negative ion source 

Helen Barminova 

TuePE05 Experimental investigation of non-linear wave to plasma 
interaction  in a quasi-flat magnetostatic field 

Giuseppe Castro 

TuePE06 ICP source with immersed ferromagnetic inductor Valery Godyak 

TuePE07 Novel Modification of Hall-Type Ion Source (Study and the 
First Results) 

Alexey Goncharov 

TuePE08 
Photoelectron Emission from Metal Surfaces Induced by 
Radiation Emitted by a 14 GHz Electron Cyclotron 
Resonance Ion Source 

Janne Laulainen 

TuePE09 Modeling of Penning Trap Anurag Maan 

TuePE10 Dust Particle Diffusion in Ion Beam TransportRegion Naoki Miyamoto 

TuePE11 Recent progress of plasma modelling at INFN-LNS Lorenzo Neri 

TuePE12  Integral Electrical Characteristics and Local Plasma 
Parameters of an RF Ion Thruster 

Valentin Riaby 

TuePE13 Neutral Resonant Ionization in an H– Plasma Source: 
Potential of Doubly-Excited **H– 

John S. Vogel 

TuePE14 Anion Formation in Sputter Ion Sources by Neutral 
Resonant Ionization 

John S. Vogel 

TuePE15 Investigation on the electron flux to the wall in the VENUS 
ion source 

Thomas Thuillier 

TuePE16 Cesium recycling in the large cesiated negative ion source 
toward JT-60SA and ITER 

Masafumi Yoshida 

TuePE17 Negative hydrogen ion sources developed at IMP Shuhao Lin 

TuePE18 Model and measurement of beam extraction of LNHIS1 and 
LNHIS2 

Shuhao Lin 

TuePE19 Detailed Beam and Plasma Measurements on the VESPA 
Penning H– Ion Source C08 Oral 6_03_15 

Scott R. Lawrie 

TuePE20 A Negative Ion Source Test Facility S. Melanson 

TuePE21 Analysis of the Beam Halo in Negative ion Sources by Using 
3D3V PIC Code 

Kenji Miyamoto 

TuePE22 
Cross-Checked Analysis of ONIX Simulation Results and 
Experimental Data for Negative Ion Extraction from the 
BATMAN testbed 

Serhiy Mochalskyy 

TuePE23 Analysis of Electron Energy Distribution Function in the 
LINAC4 H- Source 

Shintaro Mochizuki 

TuePE24 Status of the RF-Driven H- Ion Source for J-PARC Linac Hidetomo Oguri 

TuePE25 
Effect of High Energy Electrons on H- Production and 
Destruction in a High Current DC Negative Ion Source for 
Cyclotron 

Moriaki Onai 

TuePE26 Beam deflection applied to Neutral Beam Injection for a 
Fusion Devices reactor 

Nicola Pilan 

TuePE27 The Mechanical Design and Simulation of a Scaled H- 
Penning Ion Source 

Theo Rutter 

TuePE28 Numerical study of plasma generation process and internal 
antenna heat loadings  in J-PARC RF negative ion source 

Takanori Shibata 

TuePE29 An Overview of the New Test Stand for H- Ion Sources at 
FNAL 

Alejandro Sosa 

TuePE30 Characterization and Optimization of NIO1 Extraction 
Aperture by 3D PIC Model 

Nicola Ippolito 

TuePE31 New source of MeV negative ion and neutral atom beams Sargis Ter-Avetisyan 

TuePE32 Maintenance of J-PARC RF-Driven H¯ Ion Source  Akira Ueno 

TuePE33 Alternative Modeling Methods for Plasma-Based Rf Ion 
Sources 

Seth A. Veitzer 

TuePE35 Balmer-Alpha Spectrum Measurement of the LHD One-
Third Ion Source 

Motoi Wada 

TuePE36 The SNS External Antenna Ion Source and Spare RFQ Test 
Facility Readiness 

Robert Welton 

TuePE37 The ISIS Pre-injector Reconfiguration Trevor Wood    



Tuesday Afternoon Poster Session – Soho (14:00-16:00) 
TuePS01 Quasi-monoenergetic ions acceleration by nanosecond 

laser-irradiation of solid target 
Carmen Altana 

TuePS02 Software tool for time evolution of EBIS/EBIT charge 
breeding in the radial (transverse) approximation 

E. G. Evstatiev 

TuePS03 Influence of Plasma Properties on Extracted Beam in 
Laser Ion Source Controlled by Magnetic Field 

Shunsuke Ikeda 

TuePS04 Effect of Solenoidal Magnetic Field on Moving Plasma 
Used in Laser Ion Source 

Shunsuke Ikeda 

TuePS05 Laser Ion Source Optimization and Development at 
GANIL 

Jose Luis Henares 

TuePS06 Eliminating unwanted electron in EBIS devices Ady Hershcovitch 

TuePS07 Low Charge Heavy Ion Production with Sub-nanosecond 
Laser  

Takeshi Kanesue 

TuePS08 Laser Ion Source for Isobaric Heavy Ion Collider 
Experiment 

Takeshi Kanesue 

TuePS09 Contribution of Material’s Surface Layer on Laser 
Ablation Plasma 

Masafumi Kumaki 

TuePS10 Plasma Heating by Double Pulse Laser Irradiation Masafumi Kumaki 

TuePS11 Iron Plasma Generation using Several Hundred 
Picoseconds of Nd_YAG Laser Pulse 

Jun Tamura 

TuePS12 RF Synchronized Short Pulse Laser Ion Source Yasuhiro Fuwa 

TuePS13 Proton Beam Production by Laser Ion Source with 
Hydride Target 

Masahiro Okamura 

TuePS14 Ca and Li Ion Production for Laser Ion Source Masahiro Okamura 

TuePS15 Singly/Negatively Charged Ion Production of a Laser 
Induced Plasma using a Capillary Graphite Target 

Glynnis Saquilayan 

TuePS16 Lifetime of Hydrogenised Film Cathode in Vacuum Arc 
Discharge ion Source 

Konstantin Savkin 

TuePS17 
Liquid Metal Ion Source Assembly for External Ion 
Injection into Electron String Ion Source (ESIS) and 
Charge Breeding Efficiency Measurements 

Matthew Segal 

TuePS18 Aluminum Multicharged Ion Generation Using Spark-
Assisted Laser Ion Source 

Haider Shaim 

TuePS19 
Investigation on TNSA (Target Normal Sheath 
Acceleration) through the measure of Ions energy 
distribution 

Salvatore Tudisco 

TuePS20 Energy Distributions and Angular Distributions of Pulsed 
Plasmas Based on Vacuum Surface Flashover  

X. Wan 

TuePS21 Simulation of Ion Beam Injection and Extraction in an 
EBIS 

Liangji Zhao 

TuePS22 Generation of Boron Ion Beam Based on Discharges with 
Composite LaB6 Cathode  

Efim Oks 

TuePS24 Preliminary Design of Electrostatic Sensors for MITICA 
Beam Line Components 

Silvia Spagnolo 

TuePS25 
 
Upgrade of the Beam Extraction System of the GTS-LHC 
Electron Cyclotron Resonance Ion Source at CERN 

Ville Toivanen 

TuePS26 
Studies of the Beam Extraction System of the GTS-LHC 
Electron Cyclotron Resonance Ion Source at CERN Ville Toivanen 

TuePS27 Design of a Microwave Frequency Sweep Interferometer 
for plasma density measurements in ECR Ion Sources 

Giuseppe Torrisi 

TuePS28 
Investigation of ion beam space charge compensation 
with a retarding potential analyzer at GSI accelerator 
facility 

Cathrina Ullmann 

TuePS29 
Development and brightness measurement of an 
electron impact gas ion source for proton beam writing 
applications 

Jeroen Anton  van Kan 

TuePS30 Extraction Characteristics of a Low-energy Ion Beam 
System with a Remote Plasma Chamber 

Magdaleno R. Vasquez 

TuePS31 An RFQ Direct Injection Scheme for the IsoDAR High 
Intensity H2+ Cyclotron 

Daniel Winklehner 

TuePS32 Progress of beam diagnosis system for EAST neutral 
beam injector 

Yongjian Xu 

TuePS33 Particle Transport and Heat Loads in NIO1 Pierluigi Veltri 

TuePS34 Optics of the NIFS Negative ion source test stand by 
infrared calorimetry and numerical modeling 

Pierluigi Veltri 

TuePS35 Status of permanent magnet Intense Proton Source for C-
ADS Linac 

Qi Wu 

TuePS36 Simulation Study of LEBT for Transversely Coupled Beam 
from an ECR Ion Source 

Y. Yang 

TuePS37 Developments of Fast Emittance monitors for Ion Sources 
at RCNP 

Tetsuhiko Yorita 

TuePS38 Simulation Study of Space Charge Compensation in 
Negative Hydrogen Ion Beam 

Ailin Zhang    



Wednesday Morning Oral Presentations 
WedM01 
   (8:30) 

Advancement of Highly Charged Ion Beam Production by 
Superconducting ECR Ion Source SECRAL (Invited) 

Liangting Sun 

WedM02 
   (9:00) 

Status of ECR Ion Sources for the Facility for Rare Isotope 
Beams (Invited) 

Guillaume Machicoane 

WedM03 
   (9:30) 

Further improvement of RIKEN 28GHz SC-ECRIS for 
production of intense U beam 

Takahide Nakagawa 

WedM04 
   (9:50) 

Operation and commissioning of IFMIF (International 
Fusion Material Irradiation Facility) LIPAc Injector 

Yoshikazu Okumura 

WedM05 
  (10:10) Status of the SPIRAL2 injector commissioning  Thomas Thuillier 

WedM06 
  (11:00) 

Limitation of the ECRIS Performance by Kinetic Plasma 
Instabilities (Invited) 

Olli Tarvainen 

WedM07 
  (11:30) 

Electron Density and Temperature measurements in 
Electron Cyclotron Resonance Ion Source plasma by means 
of X-ray spectroscopy and X-ray imaging 

David Mascali 

WedM08 
  (11:50) Ion Beam Emittance from an ECRIS Peter Spädtke 

WedM09 
  (12:10) Emittance measurement for RIKEN 28GHz SC-ECRIS Yoshihide Higurashi  

 
Free Afternoon   

Thursday Morning Oral Presentations 
ThuM01 
   (8:30) In gas-jet isomer selective laser ion source (Invited) Nathalie Lecesne 

ThuM02 
   (9:00) 

New Progress of High Current Gasdynamic Ion Source 
(Invited) 

Vadim Skalyga 

ThuM03 
   (9:30) 

Overview of Ion Source Characterization Diagnostics in 
Indian Test Facility (INTF) 

Mainak Badyopadhayay 

ThuM04 
   (9:50) 

Effects of advanced nanowire-based targets for 
nanosecond laser driven acceleration 

Gaetano Lanzalone 

ThuM05 
  (10:10) 

VUV-diagnostics of inelastic collision processes in low 
temperature hydrogen plasmas 

Jani Komppula 

ThuM06 
  (11:00) 

Innovation in EBIS/T Charge State Breeders for Stable and 
Radioactive Elements (Invited) 

Stefan Schwarz 

ThuM07 
  (11:30) 

Optimizing charge breeding techniques for ISOL facilities in 
Europe: conclusions from the EMILIE project 

Pierre Delahaye 

ThuM08 
  (11:50) 

Advanced Numerical Modelling of the PHOENIX-SPES 
charge breeder 

Alessio Galatà 

ThuM09 
  (12:10) 

Off-line Commissioning of EBIS and Plans for Its Integration 
into ATLAS and CARIBU 

Peter Ostroumov 

Thursday Afternoon Oral Presentations 
ThuA01 
  (16:00) 

Optimum Plasma Grid Bias for a Negative Hydrogen Ion 
Source Operation with Cs 

Marthe Bacal 

ThuA02 
  (16:20) 

Investigation of the Boundary Layer during the Transition 
from Volume to Surface Dominated H  Production at the 
BATMAN Test Facility 

Christian Wimmer 

  (16:40) Brightness Award Presentation and Talk   

Thursday Poster Session
Empire
C3  Ion Sources for Nuclear Fusion
C4  Radioactive Ion Beams and Charge Breeders

Soho
C7  Electron Cyclotron Resonance Ion Sources
C10  Miscellaneous Ion Sources   



Thursday Poster Session – Empire (14:00-16:00) 

ThuPE01 
First hydrogen operation of NIO1: characterization of the 
source plasma by means of an optical emission 
spectroscopy diagnostic 

Marco Barbisan 

ThuPE02 Feasibility Study of a NBI Photoneutralizer Based on 
Nonlinear Gating Laser Recirculation 

Alessandro Fassina 

ThuPE03 Off-normal and failure condition analysis of the MITICA 
negative-ion Accelerator 

Giuseppe Chitarin 

ThuPE04 Multi-slit Triode Ion Optical System with Ballistic Beam 
Focusing 

Vladimir Davydenko 

ThuPE05 Design optimization of RF lines in vacuum environment for 
the MITICA experiment 

Michela De Muri 

ThuPE06 3D Self-consistent Modelling of a Matrix Source of Negative 
Hydrogen Ions 

Anguel P. Demerdjiev 

ThuPE07 Development of the negative ion beams relevant to ITER 
and JT-60SA at Japan Atomic Energy Agency 

Masaya Hanada 

ThuPE08 
Mechanism of Grid Power Loading in Electro-Static 
Accelerator with Multiple Apertures and Acceleration 
Stages for ITER 

Junichi Hiratsuka 

ThuPE09 Performance of positive ion based high power ion source of 
EAST neutral beam injector 

Chundong Hu 

ThuPE10 
Development of Design Technique for Vacuum Insulation in 
Large Size Multi-Aperture Multi-Grid Accelerator for Nuclear 
Fusion 

Atsushi Kojima 

ThuPE11 Concepts of Magnetic Filter Fields in Powerful Negative Ion 
Sources for Fusion  

Werner Kraus 

ThuPE12 Motivation of Concepts for the Negative Ion Extraction from 
a Single Element of the Matrix Source 

Stiliyan St. Lishev 

ThuPE13 Development and tests of Molybdenum armed copper 
components for MITICA ion source 

Mauro Pavei 

ThuPE14 
Simulation of diatomic gas-wall interaction and 
accommodation coefficients for Negative Ion Sources and 
accelerators 

Emanuele Sartori 

ThuPE15 Status of the Negative Ion Based Neutral Beam Injectors for 
ITER 

Beatrix Schunke 

ThuPE16 Neutral beam injection system for the C-2 upgrade field 
reversed configuration experiment 

Artem Smirnov 

ThuPE17 
Physics-Electrical Hybrid Model for Real Time Impedance 
Matching and Remote Plasma Characterization in RF Plasma 
Sources 

Dass Sudhir 

ThuPE18 Self-induced Steady-state Magnetic Field in the Negative Ion 
Sources with Localized RF Power Deposition 

Dimitar T. Todorov 

ThuPE19 Ion Collector Design for an Energy Recovery Test Proposal 
with the Negative Ion Source NIO1 

Vincenzo Variale 

ThuPE20 Transmission of electrons inside the cryogenic pumps of 
ITER Neutral Beam Injector 

Pierluigi Veltri 

ThuPE21 Development and preliminary results of radio frequency ion 
source 

Yahong Xie 

ThuPE22 
Single Element of the Matrix Source of Negative Hydrogen 
Ions: Measurements of the Extracted Currents Combined 
with Diagnostics 

Dimitar Y. Yordanov 

ThuPE23 Steady state thermal-hydraulic analysis of the MITICA 
experiment cooling circuits  

Matteo Zaupa 

ThuPE24 Charge State Breeding Experiences and Plans at TRIUMF Friedhelm Ames 

ThuPE25 Integration of RFQ Beam Coolers and Solenoidal Magnetic 
Field Traps  

Marco Cavenago 

ThuPE26 
The new ECR charge breeder for the selective production of 
exotic species project at INFN - Laboratori Nationali di 
Legnaro 

Alessio Galatà 

ThuPE27 Electromagnetic Analysis of the Plasma Chamber of an ECR-
based Charge Breeder 

Alessio Galatà 

ThuPE28 The remote control system in the Target source of ISOL QingHua Huang 

ThuPE29 Study on a singly charged ion source for radioactive 11C ion 
acceleration 

Ken Katagiri 

ThuPE30 
Electrical-thermal-structural coupled-field finite element 
modeling and experimental testing of high-temperature ion 
sources for the production of radioactive ion beams 

Mattia Manzolaro 

ThuPE31 Charge breeder for the SPIRAL1 upgrade: preliminary results L. Maunoury 

ThuPE32 Progress on the EBIS charge breeder system of RAON in 
Korea 

Young-Ho Park 

ThuPE33 Background Reduction in the CARIBU ECR Charge Breeder Richard Vondrasek 

ThuPE34 First results on Ge resonant laser photoionization in hollow 
cathode lamp 

Daniele Scarpa    



Thursday Poster Session – Soho (14:00-16:00) 
ThuPS01 High Intensity High Charge State Ion Beam Production with 

an Evaporative Cooling Magnet ECRIS 
Wang Lu 

ThuPS02 Investigation on the Pulsed Mode Operation of the 
Frequency Tuned CAPRICE ECRIS 

Fabio Maimone 

ThuPS03 Producing Multicharged Fullerene Ion Beam Extracted 
from the Second Stage of Tandem Type ECRIS 

Tomoki Nagaya 

ThuPS04 Effect of Axial Magnetic Field on a 2.45 GHz Permanent 
Magnet ECR Ion Source 

Tsubasa Nakamura 

ThuPS05 Experimental Results of Launching Extraordinary Mode 
Microwaves on ECRIS Plasma 

Takuya Nishiokada 

ThuPS06 Progress of High-Temperature Oven Development for 28 
GHz ECR Ion Source 

Jun-ichi Ohnishi 

ThuPS07 Improvements for Reliability and Lifetime Test of a High-
Performance DC Microwave Proton Source 

Shixiang Peng 

ThuPS08 Status of Development of the FRIB High Performance 
Superconducting ECR Ion Source 

Eduard Pozdeyev 

ThuPS09 X-ray Pinhole Camera Setups used in the Atomki ECR 
Laboratory for Plasma Diagnostics 

Richárd Rácz 

ThuPS10 Ion Beam Production with Sub-milligram Samples of 
Material from an ECR Source for AMS 

Robert Scott 

ThuPS11 
Design optimization and performances system of 28GHz 
ECRIS Heavy ion accelerator for multi charge ion 
implantation 

Mi-Sook Won 

ThuPS12 Ka-band Microwave Power Transmission System for 28 
GHz Electron Cyclotron Resonance Ion Source at KBSI 

Mi-Sook Won 

ThuPS13 First Results of 28 GHz Superconducting Electron Cyclotron 
Resonance Ion Source for KBSI Accelerator 

Mi-Sook Won 

ThuPS14 X-ray measurement on 28GHz KBSI ECRIS Mi-Sook Won 

ThuPS15 First Operation and Effect of a New Tandem-Type Ion 
Source Based on Electron Cyclotron Resonance 

Yushi Kato 

ThuPS16 
Accessibility Condition on Waves Propagation and 
Multicharged Ion Production in Electron Cyclotron 
Resonance Ion Source Plasma 

Yushi Kato 

ThuPS17 Beam Experiments with the Grenoble Test Electron 
Resonance Ion Source at IThemba Labs 

Rainer Thomae 

ThuPS18 
Measurement of Ion Species in High Current ECR H+/D+ 
Ion Source for IFMIF (International Fusion Materials 
Irradiation Facility) 

Katsuhiro Shinto 

ThuPS19 Injection of auxiliary electrons for increasing plasma 
density in highly charged and high intensity ion sources 

Fabrizio Odorici 

ThuPS21 Kinetic Instabilities in Pulsed Operation Mode of a 14 GHz 
Electron Cyclotron Resonance Ion Source 

Olli Tarvainen 

ThuPS22 Two-Chamber Configuration of Bio-Nano ECRIS for 
Fullerene Modification 

Takashi Uchida 

ThuPS23 Renewal of Control System for Efficient Operation in RIKEN 
18 GHz Electron Resonance Ion Source 

Akito Uchiyama 

ThuPS25 Development Status of a Next Generation ECRIS: MARS-D 
at LBNL 

D. Z. Xie 

ThuPS26 A 45 GHz Superconducting ECR Ion Source FECRAL and Its 
Technical Challenges 

Hongwei Zhao 

ThuPS27 Emittance study of an 28GHz ECR ion source for the RISP 
superconducting linac 

Bum-Sik Park 

ThuPS28 Production of high current proton beams using complex H-
rich molecules at GSI 

Aleksey Adonin 

ThuPS29 Development of Wien Filter for Small Ion Gun of Analytical 
Equipment 

Byoung-Seob Lee 

ThuPS30 The Study about Nozzle Type for Cluster Generation at Gas 
Cluster Ion Source 

Byoung-Seob Lee 

ThuPS31 Design and preliminary tests of an external antenna driven 
cw ion source at IAP Frankfurt 

Yuan Xu 

ThuPS32 Operation Modes of Hydrogen Ion Beam Source Based on 
Pulsed Penning Discharge with Hollow Cathode  

Efim Oks 

ThuPS33 Ar/N2 Plasma Treatment of High Density Polyethylene via 
Atmospheric Microwave Plasma Pencil Ion Source Device 

Matthew D. Poral 

ThuPS34 Study on the D-Ti ion ratio of metal deuteride cathode 
vacuum arc ion source 

Tao Wang    



Friday Morning Oral Presentations 
FriM01 
 (8:30) Recent Development of Plasma-Optical Systems (Invited) Alexey Goncharov 

FriM02 
 (9:00) 

Correlations between density distributions, optical spectra and 
ion species in a hydrogen plasma (Invited) 

Daniel Cortázar 

FriM03 
 (9:30) Industrial Applications of ECR-Based Neutron Generators Scott Christensen 

FriM04 
 (9:50) The RHIC Polarized Ion Source Anatoli Zelenski 

FriM05 
 (10:40) 

Intense beam transport and space charge compensation 
strategies (Invited) 

Oliver Meusel 

FriM06 
 (11:10) 

Hall Thruster for Space Applications: Advanced Concepts and 
Research Challenges (Invited) 

Yevgeny Raitses 

 (11:40) Summary Talk Atsushi Kitagawa 

 (12:00) Closing    
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MonM01 
 

Ion Source Requirements for High Energy Accelerators 
 

Thomas Roser 

Brookhaven National Laboratory, Upton, NY 11973, USA 
Correspondig author: Thomas Roser, roser@bnl.gov 

 
 
 
The performance of accelerators and colliders used for particle and nuclear 
physics research is determined by the beam quality delivered by the ion 
source. The presentation will review the present status of and the future 
requirements for the beam intensity, brightness and polarization of ion 
sources used at high energy accelerator facilities. 
�
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Recent Developments of Ion Sources for Life Science Studies at the Heavy 

Ion Medical Accelerator in Chiba 
 

Atsushi Kitagawa�, Arne G. Drentje�, Takashi Fujita�, Masayuki Muramatsu�, Keita 

Fukushima�, Naohiro Shiraishi�, Taku Suzuki�, Katsuyuki Takahashi�, Wataru Takasugi�, 

Sándor Biri�, Richárd Rácz�, Yushi Kato�, Takashi Uchida�, and Yoshikazu Yoshida� 
1Research Center for Charged Particle Therapy, National Institute of Radiological Sciences, Chiba, Japan 

2Accelerator Engineering Corporation,Chiba, Japan,  
3Institute for Nuclear Research (ATOMKI), Debrecen, Hungary 

4Graduate School of Engineering, Osaka University, Osaka, Japan 
5Bio-Nano Electronics Research Centre, Toyo University, Kawagoe, Japan 

Corresponding Author: Atsushi Kitagawa, e-mail address: kitagawa@nirs.go.jp 

 

  Ion beam technology is a powerful tool for life science studies. With relativistic high-energy 

ion beams provided by the Heavy Ion Medical Accelerator in Chiba (HIMAC) many medical 

researches and various experiments on radiation effectiveness have been realized. Wide 

variety of ion species from H to Xe ions is required by users. Presently, three electron 

cyclotron resonance ion sources (ECRISs) and one Penning ion source are available to satisfy 

such requirements. The summary of recent requirements will be presented.  

  A similar capability is expected by some life science institutes and hospitals. However, 

downsizing to reduce construction and operation costs is also desired at such facilities. NIRS 

has developed a feasible solution with a hospital-specified accelerator complex in conjunction 

with improved ion sources of which the effectiveness has been tested at HIMAC. The 

performance of the 18 GHz ECRIS has been improved with various techniques like two 

frequency heating, biased electrodes, MIVOC, and so on. The results of developments will be 

summarized.  
 

MonM03 
�

High density plasmas and new diagnostics: an overview 
 
 

Luigi Celona, Santo Gammino, David Mascali 

INFN - Laboratori Nazionali del Sud,Via S. Sofia 62, 95125 Catania, Italy 

Corresponding author: Luigi Celona, e-mail address: celona@lns.infn.it 
 

 
  Since 2005 some unexpected issues have come to the attention of the ECRIS community, 
making questionable the dependence of the output currents and charge states only on 
macroscopic plasma parameters (density and temperature); plasma instabilities, local fluctuations 
and/or non uniform distribution of the plasma density, non linear response of the electron heating 
to the pumping wave frequency, or sensitivity to slight adjustments of the operating frequency 
and of the magnetic field, have been correlated with the intensity and emittance of the plasma-
generated beams, showing that the parameters’ space has not been fully explored, as well as the 
wave-to-plasma interaction in a closed resonant cavity (i.e. the ECRIS plasma chamber). 
One of the most relevant limiting factors for the full understanding of ECRIS fundamental 
mechanisms consists in the few types of diagnostics tools so far designed and installed on such 
compact machines. Microwave-to-plasma coupling optimisation, including new methods of 
density overboost provided by plasma waves generation, as well as magnetostatic field tailoring 
for generating a proper electron energy distribution function, suitable for optimal ion beams 
formation, will require diagnostics tools spanning across the entire electromagnetic spectrum: 
from microwave interferometry to X-ray spectroscopy; these methods can be implemented in 
advanced forms including high resolution X-ray spectroscopy and spatially-resolved X-ray 
spectroscopy made by quasi-optical methods (pin-hole camearas). The ion confinement 
optimisation also requires a complete control of cold electrons displacement, which can be 
performed by optical emission spectroscopy (for X-ray and optical spectroscopy). 
Several diagnostics tools have been recently developed at INFN-LNS, including “volume-
integrated” X-ray spectroscopy in low energy domain (2-30 keV, by using SDD detectors) or 
highly energetic regimes (>30 keV, by using HpGe detectors). For the direct detection of the 
spatially-resolved spectral distribution of X-rays produced by the electronic motion, a "pin-hole 
camera" has been developed also taking profit from previous experiences in the ECRIS field.  
The paper will give an overview of INFN-LNS strategy in terms of new microwave-to-plasma 
coupling schemes and advanced diagnostics supporting the design and construction of new ion 
sources and/or for optimizing the performances of the existing ones, with the goal of a 
microwave-absorption-optimization oriented design of future machines. 
�
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Molecular ion sources for semiconductor ion implantation* 

 
Ady Hershcovitch 

CAD Department, Brookhaven National Laboratory 
Upton, NY 11973, USA 

Corresponding author: Ady Hershcovitch, e-mail address: hershcovitch@bnl.gov   
 
As semiconductors become smaller shallow implantation is desired and ion energy needed for 
implantation decreases, resulting space charge (intra-ion repulsion) effects, which reduced beam 
currents and production rates. To increase production rates, molecular ions are used. Boron and 
phosphorous (or arsenic) ion implantation are needed for P-type and N-type semiconductors 
respectively. Carborane, which is the most stable molecular boron ion leaves unacceptable 
carbon residue on extraction grids. A self-cleaning carborane compound was synthesized: the m 
isomer of m-carborane-1,7-dicarboxylic acid (C4H12B10O4), when utilized in the ITEP Bernas ion 
source resulted in large carborane ion output, without carbon residue. Ion source acid operation 
at high temperatures still had carbon residue, which was remedied by a special O2 elliptical cross 
section dissociator that injected miniscule amounts of O unto the grid prevented carbon 
deposition without loading up power supplies. Pure gaseous processes are desired for enable 
rapid switch among ion species. Molecular phosphorous was generated by introducing phosphine 
in dissociators via 4Ɋɇ3 = Ɋ4 + 6ɇ2 generated molecular phosphorous in a pure gaseous process 
(same applies for arsenic AsH3). Molecular phosphorous was then injected into the HCEI 
Calutron-Bernas ion source, from which Ɋ4

+ ion beams were extracted.  For avoiding the use of 
ovens in deep implantation, high charge state phosphorous and arsenic can be generated by 
driving the HCEI Calutron-Bernas ion source harder and absorbing the hydrogen molecules in 
Pd after the dissociator. Results from devices and some additional concepts will be presented.  
 
*Work supported DOE-GIPP, Skolkovo foundation funding to Plasma Sources LTD, Tomsk, 
Russia (Grant Agreement No. 65), and under Contract No. DE-AC02-98CH1-886 with the US 
Department of Energy. 
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Ambient Ionization, Ion Transport and Ion Mobility-based Detection for 
Sensing and Identification of Trace Materials 

 
Samar K. Guharay 

The MITRE Corporation, McLean, VA 22102, USA  

Correspondence: Samar K. Guharay, e-mail: sguharay@mitre.org 
 

Generating intense ions and efficiently transporting these ions to a target form two basic 
requirements in many critical areas in science and technology including high energy accelerators, 
thermonuclear magnetic fusion, materials science, semiconductor device fabrication and 
inspection, and above all, medical applications [1, 2]. Many unique requirements from each of 
these disciplines engaged researchers over the past decades, and significant progress is noted 
both on basic problems related to collision processes, formation of ions, and ion dynamics as 
well as on related technology. Research activities continue to grow in the context of their role in 
many emerging applications [3]. In this pursuit, advancing the state-of-the art of ion mobility 
spectrometry (IMS) raises questions related to ionization and ion transport, especially from the 
standpoint of enhancing its intrinsic merit as an effective and efficient trace/residue sensing 
technology encompassing both physical and biological sciences. The key components and 
corresponding functionality of IMS [4,5] are: ionization sources generating ions of ambient 
(and/or injected) neutral molecules; pulsed injection (or gating) of these ions to a drift medium; 
transporting ions through a drift cell; and finally, measuring the response of these ions on a 
Faraday plate detector. Recent activities on modifying the ionization pathway through cluster ion 
formation shed light on selective ionization and enable manipulating molecular kinetics and 
enhancing functional attributes of IMS. Space-charge effects [6] constitute an important physics 
problem in the context of effectively transporting the ions and enhancing sensing capability, 
from the standpoint of providing high resolving power and sensitivity. This talk will address key 
questions on ionization problems, effective ion transport and detection. Illustrative examples will 
highlight different ionization schemes, effective transport approaches and utility of the device for 
detection and identification of different classes of complex molecules.  
Acknowledgments: The author acknowledges support of the MITRE Innovation program. 
Thanks are due to Adrian Mariano and Wansheng Su of MITRE and to Herb Hill of Washington 
State University for collaboration. Valuable technical discussions and direct support on this topic 
from the Defense Threat Reduction Agency and Joint Project Manager for Nuclear Biological 
Chemical Contamination Avoidance are thankfully acknowledged. Distribution Statement A: 
Approved for Public Release; Distribution is Unlimited; Public Release Case ID:15-1196.  
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Trans. Plasma Sciences, vol. 36, no.4, 2008.  
[2] “Ion Mobility Spectrometry: Ion Source Development and Applications in Physical and Biological Science”, 
Samar K. Guharay, P. Dwivedi, H.H. Hill, Jr., IEEE Trans. on Plasma Science, vol. 36, No. 4, 1458-1470, 2008  
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W. Siems, A. Mariano, W. Su, S. K. Guharay, H. H. Hill, Analytical Chemistry, vol. 83, 5965-71, 2011  
[5] “Ionization, Transport, Separation, and Detection of Ions in non-Electrolyte Containing Liquids”, Manuja R 
Lamabadusuriya, William F. Siems, Herbert H. Hill, Jr., Adrian Mariano, and Samar K Guharay, Analytical 
Chemistry, vol. 84, pp. 9295-9302, 2012  
[6] “Effect of Space Charge on Resolving Power and Ion in Ion Mobility Spectrometry”, A. Mariano, W. Su, and S. 
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Ion beam sources for surface modification 
 

André Rosenkranz, Jens Landrock, Alfonz Luca, Margit Sarstedt 

Roth & Rau AG Business Unit MicroSystems 

Corresponding author: André Rosenkranz, andre.rosenkranz@roth-rau.com 
 

The focus of the presentation is the optimization and development of ion beam sources for 
processing equipment in the area of micro and nanometer surface treatment. Therefor RF or ECR 
coupled ion beam sources with a multiaperature grid system are used. The development focus is 
on the beam intensity, the beam shape, the stability and reliability of the parameters. A 
distinction is made between focused grid systems for localized scanning etching technologies 
and homogenous broad beam sources. Referring to the presented sources the presentation 
includes one or two applications with their respective requirements for ion beam sources in such 
an industrial field. One industrial application is the IonScan series as a production ready tool for 
ion beam trimming with a collimated beam. The main application is tuning of the resonant 
frequency of SAW and BAW filters, where inhomogeneities over the wafer during the whole 
production line would lead to high spread of frequencies and sequentially to a high failure rate. 
The issue during the development is the stability of the parameters during a twentyfour- 
seven process in an industrial field and the reproducibility of the parameters of wearing parts e.g. 
grid systems. Another application is the IonSys series, based on broad beam sources, for 
sensitive and well controllable deposition and etching processes. These etching processes are 
used for e.g. magnetoresistance nanopillars, facets etching and ion beam smoothing. The 
deposition processes are used for multilayer coatings, X-ray filters, optical elements, anti-
reflective coating, highly reflective mirrors, sensors or gradient layers. Especially characteristic 
with the IonSys is the good etch rate and deposition uniformity that meets the standards of 
reproducibility and stability. 
 
 

MonA01 
 

Towards 20 A Negative Hydrogen Ion Beams for Up to 1 hour: 
Achievements of the ELISE Test Facility 

 
Ursel Fantz, Bernd Heinemann, Dirk Wünderlich, Rudi Riedl, Werner Kraus, Ricccardo 

Nocentini, Federica Bonomo and the NNBI Team 
Max-Planck-Institut für Plasmaphysik, Garching, Germany 

Corresponding Author: Ursel Fantz, e-mail address: ursel.fantz@ipp.mpg.de 

 
  The RF ion source test facility ELISE (Extraction from a Large Ion Source Experiment) is 
part of the R&D roadmap of the European ITER domestic agency F4E for the ITER neutral 
beam injection systems. ELISE is dedicated to demonstrate the ITER requirements in terms of 
accelerated negative hydrogen densities (230 A/m2 HǦ, 200 A/m2 DǦ) at an electron-to-ion 
ratio of less than one for a source of the same width but only half the height of the ITER 
source (0.9 x 1 m2). According to an extraction area of 0.1 m2, consisting out of 640 beamlets 
with a diameter of 14 cm each, and including the calculated stripping loss for negative ions in 
the extraction system of 30% a current of 33 A for HǦ and 28.5 A for DǦ has to be extracted at 
a source pressure of 0.3 Pa. Another challenging requirement concerns the beam duration und 
beam homogeneity: beams up to 3600 s have to be achieved and deviations in the uniformity 
of the large beam of less than 10% are allowed only. The negative ions are created via the 
surface conversion process, i.e. the conversion of mainly atoms and positive ions at surfaces 
with a low work function, for which caesium is evaporated into the source. 
  The ELISE test facility went into operation in November 2012 with a first maintenance 
phase after two years of operation. For hydrogen a stable 1 hour plasma discharge with 
repetitive 10 s beam pulses was demonstrated with  9.3 A extracted current and an electron-
to-ion ratio of 0.4 using a 20 kW RF power for each of the four drivers only, which is less 
than a quarter of the available RF power. At 45 kW RF power per driver and thus half of the 
available RF power a stable 400 s plasma discharge with extracted beam pulses of 18.3 A 
(same duty cycle) at an electron-to-ion ratio of 0.7 could be achieved. Challenges in the long 
pulse operation are the caesium dynamic in the source and the stability of the co-extracted 
electron current, the latter being the limiting parameter for the power load on the extraction 
grids and thus for the source performance. The paper focusses on the presentation of the 
results achieved and the challenges with special focus on long pulse operation. Furthermore, 
the latest results from the new campaign in which, for the first time, deuterium will be used 
for source conditioning of a Cs-cleaned source will be reported.  
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First Experiments with the Negative Ion Source NIO1 

M. Cavenago1, G.Serianni2, M. De Muri1,2, P. Agostinetti2, V.Antoni2, C. Baltador2, M. Barbisan2, 
L. Baseggio2, M. Bigi2, V. Cervaro2,  F. Degli Agostini2, E. Fagotti1, T. Kulevoy1,3, N. Ippolito4, B. 
Laterza2, A. Minarello1, M. Maniero2, R. Pasqualotto2, S. Petrenko1,3, M. Poggi1, D. Ravarotto2, M. 

Recchia2, E. Sartori2, M. Sattin1, P. Sonato2, F. Taccogna4, V. Variale4, P.Veltri2, B. Zaniol2 , L. 
Zanotto2  and S. Zucchetti2 
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2 Consorzio RFX, Corso Stati Uniti 4, I-35127 Padova, Italy 
3 ITEP, Bolshaja Cheremushkinskaja 25, 110079, Moscow, Russia 
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Corresponding author: Marco Cavenago, e-mail address:�cavenago@lnl.infn.it 
 

Power efficiency of neutral beam injectors for DEMO reactor and other fusion applications 
critically depends on components, including a multiaperture negative ion source. Its optimization 
promotes the research of a rich variety of physical issues, for which reduced-size model sources 
may be of help. The ion source NIO1 (Negative Ion Optimization 1) built by Consorzio RFX and 
INFN aims to provide such model, and a versatile test bench for innovations and for simulation 
code validations. The modular design of source and accelerator column allows for replacement of 
improved parts and electrodes, and many ports are provided for beam diagnostics and pumping. 
Electrode design and power supplies are rated for a nominal beam current of 130 mA at -60 kV, 
divided into 9 beamlets with multiaperture extraction electrodes; a 2 MHz (tunable by  +/-10 %) 
radiofrequency generator can provide up to 2.5 kW power in continuous regime, with  a cooling 
system recently improved. Both hydrogen and air were used as feeding gas; the former loads 
significantly more the pumping system. The general status of the project is reported; conditions for 
transition to inductive plasma coupling roughly agree with results from a smaller plasma generator 
and their scaling is discussed. Information on specific physical issues (beam transport, cesium 
feeding, pumping, and spectrometry) is here summarized.  
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Final Design of the Beam Source for the MITICA Injector 
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The MITICA experiment (Megavolt ITER Injector & Concept Advancement) is the prototype and the 

test bed of the Heating and Current Drive Neutral Beam Injectors (HNB), which will be necessary for the 

full-performance exploitation of ITER. MITICA injector experiments shall demonstrate the reliable and 

accurate emission of a 17 MW beam of neutral particles of deuterium or hydrogen for duration up to 1 

hour, fulfilling ITER specific requirements. MITICA test bed is in the final design phase and will be 

procured and installed in PRIMA facility (Padova Research on Injector Megavolt Accelerated) in Padova, 

Italy. The beam source is the key component of the system, as its goal is the generation of the 1 MeV 

accelerated beam of deuterium or hydrogen negative ions. The beam source is a complex system, having 

overall dimensions in the order of 4x4x3 m3 and a weight of around 20 tons. 

A major effort has been put in place in the recent months for the design closure, in collaboration with 

ITER Organization, F4E and European and Japanese laboratories (IPP, CEA, JAEA), solving the 

remaining outstanding issues, namely the optimization of the thermo-mechanical behavior of the 

accelerator grid segments subjected to a substantial heat power deposition, the finalization of the 

mechanical structure of the accelerator coherently identifying a reliable assembly and alignment 

procedure, the completion of the design of all involved interfaces with surrounding components and 

maintenance tools, and the conclusion of last R&D campaign on large ceramic insulators. 

Comprehensive analyses have also been carried out to finally verify the structural and electrostatic 

design of the overall structure with regard to normal operation, main fault conditions and seismic events. 

This paper presents the highlights of the latest developments for the finalization of the MITICA beam 

source design, together with a description of the most recent analyses and R&D activities carried out in 

support of the design. 

DISCLAIMER: This work was set up in collaboration and financial support of F4E. 
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Improvement of Accelerator of N-NBI on LHD 
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Three negative-ion-based NBIs (N-NBI), which are called NBI #1, #2, and #3, have been 

operated on the Large Helical Device (LHD) for plasma heating. Among them, NBI #1 has a 

different accelerator design with the multi-slotted grounded grid (MSGG) and injects the neutral 

beam of more than 6 MW with higher stability [1]. The others use the multi-aperture grounded 

grid (MAGG) and the injection power is limited to around 5 MW. One of the main advantages of 

the ion source of NBI #1 is a higher voltage holding capability. After the ion-source conditioning, 

the achieving acceleration voltage is in almost the same for three N-NBIs, but in NBI #2 and #3 

the electrical breakdown takes place more frequently. We have suspected that the lower voltage 

holding capability of NBI #2 and #3 relates to the surrounding structures of the GG support 

and/or the GG structure itself. 

To improve the voltage holding capability on NBI #2 and #3 we modified the surrounding 

structures of the GG support of NBI #3 and also applied the MSGG instead of the MAGG. In the 

experiment, we found the improvement in the voltage holding capability. In addition, the heat 

loading on GG reduced by 40% and the arc efficiency, which is defined as the ratio of the 

acceleration current to the arc power, increased without any modification of the plasma source. In 

the presentation, the beam optics with the MSGG will be discussed in detail together with above 

topics. 

 
References 
[1] K. Tsumori, M. Osakabe, O. Kaneko, Y. Takeiri, K. Nagaoka et al., Rev. Sci. Instrum. 79, 02C107 
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   In order to develop ITER heating and current drive neutral beam injectors, two experiments are 
planned to operate in the next future in the PRIMA testbed facility at Consorzio RFX (Padova, 
Italy). The experiments are a full-size negative ion source, SPIDER, and a prototype of the whole 
ITER injector, MITICA. 
  The STRIKE diagnostic calorimeter will be used in SPIDER to investigate the beam properties. A 
small-scale version of STRIKE, called mini-STRIKE, has been developed and built to check the 
performance of this type of diagnostic system in existing experiments. It is made of two CFC tiles 
directly exposed to the beam, whose temperature profile is measured by a thermal camera providing 
a fine spatial resolution. The tiles are produced with a special technique that permits to obtain a 
much higher value of thermal conductivity along the thickness (or beam) direction, with respect to 
the other two directions (perpendicular to the beam). This results in a well-defined footprint of the 
beam also on the downstream side of the tiles, where it is acquired by the thermo-camera.    
  BATMAN is a negative ion beam test facility equipped with a radiofrequency source, operating at 
IPP (Garching bei München, Germany). Its main aim is to investigate the physics underlying 
generation and extraction of negative ions in the framework of the activities leading to the 
construction of SPIDER and MITICA. The mini-STRIKE diagnostic calorimeter has been mounted 
in BATMAN and used for the investigation of the beam properties. 
  This contribution describes the adaptation to the negative ion beam of BATMAN of the codes, 
which are currently used to model the SPIDER and MITICA experiments. In particular, the 
SLACCAD and EAMCC codes have been used to simulate the beam optics, the NBImag code for 
the magnetic fields and a dedicated model developed in COMSOL for the temperature distribution 
on the tile. The latter one is a non-linear, transient, finite element model that calculates the 
temperature across the downstream surface of the tile during and after the beam pulse, by applying 
as boundary condition on the upstream side the heat load calculated by the EAMCC code, and 
taking into account the anisotropy of the thermal conductivity in the CFC. 
  The current density across the extraction area is influenced by several factors like the source 
geometry, the magnetic field and the particle drifts inside the source, and the cesium distribution. 
The main outcome of the present contribution is the development of a minimisation method to 
estimate the extracted current distribution using the footprint of the beam recorded with the mini-
STRIKE diagnostic. First results of the application of the method to the BATMAN beam are given. 
  This work was set up in collaboration and partial financial support of F4E. 
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The ITER experiment will be the first step towards energy from fusion. Nuclear reaction will occur 
in a hot (Te < 40keV) plasma requiring external heating systems like the injection of energetic 
beams of particles. In order to gain a better understanding of the physics of neutral beam injectors 
(NBI) and to optimize the prototype of ITER injectors, a dedicated test facility is under construction 
at Consorzio RFX, Padova (Italy). It will feature two major experiments: MITICA (Megavolt ITER 
Injector and Concept Advancement), a complete prototype of the ITER NBIs, and a full-scale ion 
source, named SPIDER (Source for Production of Ions of Deuterium Extracted from an Rf plasma). 
SPIDER is designed to extract and accelerate a ͵ͷͷܣ�Ȁ݉ଶ current of ିܪ (or ʹͻ͵ܣ�Ȁ݉ଶ of ିܦ) up 
to 100 kV and its construction is entering the final phase, with most of the components already 
procured and the first beam expected by the end of 2016. 
SPIDER accelerating stage is composed of three electrodes (plasma grid PG, extraction EG and 
grounded grid GG), each featuring 16 groups of 5x16 apertures tracing beamlet path. Two effects 
perturb the beamlet path during the acceleration stage: space charge repulsion and the deflection 
induced by the permanent magnets (CESM) embedded in the extraction grid, needed  to suppress 
co-extracted electrons. These two effects have respectively electrostatic and magnetic origin and 
can be reduced by electrostatic or magnetic means. A unique feature of SPIDER experiment is the 
presence of different methods of compensation for the deflection induced by CESM: a magnetic one 
which make use of a second group of permanent magnets, embedded in the GG; and an electrostatic 
one which consists in offsetting the apertures of the GG, thus steering the beamlet in order to 
counteract the deflection. 
The purpose of this work is to evaluate and compare benefits, collateral effects and limitations of 
electrical and magnetic compensation methods for beamlet deflection. The study of these methods 
has been carried out extensively by means of numerical modelling tools: multi beamlet simulations 
have been performed. This is a further step with respect to the earlier analyses on this ion source [1]. 
This work was set up in collaboration and financial support of F4E. 
 

[1]P.Agostinetti et Al., Physics and engineering design of the accelerator and electron dump for SPIDER, 28 
april 2011, Nucl. Fusion 51 (2011) 063004 (16pp). 
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  Experimental facility for material science at ITEP based on a multi-charged ion source (ECRIS 
and Bernas ion source) is developed. The ion charge-state separation is provided by means of the 
bending magnet. The experiment automation requires the preliminary modeling of the beam 
particle behavior after the particle extraction from the source, including the particle pre-
acceleration and the turn in the dipole magnetic field. The program CAMFT [1] is supposed to 
be involved into the program of the experiment automation for material research and material 
processing. CAMFT is developed to simulate the intense charged particle bunch motion in the 
external magnetic fields with arbitrary geometry by means of the accurate solution of the particle 
motion equation. Program allows the consideration of the bunch intensity up to 1010 ppb. 
Preliminary calculations are performed at ITEP supercomputer. The results of the simulation of 
the sheet beam acceleration and following turn are presented for different initial conditions.   
   
 
[1] H. Y. Barminova, M. S. Saratovskyh. In Proc. 4th ICMSQUARE, Mykonos, Greece, 2015. 
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The high current ion source with the low energy beam transport (LEBT) would serve as injector 
into the proton LINAC to provide primary proton beam for the production of antiprotons. The 
pulsed ion source developed and made in CEA/Saclay, operates with a microwave frequency 
equal to 2.45 GHz based on ECR plasma production with two coils each with 87.5 mT magnetic 
field. The compact LEBT consists of two solenoids with a maximum magnetic field of 260 mT 
with two integrated magnetic steerers for adjusting the horizontal and vertical beam position. The 
total length of the compact LEBT is 2.3 m. The length reduced to minimize expected emittance 
growth along the beam line. For measuring ion be am intensity behind the pentode extraction 
system, between solenoids and at the end of the beam line a beam transformer and a Faraday cup 
will be installed. To get information about the beam quality and position the diagnostic chamber 
with different equipment will be installed between two solenoids. The proton injector has to 
deliver 100 mA proton beam with the energy 95 keV at the entrance of the RFQ with the 
emittance lower than 0.3π mm mrad (normalized, rms). This paper presents the status of the 
proton injector and proton LINAC for FAIR anti-proton research. 
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�

A new solid state extractor pulser has been installed on the Fermi National Accelerator 
Laboratory (FNAL) magnetron ion source, replacing a vacuum tube style pulser that was used 
for over 40 years. The required ion source extraction voltage is 35 kV for injection into the RFQ. 
At this voltage the old pulser had a rise time of over 150 microseconds due to the di/dt limit of 
the vacuum tube. This along with the lifetime of the tubes, on the order of 3 months, the long 
lead time when ordering tubes, and the fact that there was only one manufacturer of them, led us 
to investigate solid state switches. The solid state switches in the new pulser are capable of 50 
kV and 30 A pulses and are the same switches that we have installed in our Einzel lens chopper. 
When installed in the operating system they have a rise time of 9 microseconds and so far have 
been able to withstand frequent extractor sparks. This paper will discuss the pulser design and 
operational experience to date. 
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  The ITER project requires additional heating provided by two injectors of neutral beams 
resulting from the neutralization of accelerated negative ions. To study and optimise negative 
ion production, the SPIDER test facility (particle energy 100keV; beam current 50A) is under 
construction in Padova, with the aim of testing beam characteristics and to verify the source 
proper operation. The SPIDER beam will be characterized by the instrumented calorimeter 
STRIKE, whose main components are unidirectional carbon composite tiles. Some prototype 
tiles have been employed as a small-scale version of STRIKE (mini-STRIKE) to test the 
effectiveness of the beam diagnostic. 
  This contribution describes the analysis procedure applied to the thermal measurements on 
the rear side of the tiles with the purpose of reconstructing the energy flux due to the negative 
ion beam colliding on the front side. The method is based on the transfer function technique 
and allows a fast analysis by means of the FFT algorithm. 
  The efficacy of the method has been tested both on simulated and measured mini-STRIKE 
temperature profiles: in all cases the energy flux features are well reproduced and beamlets 
are well resolved; limits and restrictions of the method are also discussed, providing strategies 
to handle issues related to signal noise and digital processing. 
 
This work was set up in collaboration and financial support of F4E. 
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  The 750-keV H+ Cockcroft-Walton at LANSCE will be replaced with a recently fabricated 4-rod 
RFQ with injection energy of 35 keV. The existing duoplasmatron source extraction optics need to 
be modified to produce up to 35 mA of H+ current with an emittance <0.02 pi-cm-mrad (rms,norm) 
for injection into the RFQ.  Parts for the new source have been fabricated and assembly is in 
process. We will use the existing duoplasmatron source with a newly designed extraction system 
and LEBT for beam injection into the RFQ.  In addition to source modifications we need a new 
LEBT for transport and matching into the RFQ. The LEBT uses two magnetic solenoids with 
enough drift space between them to accommodate diagnostics and a beam deflector. The LEBT is 
designed to work over a range of space-charge neutralized currents and emittances. The LEBT is 
optimized in the sense that it minimizes the beam size in both solenoids for a point design of a 
given neutralized current and emittance. Special attention has been given to estimating emittance 
growth due to source extraction optics and solenoid aberrations. Examples of source-to-RFQ 
matching and emittance growth (due to both non-linear space charge and solenoid aberrations) are 
presented over a range of currents and emittances about the design point. A mechanical layout 
drawing will be presented along with the status of the source and LEBT, design and fabrication.  
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A high current density (~3.0 mA/cm2) and low energy (60 - 170 eV) ion beam is extracted 
through three sets of electrodes (acceleration, deceleration and grounded electrodes) with 
concave shape (nominal focal length of ~350mm)[1-3]. The highly focused low energy ion 
beam is obtained with the ion charge compensation by the secondary electrons emitted from 
the grounded electrode on which an additional electron beam is irradiated[2-4]. To explore an 
optimum condition for acheiveing higher ion current density, the applied voltage to the 
deceleration electrode was scanned from -300 V to -2,500 V. The results indicate that ion 
beam current density has two mamimum peaks at around -500 V and -2,200 V, respectively. 
We will present the results of the applied voltage scanning with and without electron beam 
irradiation to the grounded electrode and discusse the possible mechanism of the beam profile 
modification. 
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�
Negative hydrogen ion (H-) beam has a wide range of applications, such as fusion plasma 

heating, accelerators for medical use and high energy particle physics. However, the extraction 
mechanism of negative ions from the ion sources has not been fully understood yet. To clarify 
the extraction mechanism of H- ions is an important subject for optimizing the negative ion 
beam extraction. In our previous study, numerical simulations using the 2D3V-PIC (two 
dimension in real space and three dimension in velocity space)·(Particle In Cell), and 3D3V-
PIC model  have been carried out to understand the H- extraction mechanisms[1-3]. 

In this study, for two purposes described below, Coulomb collisions such as electron-H-, H-

-H+ have been taken into account to our 2D3V-PIC. The first aim is to estimate the detailed 
effect of electron transport across the filter magnetic field. Electron diffusion across the filter 
magnetic field is introduced by a simple model derived from diffusion equation with some 
approximations in the previous PIC model of the extraction region[4]. One of the main causes 
of the electron diffusion across the filter field is Coulomb collision. The detailed effect of 
Coulomb collisions on the diffusion process will be discussed in this paper. The second aim is 
to clarify the energy relaxation process of surface produced H- ions. The energy of H- ions 
produced on the PG surface is estimated to be ~ 1 eV from the theoretical formula[5]. 
However, the energy of H- ions in the extraction region is estimated to be ~ 0.1 eV from the 
beam emittance calculated by using the PIC simulation[6]. This result indicates that the 
energy of surface produced H- ions could be reduced by some physical mechanisms such as 
Coulomb collisions with lower energy particles.  
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Understanding of negative hydrogen ion behavior near the production surface is an important 
issue to maintain high negative beam current in a hydrogen negative ion source for NBI. We 
install a spectrally selective imaging system based on a GigE vision camera with Gigabit 
Ethernet connection, in the RF negative ion source in ELISE. A distribution of ܪĮ emission near 
the plasma grid has been clearly observed, and the time trace of its intensity is consistent with the 
signal intensity of ܪĮ emission observed by optical emission spectroscopy located at the opposite 
side viewing port. Signal reductions of ܪĮ emission during beam extraction are the same 
characteristics in both. Reduction area is widely distributed in the extraction region in the long 
discharge operation, which behavior is similar to the reduction distribution measured in arc 
discharge source. 
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�
  Plasma cathodes have been introduced in recent years as an alternative for the hollow cathodes 
in electric propulsion applications. These types of electron sources use a bulk plasma generated 
inside the device chamber to extract electrons. Because of its compact geometry, high efficiency, 
and easy generation, the RF plasma has been considered as a preferable source to be employed in 
plasma cathode devices. A radio frequency plasma cathode is designed and manufactured at the 
Bogazici University Space Technologies Laboratory (BUSTLab) to be used as a neutralizer and 
an electron source for the various ion thrusters (ion sources) developed at BUSTLab. RF plasma 
cathode is capable of being switched on instantaneously, compared to the hollow cathode that 
takes considerable time to be operational. It also does not include an insert material which causes 
serious lifetime problems in the operation of hollow cathode. 
  In this study, the successful design and manufacturing process of an RF cathode are presented. 
The effect of the various design parameters, such as chamber geometry and orifice dimensions, 
as well as the operational parameters, such as applied RF power and gas flow rate, on the plasma 
generation inside the device and the electron beam extraction from it are broadly studied. With 
the use of a home-built double Langmuir probe, RF plasma parameters (electron density and 
electron temperature) inside the RF plasma cathode are measured at various operational 
conditions of the device. In addition, the extracted electron current measurements are presented, 
and the most efficient design parameters and operational conditions are determined. 
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A heavy ion accelerator, RAON is going to be built by Rare Isotope Science Project (RISP) in 
Korea. Its target is to accelerate various stable ions such as uranium, proton, xenon from electron 
cyclotron resonance ion source (ECR-IS) and some rare isotopes from isotope separation on-line 
(ISOL). The beam shaping, charge selection and modulation should be applied to the ions from 
these ion sources because RAON adopts a superconducting linear accelerator structure for beam 
acceleration. For such treatment, low energy beam transport (LEBT), radio frequency quadrupole 
(RFQ) and medium energy transport (MEBT) will be installed in injector part of RAON 
accelerator. Recently development of a prototype of stripline beam position monitor(BPM)to 
measure the position of ion beams in MEBT section is under way. In this presentation, design of 
stripline, electromagnetic simulation results and RF measurement test results performed on the 
prototyped BPM will be described. 
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    A 100MeV high intensity proton cyclotron, CYCIAE-100, has been built at China 
Institute of Atomic Energy (CIAE) as a driving accelerator for the Beijing Radioactive 
Ion-Beam Facility (BRIF). And the proton beam of 25uA/100MeV was gotten at the primary 
test in 2014. This paper will depicts the injection beam line, including the H- multi-cusp ion 
source, solenoid, steering, quadrupole-truplet lens, buncher, central region. And the efficiency 
with different beam density will also be given in the paper. 
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RAON heavy ion accelerator of the Rare Isotope Science Project (RISP) in Daejeon, Korea, 
has been designed to accelerate multiple-charge-state beams for various science programs. In 
the RAON accelerator, the rare isotope beams which are generated by an Isotope Separation 
On-Line (ISOL) system with a wide range of nuclei and charges will be transported through 
the post Low Energy Beam Transport (LEBT) section to the Radio Frequency Quadrupole 
(RFQ). To transport many kinds of rare isotope beams stably to the RFQ, the post LEBT 
should be designed to keep the small twiss parameters and to satisfy the requirement of RFQ 
at the end of post LEBT. We will present the recent lattice design of the post LEBT in RAON 
accelerator and the result of the beam dynamics simulations. In addition, the error analysis 
and correction in the post LEBT will be also described. 
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A radioactive francium (Fr) atom is known to enhance the effect of an atomic parity violation 
and an electric dipole moment, which means the violation of the time-reversal symmetry, due to 
its large nucleus. We are aiming at a discovery of the violation of fundamental symmetries by 
precision measurements of such observables using laser-trapped neutral Fr atoms.  

Fr is produced through the nuclear fusion reaction between an oxygen beam and a gold target. 
The produced Fr is ionized at the surface of the gold target and is transported by electrostatic 
fields corresponding to a few keV. A problem was revealed that the purity of the produced ion 
beam was quite low because of impurities contained within the materials. The low-purity beam 
degrades the efficiency of the laser trapping. Therefore, a Wien filter was installed to purify the 
beam by mass separation. Accordingly, the purity was improved approximately 1000 times and it 
will lead to an improvement of the trapping efficiency. We report results obtained from the Wien 
filter experiment.  

An imperceptible beam transportation has also been studied using stable rubidium isotopes to 
simulate a procedure from the production to the laser trapping of the radioactive element. 
Additionally, a newly-designed Fr ion source is developed to increase a production yield.  
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Neutral beam injection (NBI) heating experiments in Korea Superconducting Tokamak 

Advanced Research (KSTAR) have demonstrated that the injection energetic neutral beam is one 
of the most effective and powerful methods for heating a tokamak plasma since 2010 KSTAR 
campaign. As a request for the additional neutral beam power of 2.0 MW so as to support 
advanced plasma experiments of KSTAR, a NBI-1B ion source was developed and installed at 
NBI-1 System of KSTAR in 2012. Maximum 100 keV/50A deuterium ion beam by NBI-1B ion 
source was successfully extracted, beam power transmission efficiency, however, was discovered 
to be poor (below than 70 %) during 2012 and 2013 experimental campaign of KSTAR. 
Minimizing power loss of a neutral beam through KSTAR NBI-1 beamline is required to keep 
high injection efficiency to the tokamak plasma. The long beamline with limited area of the 
beam duct diminishes the effectiveness of neutral beam injection to the tokamak plasma, and 
imposes modification of the accelerator of the ion source for further improvement of the beam 
optics. A technique to steer ion beamlets by aperture displacement appear to be the most 
powerful and practical method to focus the beam and to improve the injection efficiency 
considering the cost efficiency. In this paper the injection efficiencies and the heat loads on the 
beamline components by steering of ion beamlets are investigated numerically to find optimum 
modification of the accelerator design of the NBI-1B ion source and the experimental results 
with the modified accelerator of NBI-1B ion source are described. �
�
�
�
�
�
�
�
�
�
�
�
�
�
�
 

MonPE18 
 

Development of ion beam analyzing system for KBSI heavy-ion accelerator 
 

Jungbae Bahng,1,2 Jonggi Hong,1 Jin Yong Park,1 Seong Jun Kim,1 Jung-Woo Ok,1 Seyong 
Choi,1 Chang Seouk Shin,1 Jang-Hee Yoon,1 Mi-Sook Won,1 and Byoung-Seob Lee,1,a) Eun-

San Kim2,b) 
1 Ion Beam Research Group, Korea Basic Science Institute, Busan, Korea 
2 Department of Physics, Kyungpook National University, Daegu, Korea 

a) Corresponding Author: Byoung-Seob Lee, e-mail address: bslee@kbsi.re.kr 

b) Corresponding Author: Eun-San Kim, e-mail address: eskim1@knu.ac.kr 

 

The Korea Basic Science Institute (KBSI) has been developing a heavy ion accelerator 
system to produce high current, multi-charge state ions employing a 28 GHz superconducting 
electron cyclotron ion source. An analyzing system as a part of the LEBT apparatus was 
developed to separate the ion beams. The desired species of ion beam, which was generated 
and extracted from the ECR ion source including various particles, could be selected by 90 
degree dipole electromagnet. Two dimensional electromagnetic design of the dipole magnet 
was firstly performed for searching basic parameters to meet the requirement of LEBT design. 
Due to the non-symmetric structure in the coil as well as non-linear permeability of yoke 
material coil, three dimensional analysis was carried out to confirm the design parameters. 
Power supply for analyzing magnet was also developed to satisfy the high precision control 
(~10 ppm), which is enable to separate various species ion beam. After the fabrication and 
installation, we observed the performance of analyzing system through the 3-axis field 
measurement. In this paper, we present the operational results of analyzing system for KBSI 
accelerator. The effectiveness of beam selection is confirmed during the test of analyzing 
system by injecting ion beam from ECR ion source. 
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  To improve the beam transport in LEBT, it is important to understand the dynamics of ion 
beams extracted from an ECR ion source. Transverse emittances are crucial parameters for 
beam quality, and the beam intensity can be optimized by means of emittance matching with the 
LEBT’s acceptance. Moreover, the importance of decoupling any inter-plane correlation in the 
transverse 4D emittance is discussed as it can lead to increasing the beam brightness [1]. Within 
this scope, we have developed an emittance meter based on the pepper-pot method that can 
measure the 4D phase-space distribution. For simplicity, the ion beam passing through the 
pepper-pot pin-holes directly impinges on a transparent scintillator and the light is collected 
from the backside by means of a CMOS camera. The scintillator is a critical part of the device 
and investigations on scintillators with several MeV/u ion beams were performed [2]. However, 
because of lower energy and higher intensity of the beam extracted from the ECR source, 
degradation of the scintillator induced by irradiation is a concern. At first, scintillators 
including CsI, KBr, CaF2 and quartz have been investigated with proton beam (~100 eµA, 6.52 
keV). Quartz was found to be the most resilient to damage featuring also linear light emission 
proportional to beam intensity, but light output was lower than the others. On the other hand, 
light emissions from CsI, KBr and CaF2 was initially higher but degraded quickly. A 
commercial CMOS camera has been customized for water-cooled operation that results in 
significant thermal noise reduction under high gain/long exposure time operation. Software 
based on Labview takes care of the data acquisition and real time emittance calculation. Typical 
processing time from image capture to 4D phase space plots is around 1 s. 
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A cheap and efficient diagnostic system for beam monitoring has been recently developed at INFN-
LNS in Catania. It consists of a high sensitivity CCD camera detecting the light produced by an ion 
beam hitting the surface of a scintillating screen and a frame grabber for image acquisition. A 
scintillating screen, developed at INFN-LNS and consisting of a 2 µm BaF2 layer evaporated on an 
Al 2 mm thick plate, has been tested by using a 20Ne beam of different charge states in the keV 
energy range. The CAESAR ECR ion source has been used for investigating the influence of the 
frequency and magnetic field tuning effects, the impact of the microwave injected power and of the 
focusing solenoids along the LEBT on the beam shape and current. These tests will allow to better 
understand the interplay between the plasma and beam dynamics and, moreover, to improve the 
transport efficiency along the low energy beam line and the matching with the superconducting 
cyclotron, particularly relevant in view of the expected upgrade of the machine. A new diagnostic 
tool for mAs current beams, based on a Microchannel Plate for detecting Secondary Electron 
Emission by an Al foil, is now under investigation and will complete a wide gamma of beam 
monitoring setups soon available at the INFN-LNS.  
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  Operation of the thermonuclear fusion experiment ITER requires additional heating via 
injection of neutral beams from accelerated negative ions. In the SPIDER test facility, 
under construction in Padova, the production of negative ions will be studied and 
optimised. The STRIKE diagnostic (Short-Time Retractable Instrumented Kalorimeter 
Experiment) will be used to characterise the SPIDER beam during short pulse operation 
(several seconds) to verify the degree of attainment of ITER requirements about the 
maximum allowed beam non-uniformity (below ±10%). The major components of 
STRIKE are 16 tiles, corresponding to the SPIDER beam arrangement, which are observed 
on the rear side by a thermal camera. The main requirements of the tiles are: to preserve 
the thermal pattern throughout the heat conduction from the front to the rear side; to 
tolerate very high and localised heat loads and the consequent thermo-mechanical stresses. 
  This contribution describes a solution for tiles made of an essentially homogeneous and 
isotropic material like graphite, machined in such a way that heat is forced to propagate 
mostly in one direction (castellated tiles). In order to assess the reliability and the 
diagnostic capabilities of the tiles under high power irradiation, suitable finite element 
thermo-mechanical analyses were undertaken in the conditions expected of the SPIDER 
beam; moreover experimental tests on a prototype exposed to a high power beam were 
performed in the GLADIS facility at IPP (Max-Plank-Institut für Plasmaphysik) Garching. 
The results of these studies are described as well as the numerical simulations of the data 
measured when the size of the thermal camera pixels is comparable to the typical 
dimension of the elements of the castellated tiles for SPIDER. 
  This work was set up in collaboration and financial support of F4E. 
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��Space charge effects are most severe at low energy. The H- magnetron source proved 
about 100 mA H- beam to be match into the radio-frequency quadrupole accelerator.  
During the 450 microsecond long pulses, capturing the positive ion from residual gas 
ionization beam gets neutralizes. The neutralization time for the critical density depends 
upon the background gas and its pressure.  Critical density for Xenon gas at 35 keV is 
about 43 times smaller than of Hydrogen and stripping cross section is only 5 times than 
of Hydrogen gas. We are using Xenon gases to reduce neutralization time and to improve 
transmission through the 200 MeV Linac.   We have tried few other gases and  We are 
also using pulse nitrogen gas to improve transmission and stability of polarized H- beam 
from OPPIS. 
�
�
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To meet the beam power requirements of 400 kW at the fragmentation target for FRIB, 
simultaneous acceleration of two-charge states should be used for heavier ions. These intense 
multi-charged ion beams will be produced by a 28 GHz electron cyclotron resonance (ECR) ion 
source at a high voltage of 35 kV. After extraction, the ion beam will be pre-accelerated to 12 
keV/u with a 50 kV platform, transported down to an achromatic charge state selection (CSS) 
system followed by a vertical transport line, and then injected into a radio frequency quadrupole 
(RFQ) accelerator. The TRACK code developed at ANL is used to perform the simulations of 
the ECR beam extraction and low energy beam transport (LEBT) for FRIB. In this study, we 
include the magnetic field of ECR ion source into simulations. Different initial beam conditions 
as well as different space charge neutralization levels are tested for the ECR beamline. The beam 
loss in CSS system and the corresponding protective measures are discussed. The detailed results 
about the beam dynamic simulation and beam loss in CSS system will be presented in this paper. 

*Work supported by the U.S. Department of Energy Office of Science under Cooperative Agreement DE-
SC0000661 #wei@frib.msu.edu 
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 NIO1 (Negative Ion Optimization 1) is a versatile ion source constructed to study the physics of 
production and acceleration of H- beams up to 60 keV [1]. In ion sources, the gas is steadily 
injected in the plasma source to sustain the discharge, while high vacuum is maintained by a 
dedicated pumping system located in the vessel. In order to study the processes occurring during 
the acceleration phase in between the electrodes and also downstream, with respect to the 
accelerator, knowledge of the density of the background gas is required: in electrostatic 
accelerators of negative ions, extracted beam ions are lost by collision processes with the 
background gas, attenuating the beam current, affecting the beam space charge, and causing heat 
deposition onto the electrodes by stray particles and onto the source backplate by back-streaming 
positive ions.  
In this paper, the three dimensional gas flow in NIO1 is studied in the molecular flow regime by 
the Avocado code [2]. The analysis of the gas density profile along the accelerator considers the 
influence of effective gas temperature in the source, of the gas temperature accommodation by 
collisions at walls, and of the gas particle mass. The calculated source and vessel pressures are 
compared with experimental measurements in NIO1 during steady gas injection.  
 
This projects has received funding from the European Union’s Horizon 2020 research and 
innovation program. 
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 Space charge compensation (SCC) is a typical phenomenon of ion beam physics [1]: the beam 
space charge is compensated for by accumulating, in the beam potential well, charges having 
opposite polarity, usually generated by collisional processes.  
In this paper we investigate the case of the drift of a H- ion beam, in a bi-dimensional 
approximation of the NIO1 negative ion source [2]. H- beam ion transport and plasma formation 
are studied via particle-in-cell simulations. Differential cross sections are sampled to determine 
the velocity distribution of secondary particles generated by ionization of the residual gas 
(electrons and slow H2+ ions) or by stripping of the beam ions (electrons, H, H+). The 
simulation includes three beamlets of a horizontal section, so that multibeamlet space charge and 
secondary particle diffusion between the three separate generation regions are considered.  
Simulations show that the beam space charge is effectively screened by the secondary plasma, 
with a characteristic time for potential compensation around 3ȝs in agreement with theoretical 
expectations. As expected in the case of negative ions, a slight overcompensation of the electric 
potential is verified. Effects on the beamlet emittance are discussed.  
 
This work was set up in collaboration and financial support of F4E.  
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A strong self-focusing phenomena has been observed at a high current density and low 
energy ion beam extracted through three electrodes with a concave shape (nominal focal 
length of 350 mm) [1-4]. To understand this phenomenon, an electron temperature, an electron 
density and a space potential in the ion source before and after the transition to a self-focusing 
state are measured by using an electrostatic probe whivh is covered by a dielectric material. 
The experimental results show that a significant change does not appear. However, we found 
new interesting effects characterized by the position of the electrostatic probe in the ion 
source chanber. The effects of dielectric material show that ion beam current density and ion 
beam energy are obviously increased to put the electrostatic probe at the close position to an 
accerelation electrode. We will present the results of ion beam current density profile and ion 
beam energy distribution at each different positions of the electrostatic probe, and will 
discusse about the possible mechanism of new effects. 
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  The ITER project requires additional heating provided by two injectors of neutral beams 
resulting from the neutralisation of accelerated negative ions. To study and optimise 
negative ion production, the SPIDER (Source for Production of Ions of Deuterium 
Extracted from an Rf plasma) test facility is under construction in Padova, with the aim of 
testing beam characteristics and to verify the source proper operation.  
  The SPIDER beam parameters are a particle energy of 100keV and a beam current of 
50A; the beam source will be of the radiofrequency type; negative ions will be mostly 
generated on the source surfaces covered by a thin layer of evaporated caesium. SPIDER 
experiments will start in 2016. 
  The present contribution will briefly describe the specific features of the SPIDER 
accelerator and the expected preliminary phases of the SPIDER operations, dedicated to 
source and accelerator commissioning: with the goal of improving SPIDER performances, 
voltage holding conditioning of the accelerator, caesium conditioning of the source, beam 
extraction will be carried out. 
  The expected beam features will also be described by means of numerical simulations, 
considering the detailed magnetic and electrostatic configuration of the accelerator, the 
various operational phases, the corresponding expected source and beam parameters. These 
results will be most useful to prepare for the earliest experimental campaigns. 
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Metal Vapor Vacuum Arc (MEVVA) ion source is a unique tools for production of  high 
intensity metal ion beam that can be used for material surface modification. From other hand the 
duoplasmatron ion source provides the high intensity gas ion beams. The MEVVA and 
Duoplasmatron  ion sources developed in Institute for Theoretical and Experimental Physics (ITEP) 
were used for the reactor steel surface modification experiments. Response of ferritic-martensitic 
steel specimens on titanium and nitrogen ions implantation and consequent vacuum annealing is 
investigated. Increase in microhardness of near surface region of irradiated specimens is observed. 
Local chemical analysis shows atom mixing and redistribution in the implanted layer followed with 
formation of ultrafine precipitates after annealing. 
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  A rectangular-shape microwave source capable of producing uniform plasma has been being 
developed for charge neutralization and ion beams extraction.  A long rectangular plasma source 
has been already developed [1], but this type of plasma source utilizes a complicated geometry to 
achieve coupling of microwave power into the produced plasma.  A plasma source with the 
simple structure shown in Figure 1 has been proposed to extend maintenance interval for use in 
semi-conductor production environment.  It has two antennas movable in the direction to change 
the spacing between the chamber wall and the antennas. Electron temperature and density 
distributions of the produced plasmas are investigated for different antenna positions and 
permanent magnet arrangements. 
�

�
Fig.1. Cross section of the rectangular plasma source.!

�
Reference 
 
[1] T. Yasui, K. Nakase, H. Tahara and T. Yoshikawa: J. Appl. Phys. Vol. 35 (1996) 5495. 
�

MonPE31 
 

Compact RF Ion Source for Industrial Electrostatic Ion Accelerator 

 
Hyeok-Jung Kwon, Sae-Hoon Park, Dae-Il Kim, and Yong-Sub Cho 

Korea Atomic Energy Research Institute, Korea Multi-purpose Accelerator Complex, Gyeongju, Korea 

Corresponding Author: Hyeok-Jung Kwon, e-mail address:hjkwon@kaeri.re.kr 

 

KOMAC (KOrea Multi-purpose Accelerator Complex) is developing a single-ended 
electrostatic ion accelerator to irradiate gaseous ions, such as hydrogen, nitrogen, etc., on 
materials for industrial applications.  The maximum accelerating voltage is 1 MV, and the 
maximum beam current is 10 mA.  For the high-voltage power supply that should be robust 
and capable for high-current operation, ELV (electron accelerator from Budker Institute of 
Nuclear Physics, Novosibirsk, Russia) type has been selected.  An ion source is installed in 
the high-voltage terminal in high-pressure tank of sulphur hexafluoride insulating gas.  
Because of the limited space and the limited electrical power (<500 W) in the high-voltage 
terminal, the ion source should be compact and electrically efficient.  The 200-MHz RF ion 
source has been developed for this purpose.  In this conference the result of the development 
will be presented. 
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Hot-cavity surface ionization sources are evaluated for applications of detecting uranium and 
thorium impurity levels in the high purity copper materials to be used for the experiment to 
search for neutrinoless double-beta-decay [1]. The performance of the ion sources is 
characterized using uranyl nitrate and thorium nitrate sample materials with sample sizes 
between 20 – 40 �g of 238U or 232Th. The ionization efficiencies obtained are about 1% and 
3% for U with Ta and W cavities, respectively, and 2.5% for Th with a W cavity. It has been 
reported that increasing the neutral density in the cavity, by feeding in a non-ionizing gas such as 
Xe, could increase the ionization efficiency substantially [2]. We have investigated this 
enhancement effect for a Ta-cavity source with Xe, Kr and Ne noble gases. It is observed that the 
overall ionization efficiency for U can be increased by a factor of 5 with a noble gas added and 
the largest enhancement is obtained with Kr. The enhancement is ascribed to the reduction of the 
mean free path and thus the probability of wall recombination of the ions. The characteristics of 
the gas effect will be reported. 
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There is a desire that a carbon-ion radiotherapy facility will produce various ion species 

for fundamental research.  Although the present Kei2-type ion sources are dedicated 

for the carbon-ion production, a future ion source is expected: 1) carbon-ion production 

for medical use, 2) various ions with a charge-to-mass ratio of 1/3 for the existed linac 

injector, and 3) low cost for modification.  A prototype compact electron cyclotron 

resonance (ECR) ion source, named Kei3, based on Kei series has been developed to 

correspond to produce these various ions at National Institute of Radiological Sciences 

(NIRS).  The Kei3 has an outer diameter of 280 mm and a length of 1120 mm. The 

magnetic field is formed by the same permanent magnet as Kei2.  The movable 

extraction electrode has been installed in order to optimize the beam extraction with 

various current densities.  The gas-injection side of vacuum chamber has enough space 

for an oven system.  We measured dependence of microwave frequency, extraction 

voltage, and puller position.  Charge state distributions of helium, carbon, nitrogen, 

oxygen, and neon were also measured.   
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A prototype C6+ injector using a laser ion source has been developed for the compact 

synchrotron dedicated to the carbon ion radiotherapy. The injector consists of a laser ion source 

and a 4-vane RFQ. Ion beams are extracted from the plasma and directly injected into the RFQ 

[1]. The drift space is covered by a solenoid to guide the low-energy beams. The RFQ is 

designed to accelerate high intensity pulsed beam. The vanes and the cavities are designed with 

integral structure to reduce power consumption. Design concept and experimental are 

presented. 
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 A microwave ion source is expected to be a long-life ion source, because of fewer 
consumable. Thus, we have been developing a microwave ion source for ion implantations. In 
this paper, we report on a newly developed plasma chamber and the extracted P+ beam 
currents. The volume of the plasma chamber is optimized by changing the length of a BN 
cylinder which is installed in the plasma chamber. The extracted P+ beam current is more than 
30mA, 25kV using PH3 gas. 
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A dual chamber sputter-type plasma system was used to extract low-energy ion beams 

for thin film growth of gallium nitride (GaN). The first chamber is made of a quartz cylinder 
with a 6 mm diameter copper antenna wrapped around the cylinder. Inductively coupled gas 
discharge was realized in the first chamber using a 13.56 MHz radio frequency power with 
autotuning matching circuit connected to the antenna. The discharge was then guided by 
electromagnetic fields into another chamber where a liquid gallium (Ga) target was poured 
onto a tungsten reservoir. At the back of the target are water-cooled cylindrical and annular 
SmCo magnets used to confine the electrons near the target surface. In addition, target was 
also biased negatively with respect to the chamber to control the sputtering yield of Ga. 
Opposite the target is a dual-electrode extraction system that forms a low-energy ion beam of 
gas ions as well as post-ionized sputtered Ga atoms.  

A degreased silicon (Si) (100) target was placed opposite the extraction electrodes in the 
downstream region and exposed to low-energy ion beams of Ga, argon (Ar), and nitrogen (N). 
The rf power was set at 50 W while the extraction potential was varied from 50 to 70 V. 
Target bias was set at -300 V and deposition time at 5 hours. Partial pressure ratio of N2 to Ar 
was set below 0.10 while the total system pressure was set at 0.088 Pa. X-ray diffraction 
analysis of the substrate revealed two peaks at 2θ = 33.01° and 2θ= 69.14° which can be 
attributed to GaN film and Si substrate, respectively. The result indicates the growth of highly 
oriented films. X-ray reflectivity measurements also revealed the film thickness with the 
estimated growth rate ranging from 10 to 16 nm/h. 
 
References 

[1] M. R. Vasquez Jr., S. Imakita, T. Kasuya, S. Maeno and M. Wada, Rev Sci. Instrum. 81 (2010) 02B717. 
[2] M. R. Vasquez Jr., S. Tokumura, T. Kasuya, S. Maeno, and M. Wada, Rev. Sci. Instrum. 83 (2012) 023301. 
[3] M. R. Vasquez Jr., S. Tokumura, T. Kasuya, and M. Wada, Rev. Sci. Instrum. 85 (2014) 02A717. 

 

MonPS01 
 

First Results of the 2.45 GHz Oshima Electron Cyclotron Resonance Ion 
Source 

 
Toyohisa Asaji,1 Natsuki Murakami,2 Yuta Nakahara,2 Takeshi Hitobo,3 Tsubasa Nakamura,2 

Muneo Furuse,2 Takashi Uchida,4 Masayuki Muramatsu,5 and Yushi Kato6 

1National Institute of Technology, Toyama College, Toyama, Japan 
2National Institute of Technology, Oshima College, Yamaguchi, Japan 

3Tateyama Machine Co. Ltd., Toyama, Japan 
4Bio-Nano Electronics Research Centre, Toyo University, Kawagoe, Japan 

5National Institute of Radiological Sciences (NIRS), Chiba, Japan 
6Graduate School of Engineering, Osaka University, Osaka, Japan 

Corresponding Author: Toyohisa Asaji, e-mail address: asaji@nc-toyama.ac.jp 

 

A new electron cyclotron resonance ion source has been built at Oshima College 
(Oshima-ECRIS). The design was described in the previous paper [1]. A 2.45 GHz magnetron 
microwave source and permanent magnets were adopted as basic components. Since we focus 
on industrial applications using middle charged ions, it is necessary to develop 
high-efficiency techniques of the ion production with a low-cost and low-power ion source. In 
addition, a solid-state amplifier at 2.5-6.0 GHz was installed to study two-frequency plasma 
heating. Three solenoid coils were set up for adjusting axial magnetic fields. We have 
conducted argon plasma generation and the ion beam production for the first year. Ion 
saturation current densities in the ECR plasma were measured with a biased disk. For 2.45 
GHz and 4.65 GHz two-frequency plasma heating, the ion density was 1.4 times higher than 
2.45 GHz single-frequency heating. The difference of plasma emission regions due to ECR 
zones is clear from those plasma photos. After that, we have extracted Ar ion beams and the 
mass spectra of those have been analyzed with a sector magnet. The details will be reported. 

 
[1] T. Asaji, et al., Rev. Sci. Instrum. 85, 02A940 (2014). 
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  Phoenix Nuclear Labs (PNL) has developed high current microwave ion sources (MWS) for a 
number of scientific and industrial applications with an emphasis on injectors for high yield 
neutron generators. Solenoid electromagnets surrounding a microwave resonant cavity produce a 
magnetic field tuned to match the electron cyclotron resonance (ECR) of 2.45 GHz microwaves. 
Input microwave power efficiently produces ions which are extracted into a high current, low 
emittance beam with a set of electrostatic lenses. 
  The PNL neutron generator couples the extracted beam to a DC electrostatic accelerator that 
transports the deuterium beam into either a solid or gas target to produce neutrons through the 
deuterium-deuterium fusion reaction. Additionally, a wide range of other gasses have been used 
in these ion sources including hydrogen, nitrogen, oxygen, and argon. 
  Applications being served by the PNL technology include thermal and fast neutron radiography, 
medical isotope production, externally driven sub-critical assemblies, explosives detection, 
nuclear instrumentation testing and calibration, semiconductor processing, and high energy 
physics research. For these applications, long lifetime, stability, high beam current, excellent 
beam performance, and high reliability are of critical importance.  
  As PNL’s MWS design does not depend on filaments, electrodes, or other consumable 
components, exceptional reliability and long lifetimes are achievable. Continuous uptime of 
>99% and thousands of hours of operation have been demonstrated on multiple systems. The 
total beam current extracted from the ECR ion source is typically 50-75 mA at 50 kV for 
deuterium with an average current density of 125 mA/cm^2. Extracted deuterium beam currents 
as high as 90 mA have been measured with current density of 225 mA/cm^2. In addition, the 
high gas efficiency of the ion source allows a relatively low input gas flow rate of 1-5 SCCM, 
which reduces vacuum pumping requirements for the rest of the system.  
  For PNL’s gas target neutron generators, excellent performance beam is required.  A deuterium 
ion beam exceeding 50 mA must be focused to a diameter of only a few mm at a location several 
meters downstream from the  
ion source in order to achieve the approximately 1 million-fold pressure differential between the 
target and accelerator regions.  In order to meet the strict emittance requirements, a custom, 
direct inject extraction system has been developed at PNL. 
  An overview of the PNL ion source will be given and operational data will be reported. 
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Compared with traditional de-ionized pressurized-water cooled magnet of ECRIS, 
evaporative cooling magnet has some special characteristics about cooling efficiency and 
operation. The analysis is carried out according to the design and running of LECR4 
(Lanzhou Electron Cyclotron Resonance ion source No. 4, since Jul, 2013), whose magnet is 
cooled by evaporative cooling technology. The insulation coolant replaces the de-ionized 
pressurized-water to absorb the heat of coils, and the properties of coolant keep stable for a 
long time under no treatment. The coils of magnet are immersed in the liquid coolant and the 
cooling is more efficient, so the current density of coils can be improved further. The heat 
transfer executes under atmospheric pressure, and the temperature of coils is lower than 70  
when the current density of coils is 12A/mm2. On the other hand, the heat transfer temperature 
of coolant is about 50 , and the heat can be transferred to fresh air which can save cost of 
water cooling system. The running of LECR4 about two years shows that evaporative cooling 
technology can be used into magnet of ECRIS, and the application advantages are very 
obvious. 
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  During the past 5 years, a R&D program has been launched to improve the beam quality of 
ECR 2.45 GHz high intensity light ion sources for high power accelerators like IPHI, IFMIF, 
or SPIRAL2. The main goal was to minimize the divergence and emittance growth of intense 
beams due to the space charge as early as possible on the dual solenoid low energy transfer 
for a better injection in the RFQ, the second stage of acceleration. This has been achieved by 
reducing the length of the extraction system, and also the length of the LEBT, to be able to 
put the first solenoid as closely as possible to the extraction aperture. This was performed 
with the ALISES1 concept (Advanced Light Ion Source Extraction System). Encouraging 
results have been obtained in 20122 but limitations due to Penning discharges in the 
accelerating column have been observed and also successfully simulated with 3D 
electromagnetic TOSCA3 code. Taking advantages of ALISES source geometry, intensive 
studies and simulations have been undertaken to find a solution to eliminate the discharge 
phenomena. Innovative and compact source geometry has been found and all the components 
of the source have been fabricated. The source has been assembled at the beginning of this 
year and first tested without plasma, to make high voltage tests with optimal magnetic field. 
After successful results, the source has been installed on the BETSI test bench to produce the 
first plasma and extract the first proton beam. A proton beam of 43 mA has been easily 
produced at 50 kV, with an extraction aperture of 6mm diameter in CW mode.  
  This new prototype and its performances will be described, as well as magnetic field 
configuration studies and its influence on the extracted beam. 
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Abstract: The IFMIF LIPAC Injector, dedicated to high intensity deuteron beam production has 
been designed, built and tested at CEA/Saclay between 2008 and 2012. After the completion of 
the acceptance tests at Saclay, the Injector has been fully disassembled and prepared for the 2 
long months shipment between Europe and Japan. Beginning of 2014, the 35 large packages 
have been opened and the Injector re-installation has been performed between March and May 
2014. Then after the check-out phase, the production of the first hydrogen plasma and first 
proton beam occurred in October and November 2014. Hydrogen and deuteron beam 
commissioning is now in progress after having proceeded with the final tests on the entire 
Injector equipment including high power diagnostics. After a brief summary of the achieved 
results obtained at Saclay, this article reports the different phases of the injector installation 
pointing out the safety and security needs, as well as the first beam production results in Japan. 
Detailed operation and commissioning results are reported in a second article[1].  

[1] Y. Okumura et al., “Operation and commissioning of the LIPAC Injector”   (to be adapted 
with the effective title of the second article) 
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Over-sized round waveguide with a diameter about 33.0 mm excited in the TE01 mode 

has been widely adopted for microwave transmission and coupling to the ECR (Electron 
Cyclotron Resonance) plasma with the superconducting ECR ion sources operate at 24 or 28 
GHz, such as SECRAL and VENUS. In order to study the impact of different microwave 
modes on ECRH efficiency and especially the production of highly charged ions, a set of 
compact and efficient TE01-HE11 mode conversion and coupling system applicable to 24 GHz 
SECRAL whose overall length is 330 mm has been designed, fabricated and tested. In this 
paper, a TE01-HE11 mode conversion system is analyzed, which includes a TE01 round 
waveguide taper, a TE01-TE11 mode converter and a TE11-HE11 mode converter. Numerical 
simulation on the basis of the mode coupling theory for the purpose of structure design 
optimization is done�by relevant MATLAB code-written and all the calculations are verified by 
the commercial CST Microwave Studio� software. Good agreements between offline tests and 
calculation results have been achieved, which indicates the TE01-HE11 converter meets the 
application design. The detailed results of the optimized coupling system will be presented in 
the paper. 
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Multicharged metal ion beams are expected to be applied in wide range of fields. We have 

constructed tandem-type ECRIS which consists of two individual ion sources.1 We aim at 
synthesizing endohedral metallofullerenes by transporting metal ion beam from the first stage 
into the fullerene plasma in the second stage. Since dissociated fragments and impurities disturb 
synthesis of new material in gas-phase, high purity metal vapor source is required. We have 
already developed induction heating (IH) evaporator for solid state metal.2,3 The structure is 
complicated, and then vapor flux is rather than small. Therefore, we developed new radiation 
heating evaporator and directly ohmic heating evaporator which can generate large vapor flux. 
This radiation heating evaporator is heated by thermal radiation of a tungsten wire. Tungsten 
wire is surrounded by molybdenum plate, and heating metal is attached to the molybdenum 
plate. 

The aim of this paper is to investigate properties of new two evaporators and produce metal 
ion beam on the first stage of tandem-type ECRIS. In the experiment, we used solid state iron. 
As a result, it is successful to extract Fe+ ion beam from the first stage and introduce Fe+ ion 
beam to the second stage. In near future, we are planning synthesis experiment of Fe and C60. 
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RAON, 28GHz electron cyclotron resonance ion source (ECR IS) was designed and tested as 
a Rare Isotope Science Project (RISP). It is expected that RAON would provide not only rare 
isotope beams, but also stable heavy ions, ranging from protons to uranium. In order to have 
the required steady heavy ion beam for ECR IS, we have to use 28 GHz microwave source, 
as well as the requirement of a high magnetic field. The superconducting magnet using NbTi 
wire was designed and manufactured for producing ECR IS, and test was conducted. In this 
paper, the ECR IS design and fabrication process are presented of the superconducting 
magnet and LHe recondensing cryostats. Experimental results show the quench current is 
increased whenever quench occurs, but not yet reached the designed current. The experiment 
is going to find the best requirement to reach designed current and the heat capacity of LHe 
recondensing cryostats is analyzed according to RF power and current.  
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The injector for the main driver linac of the Rare Isotope Science Project (RISP) in Korea has 
been developed to supply heavy ions up to uranium which will be used to inflight 
fragmentation (IF) system. The injector has critical components, composed of 
superconducting electron cyclotron resonance (ECR) ion sources, a radio frequency 
quadrupole (RFQ), and matching systems for low and medium energy beam. Physical and 
engineering design of these critical components was performed. We have built 
superconducting magnets for ECR ion source and a prototype of one segment of the RFQ 
structure for the following purposes to develop a fabrication technology to satisfy the 
specifications, to demonstrate stable operation in wide dynamic range, and to compare the 
experiment with simulation results for the design.  
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Compact H+ ECR Ion Source using permanent magnets is under development.  A pulsed 
gas injection system achieved by a piezo gas valve can reduce the gas load to a vacuum 
evacuation system.   This feature is suitable when the ion source is closely located to an 
RFQ.  Achieved performance will be presented. 
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It was shown recently that cyclotron instability in non-equilibrium plasma of a minimum-

B electron cyclotron resonance ion source (ECRIS) causes perturbation of the extracted ion 
current and generation of strong bursts of bremsstrahlung emission, which limit the performance 
of the ion source. The present work is devoted to the dynamic regimes of such plasma instability 
in ECRIS operated in pulsed mode. Instability develops in decaying plasma shortly (1 - 10 ms) 
after heating microwaves are switched off, and manifests itself in the form of powerful pulses of 
electromagnetic emission associated with precipitation of high energy electrons along the 
magnetic field lines. Time-resolved measurements of microwave emission bursts related to 
cyclotron instability in the decaying plasma are presented. The temporal resolution was high 
enough to study the fine structure of dynamic spectra of electromagnetic emission at different 
operating regimes of the ion source. It was found that even in various gases (helium, oxygen and 
argon were studied) and at different values of magnetic field and heating power the dynamic 
spectra demonstrate common features: decreasing frequency within a single burst as well as from 
one burst to another. The analysis have shown that instability is driven by the resonant 
interaction of hot electrons distributed between the ECR surface and the trap center with slow 
extraordinary wave propagating quasi-parallel to the magnetic field. 
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  Multiple frequency heating is one of the most effective techniques to improve the 

performances of ECR ion sources.  The method increases the beam current and average 

charge state of the extracted ions and enhances the temporal stability of the ion beams. It 

has been recently demonstrated that the appearance of the periodic ion beam current 

oscillations in ECRIS at high heating power and low magnetic field gradient is associated 

with kinetic plasma instabilities. The present study demonstrates that the stabilizing effect 

of two-frequency heating is connected with the suppression of electron cyclotron 

instability in ECRIS plasmas. Experimental data show that the interaction between the 

secondary microwave radiation and the hot electron component of ECR ion source 

plasmas plays a crucial role in mitigation of the instabilities. 
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A new type of ECR ion sources – a gasdynamic ECR ion source was invented recently at the 
Institute of Applied Physics (IAP RAS, Nizhniy Novgorod, Russia). The main advantages of 
such devices are extremely high ion beam current with a current density up to 600 – 700 
mA/cm2 in combination with low emittance i.e. normalized RMS emittance below 0.1 
ʌ·mm·mrad. Previous investigations were carried out in pulsed operation mode under 
conditions of plasma heating with 37.5 or 75 GHz gyrotron radiation with power up to 100 
kW at SMIS 37 experimental facility. 

The present work demonstrates the first experience of operating the gasdynamic ECR ion 
source in CW mode. A test bench of SMIS 24 facility has been developed at IAP RAS. 24 
GHz radiation of CW gyrotron was used for plasma heating in magnetic trap with simple 
mirror configuration. Initial studies of plasma parameters were performed. Ion beams with 
pulsed and CW high voltage were successfully extracted from the CW discharge. Obtained 
experimental results demonstrate that all gasdynamic source advantages could be realized in 
CW operation. 
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Raon(1) ECR ion source has been built in test site in Korea. First plasma was ignited with a 
28GHz MW power, and the beam was extracted. Oxygen was selected as the first beam 
species because 1)it could be handled easily in a gaseous form and 2)it can enhance the 
alumina layer on the plasma chamber surface which can increase the beam current(2). As the 
start-up state, the magnetic field was charged up as the 60% of the designed target value at 
which ECR zone can be formed in the discharge region. We measured O5+ beam of 100uA at 
the first beam extraction experiment. It is thought that beam loss occurred in our beam 
transport line. Further experiments are being done to increase the beam current of a highly 
charge state such as O6+ through the optimization of the plasma discharge parameters and 
focusing lattice operating conditions. 

 

[1] D. Jeon, in Proceedings of IPAC2013, Shanghai, China, 2013, THPWO062.  

[2] Z. Xie et al, Review of Scientific Instruments 67, 886, (1996). 
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Several research and development projects are in progress at the Department of Physics, 
University of Jyväskylä (JYFL). The work can be divided in the plasma studies and in 
development of ion sources, their diagnostics and different methods. The experimental plasma 
research covers the highly charged plasma instabilities [1], VUV emission of light ion sources 
[2] and photon induced electron emission [3]. The development work focuses on the diagnostics 
needed for the visible light emission of ECR plasma. The object of the work is to receive 
information from the reactions between the neutrals and highly charged ions. The ion source 
development covers also the work performed for RADIS [4] and beam line upgrade of the JYFL 
14 GHz ECRIS. The status of the new 18 GHz ECRIS, HIISI, will be given as well. According 
to the schedule the first ion beam from HIISI will be extracted by summer 2016. 
 
[1] O. Tarvainen et al., elsewhere in these proceedings and references therein. 
[2] J. Komppula et al., elsewhere in these proceedings and references therein. 
[3] J. Laulainen et al., elsewhere in these proceedings. 
[4] T. Kalvas, et al., elsewhere in these proceedings. 
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  Phoenix Nuclear Labs (PNL) has designed a high current, long lifetime, negative hydrogen (H-) 
ion source [1] and begun construction and testing. This system is being developed in partnership 
with the Fermi National Accelerator Laboratory as part of an ion beam injector servicing future 
Intensity Frontier particle accelerators under development at Fermilab and other Department of 
Energy laboratories. The beam specifications for Fermilab’s Low Energy Beam Transport 
(LEBT) section are 5-10 mA of continuous H- ion current at 30 keV with <0.2 ʌ-mm-mrad 
emittance.  
  In this application, continuous output with high reliability, long lifetime, and high efficiency are 
critical. Existing ion sources used by Fermilab rely on plasma-facing electrodes which erode over 
time and are inherently limited to lifetimes of a few hundred hours, while also requiring 
relatively high gas loads on downstream components. PNL’s H- ion source design features an 
electrodeless Electron Cyclotron Resonance (ECR) microwave plasma generator which has been 
extensively developed in our positive ion source systems, which have demonstrated 1000+ hours 
of operation and >99% continuous uptime at PNL. 
  The device is driven by a plasma chamber that produces energetic electrons, positive hydrogen 
ions, and neutral hydrogen atoms. Positive ions and hyperthermal neutrals drift toward a 
caesiated molybdenum surface, where a fraction is converted into H- hydrogen ions, which are 
subsequently extracted into a low-energy beam using electrostatic lenses. A transverse magnetic 
dipole filter field preferentially removes high-energy electrons emitted by the source plasma, in 
order to decrease the rate of negative-ion destruction via electron-impact detachment. 
  The design of the H- ion source subsystems and preliminary diagnostic results will be presented 
and discussed. 
 
References 

  [1] Sherman, J. et al. High Reliability, Long Lifetime, Negative Ion Source. International patent 
application PCT/US2014/044382 (2014). 
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Extraction of negative ions from the large inductively driven surface-plasma negative ion source 
was studied. The dependencies of the extracted negative ion current and of the Plasma Grid (PG) 
current vs PG bias potential were recorded for two modifications of radio-frequency driver with 
and without Faraday screen and for the different level of PG cesium coverage conditioning. The 
maximal PG current was not depended on driver modification and cesium conditioning (at the 
fixed level of discharge power). The maximal negative ion current was ~2 higher for the 
activated cesium coverage of PG, and it was not depended on the driver modification as well. 
The acceptable minimal value of PG bias potential, at which the extracted negative ion current is 
maximal, was lower for the driver without Faraday screen and for the case of activated cesium. 
The obtained dependencies display that the extracted negative ion current depends on the 
potential difference between the near-PG plasma and the PG bias potentials, while the absolute 
value of plasma potential in the driver and in the PG area are less important for the negative ion 
production. The last conclusion confirms the main mechanism of negative ion production 
through the surface conversion of fast atoms.  
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The decrease of plasma grid surface work function and the proper procedure of cesium seed to 
the large negative ion source are crucial for the neutral beam injectors of fusion devices. An 
external system of directed cesium delivery was tested in the large radio-frequency (RF) negative 
ion source, developed at BINP [1]. The system uses an external oven for cesium evaporation 
from the industrial pellets with cesium chromate and titanium, and the long distribution tubes to 
direct cesium onto the plasma grid. The plasma grid heating to temperature 120 – 250 oC 
facilitates the redistribution of deposited cesium over the plasma grid surface.  
An efficient long-term cesiation of the plasma grid surface was obtained. The single cesium seed 
to the source has provided an enhanced level of H- production during two month experimental 
cycle in spite of the night, weekend and accident stops. An additional boost of negative ion yield 
and the gradual source conditioning by RF discharge was recorded. The procedure of cesium 
seed, of cesium conditioning, and the data on long-time persistent operation with no additional 
cesium seed are discussed.  
 
References  

[1] Yu. Belchenko, A. Gorbovsky, A. Ivanov et al. ”Negative ion production in the RF multiaperture 
surface-plasma source Multiaperture Negative Ion Source”. AIP Conf. Proc. 1655, 040002 (2015).  
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The large long-pulsed surface-plasma sources of negative ions with the multi-aperture multi-
electrode Ion Optical System (IOS) are under development at Budker Institute of Nuclear 
Physics. The directed deposition of cesium to the plasma grid surface is applied in the sources to 
enhance the negative ion production and to decrease the co-extracted electron flux. The essential 
feature of the large BINP sources is an active temperature control of the IOS electrodes by 
circulation of hot thermal fluid through the channels, drilled in the electrode bodies [1]. This 
heating prevents accumulation of cesium on the IOS electrodes and improves the source high 
voltage conditioning and holding capacity. The effect of IOS high voltage conditioning and high 
voltage holding capacity improvement due to IOS heating was studied for the various regimes of 
operation including the full-scale beam production and acceleration. The procedure of IOS 
conditioning and the data obtained with the source having the temperature controlled IOS 
electrodes are discussed.  
 
References  

[1] Yu. Belchenko, A. Gorbovsky, A. Ivanov et al ”Negative ion production in the RF multiaperture 
surface-plasma source Multiaperture Negative Ion Source”. AIP Conf. Proc. 1655, 040002 (2015).  
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  At the accelerator complex of CERN an upgrade of the LHC injector chain is being 
implemented. One part of this upgrade is the realization of a negative hydrogen linear 
accelerator, the Linac4. The ion source for this accelerator is RF driven with an external coil 
(RF frequency 2 MHz, power up to 100 kW). It can be operated in two modes: the first one 
where H– ions are generated in the plasma volume via vibrationally excited hydrogen 
molecules and the second one where the H– ions are produced from hydrogen ions and atoms 
impinging on a low work function surface which is created by evaporating cesium into the 
source. In order to optimize the H– yield in both operation modes, a detailed knowledge of the 
plasma parameters and the processes taking place in the discharge is mandatory.  
  To gain insight in the plasma parameters optical emission spectroscopy measurements have 
been carried out with a high resolution spectrometer at the Linac4 test stand at CERN without 
adding cesium to the ion source. The performed evaluations cover the analysis of the atomic 
Balmer radiation and the molecular Fulcher emission (d 3Πu Æ a 3Σg

+ transition, located 
between 590 and 650 nm) via the collisional radiative models Yacora H and Yacora H2. The 
obtained discharge parameters like the electron density and temperature as well as the 
vibrational and rotational temperature of the hydrogen molecules are presented for a variation 
of the gas pressure and RF power. 
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�Ŷ�ŽǀĞƌǀŝĞǁ�ŽĨ�ĚŝĨĨĞƌĞŶƚ�ĂƉƉƌŽĂĐŚĞƐ�ƚŽ�ŵŽĚĞůŝŶŐ�ŽĨ�ŚŽƚ�ƚƵŶŐƐƚĞŶ�ĨŝůĂŵĞŶƚ�ƉĞƌĨŽƌŵĂŶĐĞ�ŝŶ�
ƚŚĞ� >�E^���,Ͳ� ƐƵƌĨĂĐĞ� ĐŽŶǀĞƌƚĞƌ� ŝŽŶ� ƐŽƵƌĐĞ� ŝƐ� ƉƌĞƐĞŶƚĞĚ͘� dŚĞ�ŵŽƐƚ� ĐƌŝƚŝĐĂů� ĐŽŵƉŽŶĞŶƚƐ� ŝŶ� ƚŚŝƐ�
ŶĞŐĂƚŝǀĞ� ŝŽŶ� ƐŽƵƌĐĞ� ĂƌĞ� ƚǁŽ� ƐƉĞĐŝĂůůǇ� ƐŚĂƉĞĚ� ǁŝƌĞ� ĨŝůĂŵĞŶƚƐ� ŚĞĂƚĞĚ� ƵƉ� ƚŽ� ƚŚĞ� ǁŽƌŬŝŶŐ�
ƚĞŵƉĞƌĂƚƵƌĞ� ƌĂŶŐĞ�ŽĨ� ϮϲϬϬ� Σ<� ƚŽ�ϮϳϬϬ� Σ<� ĚƵƌŝŶŐ� ŶŽƌŵĂů�ďĞĂŵ�ƉƌŽĚƵĐƚŝŽŶ͘� /Ŷ� ŽƌĚĞƌ� ƚŽ�ƉƌĞǀĞŶƚ�
ĐĂƚĂƐƚƌŽƉŚŝĐ�ĨŝůĂŵĞŶƚ�ĨĂŝůƵƌĞƐ�;ĐƌĞĂƚŝŽŶ�ŽĨ�ŚŽƚ�ƐƉŽƚƐ͕�ǁŝƌĞ�ďƌĞĂŬŝŶŐ͕�ĞǆĐĞƐƐŝǀĞ�ĨŝůĂŵĞŶƚ�ĚĞĨůĞĐƚŝŽŶ�
ƚŽǁĂƌĚƐ� ƐŽƵƌĐĞ�ďŽĚǇ�ĞƚĐ͘Ϳ� ĂŶĚ� ƚŽ� ŝŵƉƌŽǀĞ�ƵŶĚĞƌƐƚĂŶĚŝŶŐ�ŽĨ� ƚŚĞ�ŵĂƚĞƌŝĂů�ĞƌŽƐŝŽŶ�ƉƌŽĐĞƐƐĞƐ͕�ǁĞ�
ŚĂǀĞ�ƐŝŵƵůĂƚĞĚ�ƚŚĞ�ĨŝůĂŵĞŶƚ�ƉĞƌĨŽƌŵĂŶĐĞ�ƵƐŝŶŐ�ƚŚƌĞĞ�ĚŝĨĨĞƌĞŶƚ�ŵŽĚĞůƐ͗�

dŚĞ� ĨŝƌƐƚ� ƐĞŵŝͲĞŵƉŝƌŝĐĂů� ŵŽĚĞů� ŝƐ� ďĂƐĞĚ� ŽŶ� ƚŚĞ� ǁŝƌĞ� ƚĞŵƉĞƌĂƚƵƌĞ� ĐĂůĐƵůĂƚŝŽŶ� ƵƐŝŶŐ�
ŵŽŶŝƚŽƌĞĚ����ŚĞĂƚŝŶŐ�ĐƵƌƌĞŶƚƐ�ĂŶĚ�ŝŶŝƚŝĂů�ǁŝƌĞ�ĚŝĂŵĞƚĞƌƐ�΀ϭ΁͘�ZĞƐƵůƚƐ�ŽĨ�ƚĞŵƉĞƌĂƚƵƌĞ�ĐĂůĐƵůĂƚŝŽŶƐ͕�
ƌĞůĂƚŝǀĞ� ŽŚŵŝĐ� ƌĞƐŝƐƚĂŶĐĞ� ĐŚĂŶŐĞƐ͕� ƚŚĞƌŵĂů� ĞǀĂƉŽƌĂƚŝŽŶ� ŵĂƐƐ� ƌĂƚĞƐ͕� ĂŶĚ� ƌĞĚƵĐƚŝŽŶ� ŽĨ� ǁŝƌĞ�
ĚŝĂŵĞƚĞƌƐ�ĂƌĞ�ĂǀĞƌĂŐĞĚ�ĂůŽŶŐ�ƚŚĞ�ůĞŶŐƚŚ�ŽĨ�ǁŝƌĞ�ŝŶ�ƚŚŝƐ�ŵŽĚĞů�΀Ϯ΁͘�

dŚĞ� ƐĞĐŽŶĚ� ŵŽĚĞů� ŝƐ� ďĂƐĞĚ� ŽŶ� Ă� ĨŝŶŝƚĞ� ĞůĞŵĞŶƚ� ĂŶĂůǇƐŝƐ� ƚĂŬŝŶŐ� ŝŶƚŽ� ĂĐĐŽƵŶƚ� ŐĞŽŵĞƚƌŝĐ�
ĨĞĂƚƵƌĞƐ�ŽĨ�ƚŚĞ�ŝŽŶ�ƐŽƵƌĐĞ͕�ĨŝůĂŵĞŶƚ�ƐŚĂƉĞƐ�ĂŶĚ�ƉŽƐŝƚŝŽŶƐ͘�dŚĞ�^ŽůŝĚǁŽƌŬƐ�^ŝŵƵůĂƚŝŽŶ�&���ĐŽĚĞ�ǁĂƐ�
ƵƐĞĚ� ƚŽ� ĐĂůĐƵůĂƚĞ� ƚŚĞ� ƐƚĞĂĚǇͲƐƚĂƚĞ� ƚĞŵƉĞƌĂƚƵƌĞ� ƉƌŽĨŝůĞ� ĂůŽŶŐ� ƚŚĞ� ĨŝůĂŵĞŶƚ� ŝŶĐůƵĚŝŶŐ� ĂĚĚŝƚŝŽŶĂů�
ŽŚŵŝĐ� ŚĞĂƚŝŶŐ� ĚƵĞ� ƚŽ� ƚŚĞ� ƉƵůƐĞĚ� ĂƌĐ� ĚŝƐĐŚĂƌŐĞ� ĐƵƌƌĞŶƚ͘� dŚŝƐ� ŵŽĚĞů� ĂĚĚƌĞƐƐĞƐ� ĂŶ� ĂƐǇŵŵĞƚƌŝĐ�
ŚĞĂƚŝŶŐ� ƉƌŽĐĞƐƐ� ǁŚŝĐŚ� ŝŶĚŝĐĂƚĞĚ� ƚŚĞ� ĨŝůĂŵĞŶƚ� ƉĞĂŬ� ƚĞŵƉĞƌĂƚƵƌĞ� ǁŽƵůĚ� ŵŽǀĞ� ŝŶ� ƚŚĞ� ĚŝƌĞĐƚŝŽŶ�
ĐŽƌƌĞƐƉŽŶĚŝŶŐ�ƚŽ�ƚŚĞ�ůŽĂĚ�ĂƐǇŵŵĞƚƌǇ�΀Ϯ΁͘�
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ƉƌĞĐŝƐĞ� ƚŝŵĞ� ĞǀĂůƵĂƚŝŽŶ� ŽĨ� ĨŝůĂŵĞŶƚ� ĐŚĂƌĂĐƚĞƌŝƐƚŝĐƐ� ;ƚĞŵƉĞƌĂƚƵƌĞ� ĂŶĚ� ǁŝƌĞ� ĚŝĂŵĞƚĞƌ� ƉƌŽĨŝůĞƐ͕�
ƚƵŶŐƐƚĞŶ�ŵĂƐƐ�ĞǀĂƉŽƌĂƚŝŽŶ�ƌĂƚĞ͕�ƚŚĞƌŵŝŽŶŝĐ�ĞůĞĐƚƌŽŶ�ĞŵŝƐƐŝŽŶ͕�ĞƚĐ͘Ϳ�ĚƵƌŝŶŐ�ŝŽŶ�ƐŽƵƌĐĞ�ŽƉĞƌĂƚŝŽŶƐ�
ĨŽƌ� ďĞĂŵ� ƉƌŽĚƵĐƚŝŽŶ� ĐǇĐůĞƐ� ŽĨ� ĨŽƵƌ� ǁĞĞŬƐ� ;Ϯϴ� ĚĂǇƐͿ͘� EĞǁ� ƐŝŵƵůĂƚŝŽŶƐ� ĞǆƚƌĂƉŽůĂƚĞ� ƐŽƵƌĐĞ�
ƉĞƌĨŽƌŵĂŶĐĞ� ƵŶĚĞƌ� ĚŝĨĨĞƌĞŶƚ� ŽƉĞƌĂƚŝŽŶĂů� ĐŽŶĚŝƚŝŽŶƐ͕� ŐŝǀŝŶŐ� Ă� ďĞƚƚĞƌ� ƵŶĚĞƌƐƚĂŶĚŝŶŐ� ŽĨ� ƚŚĞ�
ŵĞĂƐƵƌĞĚ�ŽďƐĞƌǀĂďůĞƐ�ĂŶĚ�ƉƌŽǀŝĚŝŶŐ�ĚŝƌĞĐƚŝŽŶƐ�ĨŽƌ�ĨƵƚƵƌĞ�ĞǆƉĞƌŝŵĞŶƚƐ͘�

ZĞƐƵůƚƐ�ŽĨ�Ăůů�ŵŽĚĞůƐ�ǁĞƌĞ�ĐŽŵƉĂƌĞĚ�ǁŝƚŚ�ƌĞĐŽƌĚĞĚ��W/�^�ĚĂƚĂ�ƚĂŬĞŶ�ĚƵƌŝŶŐ�ƚŚĞ�>�E^���
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ƚŚĞ�ďĞĂŵ�ƉƵůƐĞ�ƌĞƉĞƚŝƚŝŽŶ�ƌĂƚĞ�ŽĨ�ϲϬ,ǌ�ƚŽ�ϭϮϬ�,ǌ�Žƌ�ĚƵƌŝŶŐ�ƚŚĞ�ŝŶĐƌĞĂƐĞ�ŽĨ�ůŝŶĂĐ�ĚƵƚǇ�ĨĂĐƚŽƌ�ĨƌŽŵ�ϱ�
й�ƚŽ�ϭϬ�й͘�
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�ĞƚĂŝůĞĚ� ǀĂĐƵƵŵ� ĐĂůĐƵůĂƚŝŽŶƐ� ǁĞƌĞ� ƉĞƌĨŽƌŵĞĚ� ĨŽƌ� ǀĂƌŝŽƵƐ� ŽƉĞƌĂƚŝŶŐ� ĐŽŶĚŝƚŝŽŶƐ� ŽĨ� ƚŚĞ�
>�E^���,Ͳ��ŽĐŬĐƌŽĨƚͲtĂůƚŽŶ�;�tͿ�ŝŶũĞĐƚŽƌ�ĂŶĚ�ƚŚĞ�>�E^���/ŽŶ�^ŽƵƌĐĞ�dĞƐƚ�^ƚĂŶĚ�;/^d^Ϳ͘�dŚĞ�/^d^�
ŝƐ�ƵƐĞĚ�ƚŽ�ƐŝŵƵůĂƚĞ�ĂŶĚ�ƐƚƵĚǇ�ŽĨ�ƚŚĞ�ŽƉĞƌĂƚŝŽŶĂů��t�ŝŶũĞĐƚŽƌ͘�dŚĞ�ǀĂĐƵƵŵ�ƉƌĞƐƐƵƌĞ�ǁĂƐ�ĞƐƚŝŵĂƚĞĚ�
ĨŽƌ�ďŽƚŚ�ƚŚĞ��t�ĂŶĚ�/^d^�Ăƚ�ĨŝǀĞ�ĚŝĨĨĞƌĞŶƚ�ƉŽŝŶƚƐ͗� ŝŶƐŝĚĞ�ƚŚĞ�,Ͳ� ŝŽŶ�ƐŽƵƌĐĞ͕� ŝŶ�ĨƌŽŶƚ�ŽĨ�ƚŚĞ�WŝĞƌĐĞ�
ĞůĞĐƚƌŽĚĞ͕� Ăƚ� ƚŚĞ� ĞǆƚƌĂĐƚŝŽŶ� ĞůĞĐƚƌŽĚĞ͕� Ăƚ� ƚŚĞ� ĐŽůƵŵŶ� ĞůĞĐƚƌŽĚĞ� ĂŶĚ�Ăƚ� ƚŚĞ� ŐƌŽƵŶĚ� ĞůĞĐƚƌŽĚĞ͘� ��
ƐƚĂƚŝĐ�ǀĂĐƵƵŵ�ĂŶĂůǇƐŝƐ�ŽĨ�ƌĞƐŝĚƵĂů�ŐĂƐĞƐ�ĂŶĚ�ǁŽƌŬŝŶŐ�ŚǇĚƌŽŐĞŶ�ŐĂƐ�ǁĂƐ�ĐŽŵƉůĞƚĞĚ�ĨŽƌ�ƚŚĞ�ŶŽƌŵĂů�
ŝŽŶ�ƐŽƵƌĐĞ�ǁŽƌŬŝŶŐ�ƌĞŐŝŵĞ͘�'ĂƐ�ĚĞŶƐŝƚǇ�ĂŶĚ�ƉĂƌƚŝĂů�ƉƌĞƐƐƵƌĞ�ŽĨ�ŚǇĚƌŽŐĞŶ�ŐĂƐ�ǁĞƌĞ�ĞƐƚŝŵĂƚĞĚ�ĨŽƌ�
ĚŝĨĨĞƌĞŶƚ�ŐĂƐ�ŝŶũĞĐƚŝŽŶ�ŵĂƐƐ�ĨůŽǁƐ͘�EĞŐůŝŐŝďůĞ�ĚŝĨĨĞƌĞŶĐĞƐ�ŽĨ�ǀĂĐƵƵŵ�ƉƌĞƐƐƵƌĞƐ�ĂŶĚ�ŐĂƐ�ĚĞŶƐŝƚŝĞƐ�Ăƚ�
ƚŚĞ��t�,Ͳ�ĚŽŵĞ�ĂŶĚ�Ăƚ�ƚŚĞ�/^d^�ǁĞƌĞ�ĚŽĐƵŵĞŶƚĞĚ͘�

hƐŝŶŐ� ƚŚĞ� ĐŽŶĐĞƉƚ� ŽĨ� ƚŚĞ� ƚŽƚĂů� ĐƌŽƐƐ� ƐĞĐƚŝŽŶ� ĨƌŽŵ� ĂƚŽŵŝĐ� ĐŽůůŝƐŝŽŶĂů� ƉŚǇƐŝĐƐ͕� ƚŚĞ�
ĂƚƚĞŶƵĂƚŝŽŶ� ŽĨ� ,Ͳ� ďĞĂŵ� ĐƵƌƌĞŶƚ� ĂŶĚ� ŐĞŶĞƌĂƚŝŽŶ� ŽĨ� ĞůĞĐƚƌŽŶ� ĐƵƌƌĞŶƚ� ŝŶ� ƚŚĞ� ŚŝŐŚͲǀŽůƚĂŐĞ�
ĂĐĐĞůĞƌĂƚŝŽŶ�ĐŽůƵŵŶƐ�ĂŶĚ� ůŽǁ�ĞŶĞƌŐǇ�ďĞĂŵ�ƚƌĂŶƐƉŽƌƚ� ůŝŶĞƐ�ŽĨ� ƚŚĞ��t�ĂŶĚ� /^d^�ǁĞƌĞ�ĐĂůĐƵůĂƚĞĚ͘�
dŚĞ�ŝŶƚĞƌĂĐƚŝŽŶ�ŽĨ�,Ͳ�ŝŽŶƐ�;ĂƐ�Ă�ƉƌŽũĞĐƚŝůĞ�ŝŶ�ƚŚĞ�ĞŶĞƌŐǇ�ƌĂŶŐĞ�ĨƌŽŵ�ϮϱϬ�Ğs�ƚŽ�ϴϬ�ŬĞsͿ�ŽŶ�ŵŽůĞĐƵůĂƌ�
ŚǇĚƌŽŐĞŶ�,Ϯ� ;ĂƐ� Ă� ƚĂƌŐĞƚ� Ăƚ� ƌŽŽŵ� ƚĞŵƉĞƌĂƚƵƌĞͿ� ŝƐ� ĚŝƐĐƵƐƐĞĚ� ĂƐ� Ă� ĚŽŵŝŶĂŶƚ� ĐŽůůŝƐŝŽŶ� ƉƌŽĐĞƐƐ� ŝŶ�
ĚĞƐĐƌŝďŝŶŐ�ĞůĞĐƚƌŽŶ�ƐƚƌŝƉƉŝŶŐ�ƌĂƚĞƐ�΀ϭ΁͘�dŚĞƐĞ�ƌĞƐƵůƚƐ�ĂƌĞ�ƵƐĞĚ�ƚŽ�ĞƐƚŝŵĂƚĞ�ƚŚĞ�ŽďƐĞƌǀĞĚ�ŝŶĐƌĞĂƐĞ�ŝŶ�
ƚŚĞ�ƌĂƚŝŽ�ŽĨ�ĞůĞĐƚƌŽŶƐ�ƚŽ�,Ͳ�ŝŽŶ�ďĞĂŵ�ŝŶ�ƚŚĞ�ůŽǁ�ĞŶĞƌŐǇ�ďĞĂŵ�ƚƌĂŶƐƉŽƌƚ�ůŝŶĞ�Ăƚ�/^d^͘�
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�ƵƌŝŶŐ� ƚŚĞ� ϮϬϭϰͬϮϬϭϱ� >�E^��� ďĞĂŵ� ƉƌŽĚƵĐƚŝŽŶ� ƉĞƌŝŽĚ� ĂŶ� ƵŶĞǆƉĞĐƚĞĚ� ĚĞŐƌĂĚĂƚŝŽŶ� ŽĨ� ƚŚĞ�
ĐŽŶǀĞƌƚĞƌ� ƐƵƌĨĂĐĞ� ŝŶ� ƚŚĞ� ,Ͳ� ŝŽŶ� ƐŽƵƌĐĞ� ǁĂƐ� ŽďƐĞƌǀĞĚ͘� ^ŵĂůů� ĚŝŵƉůĞƐ�ǁĞƌĞ� ĐƌĞĂƚĞĚ� ŝŶ� ƚŚĞ� ĐĞŶƚĞƌ� ŽĨ� ƚŚĞ�
ŵŽůǇďĚĞŶƵŵ�ĞůĞĐƚƌŽĚĞ�ŽŶ� ƚŚĞ� ƐŵŽŽƚŚ͕� ĐƵƌǀĞĚ�ĞůĞĐƚƌŽĚĞ� ƐƵƌĨĂĐĞ�ĚƵƌŝŶŐ�ŶŽƌŵĂů�ďĞĂŵ�ƉƌŽĚƵĐƚŝŽŶ� ĐǇĐůĞƐ�
;ƐĞĞ�&ŝŐƵƌĞ�ϭͿ͘�

/Ŷ� ŽƌĚĞƌĞĚ� ƚŽ� ƵŶĚĞƌƐƚĂŶĚ� ƚŚĞ� ŽďƐĞƌǀĞĚ� ĚĞŐƌĂĚĂƚŝŽŶ� ŽĨ� ƚŚĞ� ŝŽŶ� ƐŽƵƌĐĞ͕� Ă� ƐŝŵƉůĞ� ŵŽĚĞů� ŽĨ� ƚŚĞ�
ĞůĞĐƚƌŽĚĞ� ƐƵƌĨĂĐĞ� ĚĞŐƌĂĚĂƚŝŽŶ� ǁĂƐ� ĚĞǀĞůŽƉĞĚ͘� /Ŷ� ƚŚĞ� ŵŽĚĞů� ǁĞƌĞ� ŝŶĐůƵĚĞĚ� ƐĞǀĞƌĂů� ĚŽŵŝŶĂŶƚ� ĂƚŽŵŝĐ�
ĐŽůůŝƐŝŽŶ�ƉƌŽĐĞƐƐĞƐ�ŝŶ�,Ͳ�ŝŽŶ�ƐŽƵƌĐĞ�ĂŶĚ�ŚŝŐŚ�ǀŽůƚĂŐĞ�ĞůĞĐƚƌŽƐƚĂƚŝĐ�ĞǆƚƌĂĐƚŝŽŶ�ĐŽůƵŵŶ�;hс�ϴϬ�ŬsͿ͘�dŚĞ�ŵŽĚĞů�
ŝŶĐůƵĚĞƐ� ƚŚĞ� ĨŽůůŽǁŝŶŐ�ĐŽůůŝƐŝŽŶ�ƉƌŽĐĞƐƐĞƐ͗� ƚŚĞ�ĞůĞĐƚƌŽŶ� ŝŵƉĂĐƚ� ŝŽŶŝǌĂƚŝŽŶ�ŽŶ�ŵŽůĞĐƵůĂƌ�ŚǇĚƌŽŐĞŶ� ΀ϭ΁͕� ƚŚĞ�
ĞůĞĐƚƌŽŶ� ŝŵƉĂĐƚ� ŝŽŶŝǌĂƚŝŽŶ�ŽŶ�ĂƚŽŵŝĐ�ĐĞƐŝƵŵ�΀Ϯ΁͕� ŝŽŶͲďĞĂŵ�ƐƉƵƚƚĞƌŝŶŐ�ŽĨ�ŚǇĚƌŽŐĞŶ� ŝŽŶƐ�;,н�ĂŶĚ�,Ϯ

нͿ�ŽŶ�Ă�
ŵŽůǇďĚĞŶƵŵ�ƐƵƌĨĂĐĞ�΀ϯ΁͕�ŝŽŶͲďĞĂŵ�ƐƉƵƚƚĞƌŝŶŐ�ŽĨ�ĐĞƐŝƵŵ�ĂƚŽŵƐ�;�ƐнͿ�ŽŶ�Ă�ŵŽůǇďĚĞŶƵŵ�ƐƵƌĨĂĐĞ�΀ϯ΁͕�ĂŶĚ�ĂƌĐ�
ĚŝƐĐŚĂƌŐĞ�ƉůĂƐŵĂ�ƐƉƵƚƚĞƌŝŶŐ͘�

DŽĚĞů� ƌĞƐƵůƚƐ� ŝŶĚŝĐĂƚĞ� ƚŚĂƚ� ƚŚĞ� ŽďƐĞƌǀĞĚ� ĚŝŵƉůĞƐ� ƐĞĞŶ� ŽŶ� ƚŚĞ� ĐŽŶǀĞƌƚĞƌ� ĞůĞĐƚƌŽĚĞ� ƐƵƌĨĂĐĞ�ǁĂƐ�
ĐĂƵƐĞĚ�ďǇ�ĂŶ�ŝŶĐƌĞĂƐĞ�ŽĨ�ĞǆƚƌĂĐƚĞĚ�ĞůĞĐƚƌŽŶ�ĐƵƌƌĞŶƚ�ĂŶĚ�ƵŶďĂůĂŶĐĞĚ�ĐĞƐŝƵŵ�ŽǀĞŶ�ƚĞŵƉĞƌĂƚƵƌĞ͘�dŚĞ�ŵŽĚĞů�
ĞǆƉůĂŝŶƐ� ƚŚĂƚ� ŚǇĚƌŽŐĞŶ� ŝŽŶƐ� ŚĂǀĞ� ŶŽ� ƐŝŐŶŝĨŝĐĂŶƚ� ŝŶĨůƵĞŶĐĞ� ŽŶ� ƚŚĞ� ĐŽŶǀĞƌƚĞƌ� ĞůĞĐƚƌŽĚĞ� ĚŝŵƉůŝŶŐ͘� dŚĞ�
ĚŽŵŝŶĂŶƚ�ĞůĞĐƚƌŽĚĞ�ŵĂƐƐ�ůŽƐƐ�ŵĞĐŚĂŶŝƐŵ�ŝƐ�ĨŽƵŶĚ�ƚŽ�ďĞ�ƚŚĞ�ďĞĂŵ�ƐƉƵƚƚĞƌŝŶŐ�ĐĂƵƐĞĚ�ďǇ�ŚŝŐŚ�ĞŶĞƌŐǇ�ƐŝŶŐůĞ�
ĐŚĂƌŐĞĚ�ƉŽƐŝƚŝǀĞ��Ɛ�ŝŽŶƐ͘�

�ĂƐĞĚ�ŽŶ�ƚŚĞ�ŵĞĂƐƵƌĞĚ�ƐƉƵƚƚĞƌĞĚ�DŽ�ŵĂƐƐ�ĚƵƌŝŶŐ�ƌĞŐƵůĂƌ�ďĞĂŵ�ŽƉĞƌĂƚŝŽŶ�ŽĨ�ƚŚĞ�ŝŽŶ�ƐŽƵƌĐĞ͕�ƚŚĞ�
ƉĂƌƚŝĂů� �Ɛ� ǀĂƉŽƌ� ƉƌĞƐƐƵƌĞ�ǁĂƐ� ĞƐƚŝŵĂƚĞĚ͕� ƐŚŽǁŝŶŐ� ĞůĞǀĂƚĞĚ� �Ɛ� ŝŶũĞĐƚŝŽŶ� ŝŶƐŝĚĞ� ƚŚĞ� ƐŽƵƌĐĞ� ĂŶĚ� ƚŚĞ� ŚŝŐŚͲ
ǀŽůƚĂŐĞ�ĞǆƚƌĂĐƚŝŽŶ�ĐŽůƵŵŶ͘�

�

 
 

Figure 1. A dimple of 2 mm deep and 5 mm wide created in the center of the molybdenum 
converter electrode is shown. 
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Abnormal heating of the electrons near RF antenna (driver region) is observed with 
magnetic filter near the extraction region in the planar type inductively coupled H- ion source. 
Axial profile of plasma parameters are measured with an RF compensated Langmuir probe 
from the driver region to the extraction region. Axial variations of the electron density and the 
temperature near the extraction region at low pressure show great agreement with previous 
results [1]. However, the electron temperature significantly changes near the driver region at 
low pressure discharge in the presence of filter field. The abrupt variation of the electron 
temperature is analyzed with the consideration of two components of magnetic filter fields 
(parallel and perpendicular to axial direction in the cylindrical source chamber). It is believed 
that the electron cyclotron resonance (ECR) heating near 4.8 G (axial magnetic field) may 
occur as electron heating near the driver region at low pressure of 3 mTorr. At relatively 
higher pressure of 20 mTorr, the ECR effect disappears due to the increased electron-neutral 
collision frequency, and the experimental results well follows the previous result [1]. 
Although electron cooling effect via filtering of high energy electrons has been considered as 
a main effect of the magnetic filter in the negative hydrogen ion source, appropriate level of 
the axial component of the magnetic filter field at low pressure may contribute to increase 
electron temperature significantly in the driving region. As a desire to develop high 
performance negative ion source, the increased electron temperature through the ECR effect 
with optimized filter field configuration may give another path to enhance the efficiency of 
the negative ion source.  

 

[1] A. Aanesland, J. Bredin, P. Chabert, and V. A. Godyak, Appl. Phys. Lett. 100, 044102 (2012) 
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Transverse magnetic filter field as well as operating pressure is considered to be an important 

control knob to enhance negative hydrogen production via plasma parameter optimization in the 

transformer coupled plasma (TCP) H- ion source. As expected from the particle transport with the 

transverse filter field electron temperature in the extraction region is well controlled by increasing the 

field strength, but electron density near the extraction region was unexpectedly observed to be 

increased rather than decreased with higher field strength.[1] To clarify the unexpected electron 

density profile with the transvers field, axially movable Langmuir probe is installed for the profile of 

plasma parameters obtained from the electron energy distribution function. Increase of electron 

density is measured toward the maximum magnetic field position in the extraction region, which may 

be explained by reduced axial diffusion of low energy electrons as the magnetic field strength is 

increased. Noting that parallel and perpendicular electron diffusion coefficients change significantly 

with the magnetic field, measured electron temperatures and densities are analyzed by considering 

that more low energy electrons are transported across the field and accumulated near the extraction 

region with the increased magnetic field strength. In addition, effect of operating pressure on plasma 

parameters is understood from the diffusion coefficient changed with a momentum transfer frequency. 

Operating pressure affects the transport of each energy electron oppositely due to a different trend 

with pressure between parallel and perpendicular diffusion. Much higher pressure lessens the effect of 

magnetic filter with regard to a low energy electron accumulation. Furthermore, reduced electron 

temperature with an increased pressure in the heating region cause a decrease of ro-vibrationally 

excited hydrogen molecule density, which affects H- ion production with the lessened magnetic filter 

effect. Thus, values of magnetic field strength and operating pressure are optimized to maximize 

volume production of H- ions by obtaining appropriate plasma parameters, and confirmed by 

measuring H- ion population. To apply the magnetic filter effect on low energy electron accumulation 

effectively, magnetic filter position as well as strength must be considered seriously. 

 [1] O.Fukumasa, H.Naitou and, S.Sakiyama, Jpn. Appl. Phys. Vol.30, No.6A, June, 1991, pp. L1063-

L1065 
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 In this paper we present an overview of the positive and negative ions production in saddle antenna 
(helicon discharge) radio frequency (SA RF) ion sources. An efficiency of H- ion production in recently 
developed RF surface plasma sources (SPS) with solenoidal antennas was improved to 1-1.5 mA/kW. 
The efficiency of positive ion generation in these RF ion sources was up to 2 mA/kW. About 60 kW of 
RF power is typically needed for 50 mA beam current production from a 7 mm emission aperture. This 
efficiency is relative low because in the RF discharge with solenoidal antenna, the plasma is generated 
near the coil and diffuses to the axis creating a nearly uniform plasma density distribution in all cross 
sections of the discharge chamber, when the plasma flow is necessary only near an emission aperture. The 
efficiency of the extracted ion generation was improved significantly with using of the saddle antenna.  In 
the RF discharge with the saddle antenna the plasma is generated near the axis and the magnetic field 
suppress the plasma diffusion from the axis, creating a peaked plasma density distribution on the emission 
aperture. With the SA the efficiency of positive ion generation in the plasma has been improved up to 200 
mA/cm2 per kW of RF power at 13.56 MHz. After cesiation, the current of negative ions to the collector 
was increased from 1 mA to 10 mA with RF power 1.5 kW in the plasma (6 mm diameter emission 
aperture) and up to 30 mA with 4 kW RF power in the plasma and 250 Gauss longitudinal magnetic field. 
In the tested version of the SA RF SPS the specific efficiency of H- production was increased a factor of 
7, up to 20 mA/cm2-kW. Continuous wave (CW) operation of the SA SPS has been tested on the small 
test stand. The general design of the CW SA SPS is based on the pulsed version. Some modifications 
were made to improve the cooling and cesiation stability. CW operation with negative ion extraction was 
tested with RF power up to 1.8 kW from the generator (~1.2 kW in the plasma) with production up to 
Ic=7 mA. Stable generation of H- beam without intensity degradation was demonstrated in the AlN 
discharge chamber for a long time (~40 days) with high RF power in the RF SPS with external antenna. 
Features of SA RF discharges and ions generation will be discussed. 

The work was supported in part by US DOE Contract DE-AC05-00OR22725 and by STTR grant, DE-
SC0011323. 
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Factors limiting operating lifetime of a Compact Surface Plasma Sources (CSPS) are analyzed 
and possible treatments for lifetime enhancement are considered. Noiseless discharges with 
lower gas and cesium densities are produced in experiments with modified discharge cell. With 
this discharge cells it is possible to increase emission aperture and extract a necessary beam from 
the discharge with lower current with corresponding increase source lifetime. A design of an 
advanced CSPS with geometrical focusing of H- flux is presented. 
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  Filament driven multi-cusp negative ion sources have been developed for proton cyclotrons 
in medical applications. In Cs-free operation, H- beam of 10 mA and D- beam of 3.3 mA were 
obtained stably at an arc power of 3 kW and 2.4 kW respectively. The maximum H- current 
reached 15 mA at an arc power of 6.6 kW by increasing the magnetic filter field without Cs. 
In Cs-seeded operation, H- beam of 16 mA was obtained at a lower arc power of 2.8 kW with 
less electron current accompanied [1]. Further enhancement of the beam current is demanded 
for many applications of cyclotron, such as cancer therapy and medical radioisotope 
production. In order to increase H- beam current up to 20 mA, some improvements of the 
source are in progress. The relationship between H- production and the magnetic filter field 
has been investigated by beam measurements, plasma diagnostics, and numerical analysis 
with KEIO-MARC code [2] for different magnetic filter field strengths. The Cs-seeded 
operation has been tested with a plasma electrode made of molybdenum to optimize the 
plasma electrode temperature for H- production. The shape and the diameter of tungsten 
filaments have been optimized to extend their lifetime. In this paper, the results of these 
improvements are presented. 
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In order to investigate the extraction mechanism of the H- ions in a negative hydrogen 
ion source for NBI, experiments by a directional Langmuir probe combined with 
photodetachment are carried out in the beam extraction region of the ion source.  Using 
Langmuir-probe and photodetachement modes, flows of electron, positive and negative 
ions are separated.  The angle electron flow becomes orienting to normal to surface plane 
of the plasma grid with approaching the grid.  The positive ions have the same flow 
direction as electrons.  The direction is insensitive to the structure of magnetic field, and 
the result suggests diffusion and drift motions could be dominant to the flows.  On the 
other hand, H- ion flow direction normal the plasma grid is opposite to those of electrons 
and positive ions.  By comparing the recovery times of the photodetachment currents at 
four symmetric probe tips, H- ion temperature is estimated to be 0.10 eV ~ 0.15 eV. 
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We describe new low maintenance and low noise plasma source for production cylindrical 

axial symmetric negative ion beams with moderate energy. The results of emission efficiency 
investigation of advanced negative particles (H-) source with combined discharge of hollow 
cathode type, as well as one in crossed electric and magnetic fields, are presented. Cylindrical 
beam of negative hydrogen ions is extracted by applied potential of 10 kV with current 
density of about 5 A/cm2 at the source emission aperture. The total beam current was up to 
200 mA for negative hydrogen ions and up to 1,5 A for electrons. The beams have high 
divergence after the source. The ion beam downstream at 50 cm distance provided the current 
of 20 mA onto 10 cm diameter collector. Current density measurements were performed by 
means of two types sectioned collectors. It is shown that the extracted current value is 
comparable with that inherent for known cold cathode type negative ion sources. Calculated 
H- ion current density exceeds a couple of amperes. This can be explained by the effect of 
surface-plasma mechanism of ion formation due to cesium presence in the source. The 
elaborated ion source has simple and compact design, and provides stable gas discharge with 
low noise level.  The source tests have demonstrated high efficiency of intense hydrogen 
negative ion production under low enough gas pressure in drift chamber. The presented 
source can be also attractive for creation of compact efficient plasma electron source. 
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A microwave driven Cs - free volume H- source, that has the ability to deliver tens mA 

H- at 35 keV, was developed at Peking University (PKU)[1]. Recently special efforts were 
paid on the investigation of duty factor variation possibility from 1% to 100% with one of 
this kind source. Experiments were carried out with a fixed pulsed length of 1 ms and 
different intervals of 99 ms, 49 ms, 39 ms, 29 ms, 19 ms, 9 ms, 4 ms, 2 ms, 1 ms, 0.5 ms and 
0 ms, respectively. Experimental results prove that this source can deliver tens mA H- beam 
at different duty factor. The RF power efficiency increases from 6 mA/kW to 20 mA/kW 
when the duty factor growths from 1% to CW at a fixed RF power. Under a given duty 
factor, RF power efficiency keeps constant and the H- current increases with RF power 
linearly. Detail will be presented in the paper. 
 

[1] Yuan Xu, Shixiang Peng, Haitao Ren, Tao Zhang, Ailin Zhang, Jingfeng Zhang, Jie Zhao, Zhiyu 
Guo and Jia’er Chen, Gas flow influence on negative hydrogen ion generation within the 
microwave-driven negative ion source. WEPWA027, Proceeding of IPAC 2105, 3rd-9th May, 2015, 
Richmond, Virginia, USA. 
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The H- ion source of the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory 

is driven by up to 80-kW of 2-MHz RF in 1-ms long pulses at 60 Hz. The high power plasma is 

generated from a starter plasma that is maintained by continuous ~300-W 13.56-MHz RF, 

which is initially ignited with a H2 pressure burst. The RFQ transmission improves with RF 

power, but requires low H2 flows for thermal stability. To minimize the risk of plasma outages 

at low H2 flows, the 13.56-MHz RF matching network was characterized over a broad range of 

its two tuning capacitors. The intensity of the plasma’s emitted H-α line between the 60 Hz 

pulses of the 2-MHz RF as well as the reflected power of the 13.56-MHz RF were mapped 

against the capacitor settings. Optimal tunes for the maximum H-α intensity and for the 

minimum reflected power appear consistent. Low limits of the H2 flow not causing plasma 

outages were explored within the range of the map. The tolerance of the 13.56-MHz RF 

matching against the influence of the high power 2-MHz RF during and after the pulse was 

studied for different power levels and matching tunes of the 13.56-MHz RF and for different H2 

gas flows.              
 

�
�
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  A collisional radiative model of low-pressure hydrogen plasmas is elaborated and applied in 
optical emission spectroscopy diagnostics of a single element of the matrix source of negative 
hydrogen ions [1]. The planar-coil inductive discharge studied is sustained at a frequency of 27 
MHz by rf power varied in the range P = (90 – 160) W. The collisional radiative model accounts 
for the main processes determining both the population densities of the first ten states of the 
hydrogen atom and the densities of the positive hydrogen ions +H , +

2H  and +

3H . In the 
calculations the electron density and electron temperature are varied whereas the gas temperature 
is included as an external parameter experimentally obtained [2]. The ratio of the Hα to Hȕ line 
intensities is calculated from the numerical results for the excited state population densities, 
obtained as a solution of the set of the steady-state rate balance equations. The comparison of 
measured and theoretically obtained ratios of line intensities yields the values of the electron 
density and temperature as well as of the degree of dissociation, i.e. of the parameters which 
have a crucial role for the negative ion production.  
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A CW 13.56 MHz radiofrequency-driven H— ion source RADIS is under development at the 
University of Jyväskylä for replacing an existing filament-driven ion source at the MCC30/15 
cyclotron. Previously, production of 1 mA H— beam, which is the target intensity of the ion 
source, has been reported at 3 kW of RF power [1]. The original ion source front plate with an 
adjustable electromagnet based filter field, has been replaced with a new front plate with 
permanent magnet filter field. The new structure is more open and enables a higher flux of ro 
vibrationally exited molecules towards the plasma electrode and provides a better control of the 
potential near the extraction due to a stronger separation of the main plasma from the plasma 
electrode. While the original system provided better control over the e—/H— ratio, the new 
configuration has led to a higher production efficiency of 1 mA H— at 1.75 kW RF power. The 
latest results and upgrade plans are presented. 
 
[1] T. Kalvas, et. al., AIP Conf Proc 1655, 030015 (2015). 
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  An Electron Beam Ion Source for the Relativistic Heavy Ion Collider (RHIC EBIS) was 
commissioned at Brookhaven in September 2010 and since then it routinely supplies ions for 
RHIC and NASA Space Radiation Laboratory (NSRL) as the main source of highly charged ions 
from Helium to Uranium.  Using three external primary ion sources for 1+ injection into the 
EBIS and an electrostatic injection beam line, ion species at the EBIS exit can be switched in 0.2 
s. Therefore, one species is often provided for NSRL and a second species at the same time 
provided to RHIC.  Also, for asymmetric collisions in RHIC, EBIS has provided, with fast 
switching, Au32++Cu11+, Au32++3He2+, and Au32++Al5+.  A total of 20 different ion species have 
been produced to date.  Increased use of the relatively newly installed Laser Ion Source (LION) 
for 1+ ion injection into EBIS has simplified EBIS species changes and has been advantageous 
for operation in the fast injection mode. Reliability and stability have been very good, with the 
EBIS running 24/7 for months at a time, and often unattended.   
For future polarized 3He2+ production we are looking into a concept that utilizes an additional 

superconducting solenoid where gas would be polarized in a high field, followed by injection 
and ionization at a relatively high pressure (~10-7 mB) region by the EBIS electron beam.  Ions 
would then be transferred to the lower pressure (~10-9 mB) main trap, similar to the electron 
manipulation of ions formed from neutrals in a cryogenic EBIS.  This would allow us to produce 
a good ratio of He2+ to He1+ ions and maintain a high level of polarization.  This concept could 
also allow us to increase EBIS output intensity for ions that can be introduced as light or 
isotopically pure gases. Options to increase future performance also include addition of isotope 
separation in the external source injection line for accumulation of ions of low isotopic 
abundance in the EBIS during slow injection.  A substantial increase of EBIS high charge output 
intensity could be obtained with increased electron beam current and source trap length.   The 
length and the capacity of the ion trap has been previously increased by 20% by extending the 
trap by two more drift tubes, compared with the original design, and we believe that 
approximately linear gains in output can be obtained by further increasing the EBIS solenoid and 
trap length, with no impact to the present electron beam launching and collection schemes. The 
benefits of two parallel EBIS’s working together, each comprised from serial superconducting 
solenoids / trap section modules similar to the Tandem EBIS concept will also be presented. 

*Work performed under contract No. DE-AC02-98CH1-886 with the auspices of the DOE of United 
States, and by the National Aeronautics and Space Administration. 
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Due to its capability of producing intensive short pulsed highly charged ion beams, laser ion 
sources had been considered as the most promising ion sources to realize the single turn 
injection mode for the filling of synchrotrons. In addition, the combination of a laser ion source 
and RFQ linac based on direction plasma injection scheme (DPIS) may shrink both the 
dimension and cost of the cancer therapy synchrotron to a large extent. To demonstrate the 
feasibility of the above mentioned application, our researches have been being focused on the 
production of C6+ ion beams by a laser ion source based on commercial Nd:YAG lasers. It 
turned out that a laser ion source based on a commercial Nd:YAG laser can meet the 
requirements of the cancer therapy synchrotrons in terms of the yields of C6+ and repeatability. 
Besides, the production of ions from a variety of elements heavier than carbon were also 
investigated, the experimental results of which will be presented.  
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  Elevation of ion charge states in vacuum discharge plasma is interesting for ion beams physics, 

because for practical using it leads to proportional increasing of ion beam energy with the same 

accelerating voltage.  The ion charge state elevation of metal ion beam could be provided in 

vacuum arc ion source by using vacuum spark, which is initial stage of vacuum arc. Since the 

voltage between anode and cathode remains high compare with the vacuum arc higher charge 

states of metal ions in discharge plasma were generated and than extracted in ion beam. The 

using a spark of pulse duration less 10 microseconds and with amplitude current up to 10 kA 

provides generation of ion beams with current of several amperes with pulse repetition rate up to 

5 pps. The higher ion charge states for heavy ions (bismuth) were up to 15+ and mean ion charge 

state was more than 10+.  Physics and techniques of vacuum arc spark ion source are discussed.   

  Work is supported by Russian Foundation for Basic Research under the grant RFBR-14-08-

00031. 
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  The capabilities of focused ion beam (FIB) applications are strongly dependent on the ion 
source performance. High brightness beams are mendatory in ion-milling to create small 
features with good erosion rates, aswell as in ion-imaging for high lateral resolution with 
sufficiently high recording signals. In addition the ion species are of importance for many 
applications, e.g. reactive ions are needed for high secondary ion yields in Secondary Ion 
Mass Spectrometry (SIMS).  
  As the ion source we are targeting should be flexible with respect to the choice of ion 
species, electron impact is the most suitable ionisation technique as it allows to create various 
ion species by only changing the gas feed to the ion source. In addition to high brightness, a 
low energy spread of the extracted ion beam is of importance.  
  Charged particle optics simulation studies have been realised in order to get an estimation of 
the achievable ion source performance. In a first design concept, a small electron column with 
thermionic emission from a hairpin filament has been investigated. The electron beam is 
focused into the ionisation region of the ion source, which consists of two parallel electrodes 
spaced by 1 mm. The combination of a cylindrical ionisation volume with dimensions in the 
submillimeter range and an electrode potential difference of only 10 V creates a small 
potential drop across the ionisation volume and generates a low energy spread ion beam. By 
setting the ionisation region to a pressure of 0.1 mbar and injecting an electron beam at 1 keV 
and 50 µA, a 30 nA Ar+ ion beam of a 5-25 µm source size can be extracted through an 
aperture of 100 µm. With a half opening beam angle between 5-20 mrad at 6 keV of ion beam 
energy the reduced brightness Br is determined to be around              50-55 A m-2 sr-1 V-1. The 
mentioned range for source size and beam angle is due to a variation of potentials within the 
ion extraction column. A decrease in source size is accompanied by an increase in beam angle 
which explains the range of Br values corresponding to different potential settings. The energy 
spread of the ion beam defined as full width half maximum value is about 1 eV, which is 
favourable to limit the influence of chromatic aberrations on the achievable spot size in FIB 
applications. 
  Switching to a LaB6 electron emitter would reduce the ionisation volume by a factor of 10 
while keeping a comparable electron current. The benefit for Br is about a factor of 3 leading 
to 150 A m-2 sr-1 V-1. However, the required operating pressure is below 10-7 mbar which is a 
hundred times lower than that of the hairpin filament. Gas conductance calculations and 
measurements have been performed in order to determine how the required vacuum level 
could be reached in the electron column part of the design.  
  Comparing the results stated above to conventional electron impact ion sources for which Br 

is about 1 A m-2 sr-1 V-1, the here presented design study represents a clear improvement of 
performance. Current design modifications are expected to lead to further increase the 
extracted ion current while keeping the same result in terms of ion beam source size and half 
opening beam angle, resulting in a further enhancement of the brightness of the source. 
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Pulsed ion beams can be used to for isochoric heating of target materials for high energy 
density physics experiments and warm dense matter (WDM) studies. The Neutralized Drift 
Compression Experiment (NDCX-II) was designed and commissioned as a pulsed, linear 
induction accelerator to drive thin foils to WDM states with peak temperatures of ~ 1 eV 
using intense, short pulses (~ 1ns) of 1.2 MeV lithium ions[1]. At that kinetic energy, heating 
a thin target foil near the Bragg peak energy using He+ ions is a better match than Li+ ions [2]. 
We also expect a higher current density of helium ions form a plasma source compared to the 
Li+ ions from a hot plate type ion source [3].  

The He+ ion source developed for NDCX-II is a filament-driven multi-aperture plasma ion 
source [4] with an overall beam diameter of 7 cm. This diameter allows for favorable beam 
optics in the existing 150 kV injector column, while relaxing the current density requirements 
that would otherwise be demanded from a smaller ion beam diameter.  At 1700W of arc 
power, the measured He+ ion current density on axis reached as high as 80 mA/cm2. Both 
filament and arc power supplies are pulsed to reduce the heat load and we are exploring 
pulsing the helium gas supply to reduce the base pressure within the system. The repetition 
rate of the linear induction accelerator is 0.03 Hz.  A plasma extension chamber surrounded 
by 28 permanent magnets was attached the ion source to contain helium plasma within a 
larger chamber, resulting in an increased uniform region from 3.5 cm to approximately 6-7 cm 
in diameter. A grid assembly of hundreds of 1-mm-diameter apertures with more than 50% 
transparency was used to extract helium ions. The measured pulsed He+ ion beam reached 
more than the objective 160 mA at peak current within a 4 µs pulse width. With such a He+ 
ion source, we anticipate achieving ~50 to 80 nC of charge in a 1 ns pulse on target after 
neutralized drift compression and focusing to ~1 mm2 diameter beam spots. The equivalent 
peak currents are ~5 to 8 kA/cm2. Results from pulsed helium ion beam experiments will be 
reported at the conference.  
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Recent research results of a large (700 mm long, 350 mm wide and 230 mm deep) negative ion 
source at the National Institute of Fusion Science are described. An electrostatic probe with four-
independent electrodes measures flow of charged particles in plasma. One of the probe 
electrodes is utilized as a single Langmuir probe for photodetachment negative ion density 
measurement. Line integrated negative ion density obtained by cavity-ring down 
photodetachment measurement provides data to calibrate the local density of negative hydrogen 
(H-) ions measured by means of photodetachment method. This method is available to obtain 
negative-ion density even in the plasmas including quite low electron densities. The probe I-V 
characteristics have shown flat plasma potentials profile as the source is operated without Cs, 
while the profile shows a slope when Cs is introduced into the discharge. Higher electron density 
shields penetration of bias potential into the plasma with smaller distance. Electrons and negative 
ions respond against the change in extraction electric field in different manner in the magnetized 
region produced by the filter field and electron extraction suppression field. Temperatures of 
negative ions are measured with saturation cavity ring-down method, and that of hydrogen atoms 
are observed with high-resolution spectroscopy and HĮ absorption spectroscopy. Data obtained 
from a laser Cs absorption spectroscopy, Cs flux monitor and a local work function measurement 
system characterize Cs recycling in the source and its correlation to the extracted H- ion current 
density from the source. 
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  CERN’s 160 MeV H- linear accelerator (Linac4) is a key constituent of the injector chain 
upgrade of the Large Hadron Collider (LHC) that is being installed and commissioned. A 
cesiated surface ion source prototype is being tested and has delivered a beam intensity of 45 
mA within an emittance of 0.3 πÂmmÂmrad. The optimum ratio of the co-extracted electron- 
to ion-current is below 1 and the best production efficiency, defined as the ratio of the beam 
current to the 2 MHz RF-power transmitted to the plasma, reached 1.1 mA/kW. The H- 
source prototype and the first tests of the new ion source optics, electron-dump and front end 
developed to minimize the beam emittance are presented. A temperature regulated magnetron 
H- source developed by the Brookhaven National Laboratory (BNL) was built at CERN and a 
two stage extraction is being produced. The first tests of the magnetron operated at 0.8 Hz 
repetition rate are described.  
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    Early in 2014, after several years of producing neutrons with ~1 MW proton beams, SNS 
started to ramp to higher power levels that can be sustained with high availability. Powers of up 
to 1.4 MW may be possible despite a compromised RFQ, which requires higher RF power than 
design levels to approach the nominal beam transmission. Unfortunately at higher power the 
RFQ often loses its thermal stability, a problem apparently enhanced by beam losses and high 
influxes of hydrogen. This led to the semi-retirement of the high-performing source #3. The 
apparently lower beam losses of the other two sources shifted the goal to delivering as much H- 
beam as possible with the least amount of hydrogen in the source, which led to plasma outages. 
Ongoing plasma outage studies show that the 13 MHz supply struggles with the ~90% power 
reflected by the 1-ms long 2-MHz plasma pulses. Possible mitigations are being tested, starting 
with a 4-ms RC filter for the reflected power signal.  
    Lowering the H2 pressure initially increases the H- beam current due to reduced losses, and 
since mid-2014 ~50 mA are routinely injected into the RFQ. Subsequent LEBT retuning 
improves the RFQ transmission by better matching the reduced-divergence beams. Accordingly 
~35 mA H- beams exiting the RFQ have become routine.  
   To further support higher powers, under-performing sources are replaced after two weeks 
while well- performing sources are used for up to 8 weeks, frequently exceeding 3 A�h of H- 
without showing signs of aging.  
   These new approaches increased the average RFQ output peak current at the end of the pulse 
by ~2 mA while the standard deviation was reduced from 1.9 to 1.3 mA compared to the prior 
year, which included the high performing source #3.  
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    A new Penning surface plasma source has been developed with a larger plasma volume 
with double the linear dimensions of the standard ISIS source. The standard ISIS source has 
successfully delivered beam for ISIS operations for over 30 years. A variation of this source 
[1], with the same plasma dimensions is currently being used for the Front End Test Stand 
(FETS) at RAL. However it has been demonstrated that the existing design cannot deliver the 
full 2 ms 50 Hz 60 mA beam requirements [2]. 
   The new source described in the paper should deliver the full duty cycle requirements for 
FETS, produce higher beam currents and yield longer lifetimes for ISIS operations when run 
at lower discharge currents. Electrode heaters will allow lower duty factor operation and 
pre-operation heating. Thus reducing reliance on the use of destructive DC discharges to 
achieve operational temperatures. This is especially important for FETS commissioning 
because daily source shutdowns are planned. 
   This paper gives a status update of the FETS project, details the new source design and 
provides initial results. 
 

References 
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A stable H- beam with a current ~1A, energy 90 kV, and pulse duration up to 7 s was routinely 
extracted and accelerated from the long-pulse surface-plasma source prototype, developed at 
BINP for N-NBI use. The H- ions are produced on the hot surface of a plasma grid, covered by 
cesium and illuminated by fast plasma particles from the inductively driven radio-frequency 
discharge. A multiaperture, five-electrode ion optical system is used for beam formation. The 
essential BINP source features are: 1) an active temperature control of the ion-optical system 
electrodes by circulation of hot thermal fluid through the channels, drilled in the electrode 
bodies, and 2) the directed cesium deposition to the plasma grid electrode using a long tube, 
connected to the plasma grid periphery [1]. The long term effect of cesium was obtained just 
with the single cesium deposition. The high voltage strength of ion-optical system electrodes was 
considerably improved with actively heated electrodes. The 90 keV H- beam is transported to the 
entrance of the high-voltage post-accelerator with the help of the low energy beam transport 
section.  
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One of the most important problems in the simulation of negative ion extraction is related to the 
injection conditions at the source plane (the extracted current strongly depends on the source 
condition) and to the fact that up to now only a single aperture has been resolved [1-3]. At the 
same time, full scale source simulations have shown the importance of plasma dis-homogeneity 
along the extraction grid (y-direction) due to the presence of the magnetic filter but without the 
possibility of solving the transport and extraction of negative ions through the single aperture 
(low grid resolution) [4] For this reason, a 2.5D PIC-MCC model of the full scale ITER-relevant 
negative ion source has been developed keeping the single grid cell small enough to resolve in 
detail the extraction dynamics till the EG grid. Results (see Figs. 1 where the plasma potential 
and electron density structures in the expansion and extraction regions have been reported) have 
shown the complex electron dynamics through the magnetic filter and the strong coupling 
between expansion and extraction regions determining different boundary conditions at the 
entrance of every extraction aperture.  

                 
               (a)                                                                   (b) 

Fig. 1 – (a) Map of (a) electric potential ĳ(V) and (b) electron density ne(m-3) in the {y,z} plane 
in the expansion and extraction regions. The driver region is on the left, not simulated. 
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The origin and extent of the aberrations found in high brightness negative ion beams generated by 

positive ion and neutral atom impacts on the cesiated surface of the plasma electrode (which separates 
the ion source plasma from the particle accelerator) in negative ion sources is not well understood. 
High brightness negative ion beams are typically employed in a wide range of applications such as in 
tandem type electrostatic accelerators, cyclotrons, storage rings in synchrotrons, as a precursor to 
produce neutrons in the Spallation Neutron Source (SNS) or to generate high power neutral beams in 
magnetic fusion devices. Aberrations, which have been observed experimentally, may have critical 
consequences for the accelerator parts and induce both a significant loss of transmitted beam power 
and an increase of the beam divergence. It is consequently crucial to characterize in details the origin 
of the aberrations in negative ion sources. Negative ion transport properties in the vicinity of the 
extraction aperture are difficult to assess experimentally (most of the relevant physics occurs within a 
few Debye length which is sub-millimetric in typical high power ion sources) and numerical 
modelling is used instead to calculate the plasma characteristics in the extraction region. The vast 
majority of self consistent numerical models for negative ion beam extraction are based on the 
Particle-In-Cell (PIC) method with Monte-Carlo Collisions (MCC). The simulation domain is a zoom 
around a single plasma electrode aperture and one of the main difficulties is to reproduce numerically 
accurate plasma profiles in that area. Negative ions typically have a kinetic energy of orders of a few 
electron-volts and are consequently very sensitive to small variations of the plasma potential; this can 
easily lead to erroneous estimates for the extracted negative ion beam characteristics. Current PIC 
models fail to reproduce some fundamental experimental observations, which is the extraction of a 
negative ion beam from a plasma electrode with a flat surface around the aperture. We believe this is 
due to a lack of knowledge on the particle distribution functions in the extraction region. These 
numerical models use as input parameters the particle densities and temperatures obtained from 
experimental measurements alone. Doing so, the calculated depth of the virtual cathode in front of the 
plasma electrode greatly exceeds the negative ion kinetic energy and hence most ions are reflected 
back onto the electrode surface reducing consequently significantly the extracted negative ion beam 
current (far below measured values).  

In this work, we propose a different numerical approach: the plasma parameters in the extraction 
region are obtained from a 3D PIC-MCC calculation of the whole ion source volume [1,2]. We model 
the typical working conditions of an ITER prototype Radio-Frequency (RF) tandem-type high 
brightness negative ion source, which corresponds to a plasma electrode positively biased with respect 
to the other walls of the device such that the electrode is floating (i.e., the total current collected on the 
latter is void). We demonstrate that for flat potential profiles in the vicinity of the plasma electrode and 
virtual cathodes depths of order ∆φ~ -1V, a negative ion beam current density jH-~ 25 mA/cm2 with a 
~15% halo may be extracted from a hydrogen plasma with a flat electrode surface. These values are 
comparable to experimental measurements.  

This work has been carried out within the framework of the EUROfusion Consortium and has 
received funding from the European Union's Horizon 2020 research and innovation programme under 
grant agreement number 633053. The views and opinions expressed herein do not necessarily reflect 
those of the European Commission. Support from CEA and from the French Fédération de Recherche 
sur la Fusion Magnétique is acknowledged. This work was granted access to the HPC resources of 
CALMIP supercomputing centre under the allocation 2013-P1125.  
 

[1] G. Fubiani et al., Physics of  Plasmas 20, 113511 (2013) 
[2] G. Fubiani et al., Physics of  Plasmas 21, 073512 (2014) 

 

TueA04 
 

Fine-Tuning to Minimize Emittances of J-PARC RF-Driven HØ Ion Source  
 

Akira Ueno, Kiyonori Ohkoshi, Kiyoshi Ikegami, Akira Takagi, Hiroyuki Asano, and Hidetomo 
Oguri 

J-PARC Center, Tokai-mura, Naka-gun, Ibaraki-ken 319-1195, Japan 

Corresponding Author: Akira Ueno, e-mail address: akira.ueno@j-parc.jp 
 

The Japan Proton Accelerator Research Complex (J-PARC) cesiated rf-driven HØ ion source (IS) 
[1-3], whose requirements are a peak beam intensity of 60mA within normalized emittances of 
1.5πmm•mrad both horizontally and vertically, a flat top beam duty factor of 1.25% (500µs×25Hz) 
and a life-time of longer than 1month, has been successfully operated for about one year. The results 
of the fine-tuning to minimize the emittances of the J-PARC-IS with plasma chamber #3, which had 
the largest emittances with initial settings among four plasma chambers, will be presented in this 
paper. The rod-filter-filed will be finely tuned by selecting magnets with slightly different field 
strengths and/or changing gap-lengths. The dependence of the beam-hole-diameter on the emittances 
will be also presented. The tuning procedure to improve the emittances is one of the most important 
technology for the IS of the high-energy and high-intensity accelerator. 
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In this work, a study of the vibrationally excited hydrogen molecules formed via recombinative 
desorption of hydrogen atoms on surfaces of selected materials is performed. Assuming that 
dissociative attachment of low energy electrons is the main generation channel of hydrogen 
negative ions [1], highly excited states of molecules (H2(X1Ȉg

+,v’’�5)) can be correlated with 
thenegative ion density [2]. 
In order to focus on the recombinative desorption of atoms, a two stage/chamber configuration is 
employed. In the first stage, a filament maintained at moderate temperature (~1500 K) dissociates 
hydrogen molecules and provides an abundant density of atomic hydrogen, which then recombine 
on the walls of the chamber [3,4]. The material of the chamber can be conveniently changed and its 
temperature is controlled.  
  The highly excited molecular hydrogen generated inside the first chamber escapes through a 
nozzle into the second chamber. Here, four dipolar sources [5] are used as a source electrons [6] of 
controlled temperature. From the combination of cold electrons and highly excited molecules, 
negative ions are generated and measured by the photodetachment technique [7].  
 
[1] M. Bacal, Nucl. Fusion 46, S250 (2006). 
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[4] X. Sha, B. Jackson, and D. Lemoine, J. Chem. Phys. 116, 7158 (2002). 
[5] A. Lacoste, T. Lagarde, S. Béchu, Y. Arnal, and J. Pelletier, Plasma Sources Sci. Technol. 11, 407 
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  The IsoDAR experimental program aims to decisively test the sterile neutrino hypothesis. In 
essence, it is a novel cyclotron-based neutrino factory that expands the frontiers in both high 
intensity cyclotrons and electron flavor anti-neutrino sources. By accelerating H2

+ ions rather 
than protons, we can reduce space-charge effects, and deliver twice the number of protons per 
nucleus on target. The requirement for IsoDAR is an H2

+ current of 5 mA injected into the 
cyclotron and captured by the RF. For this purpose, we are currently developing a dedicated H2

+ 
multicusp ion source and low energy beam transport system with bunching for the IsoDAR 
cyclotron. In this contribution we are presenting the final technical design of the ion source, 
simulations of the beam extraction, and report on the status of assembly at MIT. 
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  Ion source based on a volume ion production as a rule is characterized by the presence of the 
working gas in the extraction system leaking from the gas-discharge chamber. Depending on the 
residual gas pressure the quasineutral or plasma regimes of the beam propagation are realized. In 
both regimes the development of the different plasma-beam instabilities may occur. In the paper 
presented the development of the oscillatory instability is discussed which takes place under 
some conditions in the three-component plasma system. This instability is caused by the 
secondary (plasma) electrons inside the beam volume. The quantity of the electrons may be 
rather small – about 0.01 percents of the density of the beam. Analytically the range of the stable 
beam propagation is determined. The case of one-dimensional system is considered that 
corresponds to the diode with the large aspect ratio. The instability increment is shown to be 
rather small. Maximum increment of the oscillations corresponds to the thermal particle 
velocities, and one can say about resonance character of the instability. The group velocity of the 
oscillations is near the beam particle velocity so the oscillations are the “drift” oscillations. The 
instability is studied numerically too with the help of COMSOL Multiphysics.   
 
 

TuePE04 
 

Mixed Pierce-two-stream instability development in extraction system  
of a negative ion source 

 
Helen Ye. Barminova and Alexander S. Chikhachev 

National Research Nuclear University MEPhI, Moscow, Russia 

Corresponding author: Helen Ye. Barminova, e-mail: barminova@bk.ru 
 

  Negative ion source based on a volume ion production is characterized by essential working gas 
leakage into the extraction system. The working gas presence in the area of the beam propagation 
leads to both positive and negative effects, one of the positive effects being the compensation of 
the beam own space charge. One of the negative effects is the possible development of the 
plasma instabilities that may result in the beam current oscillation or breakdown, so it is of 
importance to work in the range of the gun parameters far from the instability threshold. In the 
paper presented the conditions of the development of the mixed Pierce-two-stream instability are 
discussed. Analytically the range of the stable beam propagation is determined. The instability 
threshold is shown to be increased compared with the pure Pierce instability caused by the finite 
mobility of the background ions. The conditions of the growth of the inclined perturbations are 
investigated in the case of the beam real geometry, when the transverse dimension of the beam is 
quite comparable or less than the specific inter-electrode distance. The instability simulation in 
COMSOL Multiphysics is performed too.   
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A detailed characterization of wave-to-plasma interaction in a quasi-flat magnetostatic field at 3.75 
GHz has been carried out by using a small-wire movable RF antenna. The plasma-affected RF spectral 
emission during Electron Bernstein Waves (EBW) heating has been measured by means of a 1kHz-50 
GHz spectrum analyzer. EBW are generated by extraordinary waves at the Upper Hybrid Resonance by 
means of non-linear mechanisms. The coupling between the EM waves and the electrostatic waves lead 
to a characteristic spectral emission in the low frequency range (ion waves) and around the pumping 
wave frequency. The EM spectra have been characterized for different values of the microwave power, 
frequency and pressure in different spatial regions of the plasma. The more relevant results consist in 
the broadening of the pumping wave spectrum above critical RF power thresholds, and the generation 
of sidebands at given ∆f with respect to the pumping frequency, with corresponding components in the 
low frequency domain (ion waves around 10-100 kHz). These non-linearities are accompanied by the 
formation of an overdense plasma and by the emission of intense fluxes of X-rays in the 100 eV-10 
keV domain. The results will be discussed and interpreted along the paper.  
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   Application of ferromagnetic enhanced inductors in inductively coupled plasma (ICP) sources 
results in many attractive features comparing to traditional ICPs without ferromagnetic cores1.  
Ferromagnetic enhanced ICPs, (FMICPs) have extremely high power transfer efficiency 
reaching 99%, that corresponds to 1% power loss in the inductor, which is an order of magnitude 
less than that in best helicon plasma sources.  The ability to operate at low frequency (1-2 order 
of magnitude lower than that in traditional ICPs), with high power factor allows for elimination 
of matching networks, and practically absence of capacitive coupling make FMICP a superior 
plasma source for many applications.  
    A special class of FMICP having immersed inductor with ferrite core is reviewed in this 
presentation. Electrical and plasma characteristics measured for wide range of RF power (25-600 
W) and gas pressure (1 mTorr-1 Torr) in Ar and Xe gas for few FMICP sources with immersed 
ferrite inductors are discussed.  Particularly, the power transfer efficiency, inductor RF voltage 
and current, power factor, and extracted ion and electron currents are given as functions of RF 
power and gas pressure.  A simple in construction compact plasma cathode (for thruster ion 
neutralization and for e-beam/plasma study) has been developed and its superior performance 
(comparing to known plasma cathodes) has been demonstrated.  Similar advantage should be 
expected for ion sources build on the same scheme. 
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We describe the original approach to use the plasma accelerators with closed electron drift 
(Hall-type ion sources), which, unlike traditional accelerators with metal and dielectric walls, 
have open (gas) walls and can be applied for creation cost effective low maintenance plasma 
devices based on plasma lens configuration for production converging towards axis 
accelerated ion beams. Based on the idea of the continuity of current transferring at the 
system in the frame of one-dimensional model, exact analytical solutions describing electric 
potential and electron density distribution along acceleration gap are found. It was shown that 
potential distribution is parabolic for different operation modes in low-current mode, as well 
as in high current quasi neutral plasma mode, and does not depend on electron temperature. It 
is found that, under conditions for which all electrons originated within the gap by impact 
ionization only, and go out towards anode due to classical mobility in transverse magnetic 
field, the condition of full electric potential drop in the accelerating gap corresponds to the 
gap length equality to the anode layer thickness.  

Experimental model of cylindrical Hall-type plasma ion source that produced ion plasma 
flow converging towards the axis system was created. The current-voltage characteristics of 
the accelerator in different operating modes were defined. In high-current quasi neutral 
plasma mode of accelerator operation, plasma jet is observed. It is shown that along the jet 
axis potential drop arise which can be used for ion beam accelerating. It is noted the power 
ion plasma flow increases with discharge current density growth. Note also, the ion current 
density at the jet axis can reach up to 2-3% of total discharge current. The obtained 
experimental results are in qualitative agreement with theoretical consideration.  

Note also, the described plasma ion source can be attractive for many different high-tech 
applications, e.g., for creation effective plasma lens with positive space charge cloud for 
focusing negative intense charged particle beams (electrons and negative ions) and for 
potential devises of low cost and compact thrusters.  
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Previous measurements with a filament-driven multi-cusp arc discharge volume production H� 
ion source [1] suggest that photoelectron emission could contribute to properties of hydrogen ion 
source plasmas. In this study photoelectron emission measurements have been performed using a 
room-temperature 14 GHz ECR ion source. It is shown that the photoelectron emission from Al, 
Cu, and stainless steel (SAE 304) surfaces, which are common plasma chamber materials, is 
predominantly caused by plasma VUV-emission. Characteristic X-ray emission from the plasma 
has an insignificant contribution to photoelectron emission. In the measurement setup the radial 
line-of-sight plasma volume is between the poles of the sextupole magnetic field, i.e. 
photoelectron emission induced by direct wall bremsstrahlung is not observed. Photoelectron 
currents are measured as a function of microwave power with different magnetic field strengths, 
neutral gas pressures and plasma elements. The total photoelectron flux from the plasma 
chamber wall is estimated from the measured photoelectron currents by taking into account the 
measurement geometry. The total photoelectron flux is compared to estimated electron losses 
from the plasma in order to deduce the significance of the effect on ECR ion source plasma 
properties. 
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The Penning Ion Gauge or the Penning Trap that uses a combination of electric and magnetic fields to 
trap ions has applications in accelerator physics. Such Ion Sources are used to inject ions into 
accelerators which are extracted after acceleration for various purposes. The Particle in Cell Algorithm 
has been a popular tool for plasma simulations for the past few decades and has been gaining 
popularity as computational abilities of today’s machines increase. An attempt was made to simulate a 
simplified 1 dimensional voltage mirror of a penning trap by ignoring the magnetic field using the 1-D 
Electrostatic Particle in Cell Algorithm and include certain boundary conditions which can be later 
improved upon to model behavior like sputtering and ionization events. Simulation results in phase 
space indicate the oscillation of ions around an equilibrium saddle point. This paper discusses further 
attempts at modeling the Penning Ion Gauge behavior.  
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Ion beam equipment produces dust particles of µm order sizes in an ion beam transport 

region.  The particles originate in ion source plasma, and traverse the extractor to reach the 

region of low density ion beam produced plasma.  The transport of dust particles is 

determined by local electric fields formed at the boundary of the ion beam produced plasma.  

An experimental setup is assembled to measure the distribution of dust particles in the ion 

beam transport region.  The setup consists of a test chamber, a monoplasmatron source, an 

extractor and a solid state laser.  A monoplasmatron plasma generator has a hollow cathode 

electrode, an anode electrode and a floating electrode that constricts plasma flow from the 

cathode to the anode.  A 100 mm outer diameter 70 mm height Pyrex glass tube houses the 

monoplasmatron electrodes.  Three electrodes with their 2 mm diameter apertures at the 

center served as the extractor to form the ion beam.  All monoplasmatron electrodes are 

made of graphite and the produced carbon dusts by plasma sputtering are extracted to the ion 

beam transport region in the test chamber having 310 mm inner diameter and 120 mm height 

cylindrical shape.  A graphite laser dump which has a triangular prism shape is held in the 

test chamber to eliminate a reflection laser light.  Laser scattering light from an incident laser 

light at 532 nm wavelength shows where and when a µm order particles passes through the 

ion beam transport region.  As the result, dusts with the size more than 10 µm were found 

distributed in the center of the ion beam, while less than 10 µm size dusts distributed along 

the edge of the ion beam.  This observation coincides with the charge up model of the dust in 

the plasma boundary region. 
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The ion sources R&D team of the INFN-LNS has been working on the modelling of microwave 
generated plasmas for many years, dealing with the demands coming from different projects like 
ESS, AISHA, ECR-based charge breeders, VESPRI, Daeδalus. At first a stationary version of the 
PIC code was developed following a path that now is going to become a standard for particle 
tracking code also in commercial products. Electromagnetic properties of the plasma and full-waves 
simulations are now affordable for non-homogenous and magnetized (i.e. non-isotropic) plasma via 
“cold” approximation. The diffusion and thermalization of plasma particles by elastic Coulomb 
collisions via the Fokker-Planck equation are now included instead of the Spitzer collisions. High 
level of performance was reached with optimization of the code for parallel environment. A wide 
database of different cross sections related to reactions occurring in an hydrogen plasma was 
collected and implemented. The next step consists of merging such a variety of approaches for 
retrieving an “as-a-whole” picture of plasma dynamics in MDIS sources for intense proton beams 
production. The preliminary results will be summarized in the paper, that shows as the realization of 
a predictive software including the complete processes involved in plasma formation is still rather 
far, but a better comprehension of the source behaviour is possible and so the simulations may 
support the optimization phase. 
�
�
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Comprehensive diagnostics has been carried out for an RF ion thruster (RIT) based on 
inductively coupled plasma (ICP) with an external flat antenna coil enhanced with ferrite core. 
The ICP was confined within a cylindrical chamber with low aspect ratio to minimize plasma 
loss to the chamber wall. Integral diagnostics of the ICP electrical parameters (RF power and coil 
current) allowed for evaluation of the antenna coil, matching network, and eddy currents loss and 
the true RF power deposited to plasma. Spatially resolved electron energy distribution function 
(EEDF), plasma density, electron temperature, and plasma potentials were measured with 
movable single Langmuir probes. 
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  All excited states of the H anion are doubly excited, with both electrons above the 1s orbital, 
and sets of **H– resonances occur at and below the energies of the n=2, 3 and 4 states of H. 
These states are unbound, with lifetimes of 100 femtoseconds or less, that only appear as 
enhancements in electron and photon reactive cross sections with H and H–. One state, **H–

(2p2 3Pe), is calculated to be bound at 9.7 meV with a several nanosecond lifetime, and was 
originally proposed as a metastable state of **H– to explain broadening of Lyman-Į radiation 
in space plasmas. This state is thought to be unobtainable in terrestrial experimentation 
because its photonic production from H- violates parity conservation, and the resonance does 
not show up in energy scans of electron-hydrogen collisions. Hydrogen plasmas are optically 
dense to Lyman-Į radiation, creating an over-population of *H(n=2) neutral atoms. Energy of 
10.2 eV is stored in such *H(2s) and is available to interactions throughout the source plasma 
volume during its 200 msec lifetime. The collision of two *H(n=2) atoms is energetically 
open to the production of a doubly excited anion through neutral resonant ionization in which 
the n=2 electron of one atom transfers to one of the three open n=2 orbitals of the other atom.   
  A study of the collision dynamics of two *H(2) atoms in the potential-energy versus 
separation (E vs r) plane shows that an ionic pair involving an **H– resolves at least three 
long-standing collision experiments. These required unphysical assumptions if only vertical 
transitions in (E vs r) are allowed. This same analysis shows the energetic pathway from the 
collision of two *H(2) atoms to a doubly-excited anion/proton pair to a doubly excited 
hydrogen molecule which  then has several paths to the unexcited ion pair. The experimental 
signal of this process in a plasma ion source is difficult to quantify because the **H–(2p2 3Pe) 
is never isolated and no specific optical emission is expected. However, the resulting H+, H– 
should both have an energy of 3.77 eV. 
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  A widespread theory of surface ionization explains negative secondary ionization mass 
spectrometry (SIMS) and is extended to Cs sputter ion sources (CSIS), but SIMS and CSIS 
differ greatly in analytical practice. Primary ion beams sputter analyzed surfaces in SIMS at 
controlled erosion rates while CSIS uses a primary ion beam with 103 to 105 higher power 
densities to rapidly erode a material. Highly focused Cs+ beams in CSIS sources create mm-
diameter sputter craters that support small blue plasma balls on which negative ion currents 
and ionization efficiencies are notably dependent. Sputtering produces overwhelmingly 
neutral products that the plasma has long been thought to ionize as in a charge-change vapor, 
but taking place at 1000-fold lower energies. Neutral atoms at keV energy were shown  to 
capture electrons from neutral Cs in the 1960’s and calculations showed in the 1970’s that 
cross sections rose dramatically at lower energies with Cs atoms in excited states. Resonant 
behavior was demonstrated in the 1980’s with neutral resonant ionization (NRI) occurring at 
high rates for eV energy collisions.  
  A collision-radiation model of a Cs plasma in a recess was developed that followed 
electronic excitation and optical resonance up to the Cs(7d) state to understand control of the 
excited states. NRI cross sections are essentially unknown, but the Landau-Zener-Stückelberg 
formalism predicts that the maxima rise as the inverse square of the energy deficit: the 
difference between the ionization potential of the Cs state and the electron affinity of the 
sputtered neutral atom. The model shows production of Cs excited states under conditions 
that maximize measured CSIS ion current, explaining much “lore” of sputter sorcery. The 
model has been directly tested. The predicted reduction of  36S– ions by addition of Ir or Pt to 
AgCl samples for 36Cl AMS is seen from suppression of Cs(5d). The high level of Cs(7d) in a 
0.5 mm recess explains the 83 µA/mm2 C– current density compared to the 20 µA/mm2 from 
a 1 mm recess that is a strong refutation of the surface ionization hypothesis of CSIS 
operation. 
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The long-term operation of high charge state electron cyclotron resonance ion sources fed with 
high microwave power has caused damage to the plasma chamber wall in several laboratories. 
Porosity, or a small hole, can be progressively created in the wall on a year time scale, which can 
cause a water leak from the cooling system into the plasma chamber vacuum. A burnout of the 
VENUS chamber is investigated. Information on the hole formation and on the necessary local 
hot electron power density is presented. Next, the hot electron flux to the wall is studied by 
means of simulations. First, the results of a simple model assuming that electrons are fully 
magnetized and strictly following magnetic field lines are presented. The model qualitatively 
reproduces the traces left by the plasma on the wall and shows characteristic sub-patterns, which 
are seen experimentally. However, it is too crude to reproduce localized power densities of the 
electrons at the wall necessary to make a hole in the chamber wall. Second, the results of a 
Monte-Carlo simulation following a population of hot electrons into the ion source is presented. 
The simulation includes electron scattering. This time, a localized, high power density deposition 
to the wall results. A comparison between simulation and experiment is discussed in the case of 
the VENUS source. Finally, options to avoid hole formation in ECR ion sources chamber walls 
are explored.  
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As the negative ion source for neutral beam injection in JT-60SA and ITER, a large cesiated 
negative ion sources have been designed to produce the high current beams of > 20 A from an 
ion extraction area of > 45 cm x 110 cm. In order to maintain the high current beam 
production, cesium (Cs) is continuously injected to enhance the surface production of 
negative ions on the plasma grid (PG). In this case, Cs recycling such as high Cs consumption 
and long conditioning phase is one of the critical issues. Therefore, it is important to clarify 
physics of the Cs recycling in the negative ion source. As the first step, time evolution of 
spatial profile of negative ion production during an initial conditioning phase has been 
experimentally investigated in the JT-60 negative ion source, where a Cs nozzle is installed in 
the center of the negative ion source and negative ions are extracted from the PG (45 cm x 
110 cm). Up to 0.4 g Cs injection, there is no enhancement of the negative ion production and 
no observation of the Cs emission signal in the source, suggesting the injected Cs is mainly 
deposited on the water-cooled wall near the nozzle. After 0.4 g Cs injection, enhancement of 
the negative ion production appeared only at the central segment of the PG. The calculation of 
the Cs neutral/ion trajectories implied that a part of Cs was ionized near the nozzle and was 
transported to this area. The expansion of the area of the surface production was saturated 
after ~2 g Cs injection corresponding to ~6 x 103 s discharge time. From the results, it is 
found that Cs ionization and its transport plays an important role for the negative ion 
production.  
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A test stand and two negative hydrogen ion sources with hot cathode arc discharge were 

developed at IMP. The first one, Lanzhou negative hydrogen ion source 1 (LNHIS1), adopted 
Halbach hexapole magnet as plasma confinement, performs 1 mA DC H¯  beam with 900 W 
arc power. The second one, Lanzhou negative hydrogen ion source 2 (LNHIS2), used ten poles 
Multi-Cusp magnet as plasma confinement, performs 4.5 mA DC H¯  beam with 2200 W arc 
power. This paper presents our progress and compares the two sources. 
 

 

TuePE18 

Model and measurement of beam extraction of LNHIS1 and LNHIS2 

 

Shuhao Lin1,2, Yun Cao1, Jibo Li1, Bing Wang1, Yuan Ping1, Liangting Sun1, Hongwei 
Zhao1 

1Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, P. R. China 
2Chinese Institute of Atomic Energy, P. O. Box 275(3) Beijing 102413, P. R. China 

Corresponding author: Shuhao Lin, e-mail: linshh@impcas.ac.cn 

 
A set of online electrical movable three-electrode extraction system was designed 

and fabricated for a negative hydrogen ion sources test stand. Two negative hydrogen 
ion sources, Lanzhou Negative Hydrogen Ion Sources 1 and 2 (LNHIS1 and LNHIS2), 
were test at this stand with this extraction system. Beam intensity and emmittance were 
measured respectively with a Faraday cup and an Alison scanner. Model of beam 
extraction used PBGUNS code was given and compared with the test results.  
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  The Vessel for Extraction and Source Plasma Analyses (VESPA) [1] has been operational 
at the Rutherford Appleton Laboratory (RAL) for one year. This project supports and guides 
the overall ion source R&D effort for the ISIS pulsed spallation neutron and muon facility at 
RAL. The overall aims for the project are: to investigate exactly what properties and H– 
production mechanisms the ion source plasma has, through optical emission spectroscopy 
techniques; to completely redesign the extraction system for loss-less injection into a 
magnetic low energy beam transport (LEBT); to quantify the effect of removing caesium 
trapping; to investigate whether the source lifetime can be increased through overall 
efficiency improvements, and to support R&D occurring in parallel, such as a scaled ion 
source [2].   
  Having commissioned the VESPA and successfully extracted beam [3], the initial problems, 
such as high operating temperatures, poor vacuum pressure and lower than expected beam 
current, have been solved. The VESPA produces 100 mA of pulsed H– beam, proving that 
collimation on the analyzing dipole magnet is the reason only 50 mA is measured on the ISIS 
operational source for the same set-points. Perveance scans indicate that the source is 
production-limited (i.e. saturates away from the Child-Langmuir curve) at extraction voltages 
above 14 kV unless the discharge current in increased from the standard 55 A to 70 A. 
  A high resolution optical monochromator is used to measure plasma properties using argon 
as a diagnostic gas. The hydrogen gas temperature increases by the square root of arc current, 
up to 2.8 eV for 50 A; whereas the electron temperature has a slight linear decrease toward 
2.1 eV. Gas and electron densities are in the same order of magnitude at around 1 x 1019 m-3, 
with electron density increasing and gas density decreasing with arc current. SRIM 
calculations prove that operating the ion source under argon in high current pulsed mode is 
extremely difficult because the cathode-coated caesium is heavily sputtered by argon. 
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  Progress is being made in the development of an Ion Source Test Facility (ISTF) by D-Pace 
Inc. in collaboration with Buckley Systems Ltd in Auckland NZ. The project is planned in two 
phases, with the first phase schedule to be completed by October 2015. The ISTF will have 
multiple purposes. It will primarily be used for the development and commercialization of ion 
sources. D-Pace Inc. licensed from the University of Jyvaskyla a CW 13.56MHz RF H- 30 keV 
Volume-Cusp ion source with the goal to increase the current from 1 mA to 5 mA DC. We 
expect to test the first model by early 2016. We also plan to further improve D-Pace’s TRIUMF 
licensed filament powered H- DC Volume-Cusp 15 mA, 30 keV ion source to 20-25 mA. 
Thirdly, D-Pace Inc. plans to investigate the production of exotic negative ion beams such as C-. 
The ISTF will also be used to characterize and further develop various D-Pace Inc. products 
under development. This includes TRIUMF licensed devices such as an emittance/phase space 
scanner, wire scanner, sliding slit Faraday Cups, slits, collimators; and D-Pace devices such as 
AC raster scanning magnets, scintillator based beam profile monitors and low energy transport 
(LEBT) systems. The ISTF will also be used to factory acceptance test ion sources and beam 
diagnostics devices before shipment to customers. Finally, an analyzer permits energy spectrum 
measurements to be made or mass spectrometer measurements. Collaborative R&D or 
independent 3rd party experiments would be possible. The first phase of the ISTF, schedule to be 
commissioned in August 2015, will incorporate a single faraday cage and ion source bay for the 
developing the RF and filament powered volume cusp sources. Analysis equipment will include 
a single vacuum box with ports for emittance/phase space scanner, wire scanner and faraday cup. 
The second phase, schedule to be commissioned August 2016, will see a 1:1000 
Analyzer/Spectrometer System added to the ISTF. 
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Negative ion based neutral beam injection system is one of the promising candidates for 
plasma heating and current drive of magnetic fusion reactors. The negative ion source which can 
produce negative ion beams with high power and long pulse is the key component for this 
system. One of the key issues for the design and development of such negative ion sources is to 
clarify negative ion trajectories. Especially, to understand the physical mechanism of the beam 
halo formation in the negative ion sources is inevitable for the suppression of the heat loads in 
the accelerator.  

In this study, the negative ion trajectories from the plasma meniscus to the accelerator are 
investigated to clarify the halo formation and analyze the beam halo in the accelerator 
quantitatively. The negative ion trajectories from the plasma meniscus to the extractor are 
calculated by using the 3D PIC code in which the plasma meniscus is calculated self-consistently 
without any assumptions. On the other hand, the negative ion trajectories in the accelerator are 
calculated by using the commercial software (Omnitrak, Advanced Science Laboratory, Inc.) 
with the boundary condition that the potential at the location of 20 mm away from the exit of the 
extractor is given to be 52.4 kV.  

The physical mechanism of the halo formation reported in ref. [1] with the 2D PIC code 
is verified: The beam halo consists of the negative ions extracted from the periphery of the 
meniscus, while the beam core consists of the negative ions extracted from the center of the 
meniscus. The curvature of the meniscus becomes larger near the periphery. Therefore, the 
difference of negative ion extraction location results in a geometrical aberration, and then the 
beam halo. 
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   The development of a large area RF driven negative hydrogen ion source is one of the key 
issues in the construction of the Neutral Beam Injection system (NBI) of the international 
experimental fusion reactor ITER. The source should supply 66 A (j=33.0 mAcm-2) extracted 
current in hydrogen and 57 A (j=28.5 mAcm-2) in deuterium operation under a pressure of 0.3 
Pa. Obtaining these parameters is a scientifically and technically very challenging goal. 
    To improve the understanding of the negative ion (NI) extraction process and to determine 
conditions at which the extracted NI current reaches its maximum with simultaneously co-
extracting a relatively low electron current (Ie /INI <1 for ITER) the 3D PIC MCC electrostatic 
code ONIX is exploited. Simulations were performed for plasma parameters (particle densities, 
temperatures, …) experimentally obtained on the source testbed BATMAN. The results of these 
simulations enable performing a cross-checked analysis with experimental results. Additionally, 
they can play a crucial role for the model validation. 
After the code has been benchmarked and validated by various tests, predictive modeling of the 
extraction of NI has been performed. The results show that the extracted hydrogen NI current 
density could reach about ~30 mAcm-2, as measured in the experiments under the same plasma 
and source conditions. The dependency of the negative ion density in the bulk plasma region on 
the extracted NI current from both the modeling and the experiment was investigated by the 
code: the extracted current from NI produced at the Cs covered plasma grid (PG) surface, 
initially moving towards the bulk plasma and then being bend towards the extraction surfaces is 
lower compared to the extracted NI current from directly extracted surface produced ions. The 
separate distributions of the negative ion extracted current from the bulk plasma region and the 
PG surface will be shown here for different NI plasma volume densities and NI emission rates 
from the plasma grid wall respectively. 
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A numerical simulation code based on the Electromagnetic Particle in Cell (EM-PIC) Model 
with Monte Carlo method for Collision processes (MCC) has been developed to understand 
the Radio Frequency Inductively Coupled Plasmas (RF-ICP) [1].  It is possible for the code to 
obtain the Electron Energy Distribution Function (EEDF) and Ion Energy Distribution 
Function (IEDF) in RF-ICP. This is the most distinct feature of the code compared with the 
conventional fluid model.    
The code has been improved step-by-step by including various effects, such as i) capacitive 
component of the electric field[2], ii) Coulomb collision[3] and iii) coupling to the Collisional 
Radiative (CR) model[4,5] for the calculation of Balmer emission lines from the source 
plasmas. The code has already been applied to the simulation of the Linac4 H- source plasma. 
Most of these studies, however, were focused on the macroscopic property of RF plasmas and 
detailed discussion of the EEDF in RF plasmas has not been given so far. 
In this paper, with the RF-code described above, we mainly discuss the characteristic features 
of the EEDF in RF plasmas. The relationship between the EEDF and plasma source 
parameters (magnitude of RF field, RF-coil current, etc.) will be investigated. Also, the 
numerical results of the EEDF in RF plasmas have been compared with those by simple 
theoretical approach [6] based on the Boltzmann equation. 
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 For the upgrade of the Japan Proton Accelerator Research Complex (J-PARC) linac beam 

current, a cesiated RF-driven negative hydrogen ion source [1-3] was installed in 2014 

summer shutdown period, and started to operate on September 29, 2014. The ion source has 

been successfully operated with a beam current and a duty factor of 33 mA and 1.25 % (500 

µs and 25 Hz), respectively. The result of recent beam operation showed that the ion source 
is capable of continuous operation for approximately 1,100 h. The spark rate at the beam 

extractor was observed to be less than once a day, which is acceptable level for the user 

operation. Although the antenna failure occurred during the user operation on October 26, 

2014, there were no further serious troubles since then. In this paper, we will present the 

some operation parameters and the beam stability of the RF-driven ion source through the 

long-term user operation. 
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In cyclotron used for medical application, negative hydrogen ions (H-) are commonly 
injected and accelerated to obtain higher extraction efficiently [1]. In such application of H- 
ions, it is highly required to enhance the H- production in ion sources and for obtaining high 
H- beam current. In this study, we focus on the multi-cusp DC arc-discharge source [2]. A 
systematic study of the EEDF (Electron Energy Distribution Function) in the arc-discharge 
plasma has been conducted. Especially, the effect of the EEDF on the efficient H- production 
has been studied by the KEIO-MARC code (Kinetic modeling of Electrons in the IOn source 
plasmas by the Multi-cusp ARC-discharge) [3] . 

By using the results of the EEDF from the code, H- production rate/destruction rate is 
calculated by a system of zero-dimensional (0D) rate equations. Effects of 1) filter magnetic 
configuration, and 2) arc-discharge power, on the EEDF and on the resultant H- 
production/destruction have been studied systematically. In addition, their optimizations are 
being carried out. Furthermore, some improvements of the KEIO-MARC code regarding 
neutral reactions and transport are being conducted. The results of those improvements will 
also be reported. 
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     An innovative scheme of a neutral beam injector (NBI), based on the electrostatic 
acceleration and magneto-static deflection of negative ions, suitable for DEMO-like fusion 
reactor, is proposed and analyzed in term of feasibility and performance. The scheme is based on 
the deflection of a high energy 2 MV and high current (some tens of Amperes) negative ion 
beam by a large magnetic deflector placed between Beam Source (BS) and neutralizer. This 
scheme has the potential of solving two key issues concerning the operation of neutral beam 
injectors for a fusion reactor: the maximum acceleration voltage and the direct exposure of the 
Beam Source (BS) to the neutron flux from the fusion reactor. A beam deflection of 45 degrees 
has been applied as it is sufficient to screen the BS from the neutron flux therefore allowing the 
electrostatic accelerator to be insulated from the grounded vessel by compressed SF6. The latter 
is essential to obtain a stable injector performance at higher accelerating voltages. The scheme 
has been analyzed from the point of view of the beam optics in order to ensure the divergence is 
within acceptable values and it has been found that the scheme is quite effective as the deflector 
is able to guarantee, not only the steering effect, but also the necessary beam aiming. 
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The ISIS cesiated Penning compact surface plasma source (CSPS) used at Rutherford 
Appleton Laboratory, whilst a reliable and well proven design, is unable to produce the beam 
parameter requirements for the upcoming Front End Test Stand (FETS) experiment. To this 
end a larger, scaled ion source is being developed which crucially features a plasma volume 
eight times larger than the ISIS source. 
This new source should deliver a substantially higher beam current at the same 50Hz 
repetition rate, whilst at the same time providing a longer lifetime due to the use of optimised 
electrode cooling and pre-operational heating, designed to reduce reliance on the use of 
destructive DC discharge to achieve operational temperatures.  
This paper describes the mechanical design changes required to accommodate the 8 fold 
increase in plasma volume whilst maintaining similar overall external dimensions to the ISIS 
source. Both the optimized cooling systems and the cathode pre-heating design are shown, 
including the linked fluid dynamic and steady-state thermal analyses.  
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Plasma generation process 

and thermal heat loadings 

from plasma to internal 

antenna in J-PARC RF ion 

source are investigated by 

EM-PIC MC (Electro 

-Magnetic Particle-In-Cell 

Monte-Carlo) code coupled 

with SOR (Successive 

-Over-Relaxation). From the 

experimental study, it has 

been clarified that the life-time has strong relation with defects or inclusions produced in 

manufacture process [1].  

On the other hand, thermal heat loadings from plasma to antenna surface is another 

candidate for cause of the failure. Optimization of the plasma (e-, H+, H2
+ and Cs+) 

acceleration to antenna surface may lead to relax the criteria of antenna manufacture for 

preventing the failure of RF antenna. The numerical model solves (i) plasma transport with 

collisions, (ii) induced EM field and (iii) capacitive electric field by antenna surface 

potential as shown in Fig.1, which shows strong capacitive electric field produced at the 

bend part and near feed through. Spatial distributions of heat loadings onto the antenna for 

different plasma particle species are calculated and reported in the paper. 
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�
Fig.1 SOR calculation result of capacitive electric field due to potential 
given on RF antenna; 240V on the first turn (Z=60mm) of antenna coil 
and bend part, 160 and 80V on the second and third turn of coil (Z=50, 

40mm), respectively. 
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A new test stand at FNAL is being constructed to carry out experiments to develop and upgrade 
the present magnetron-type sources of H- ions of up to 80 mA at 35 keV in the context of the 
Proton Improvement Plan (PIP). The aim of this plan is to provide high-power proton beams for 
the experiments at FNAL. The technical details of the construction and layout of this test stand 
are presented, along with a prospective set of diagnostics to monitor the sources. 
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The geometry of a single aperture in the extraction grid plays a relevant role for the 
optimization of negative ion transport and extraction probability in a hybrid negative ion source 
[1]. For this reason, a 3D PIC-MCC model of the extraction region around the single aperture 
including part of the source and part of the acceleration (EG grid) regions has been developed for 
the new aperture design prepared for NIO1 source [2] (see Fig. 1.a).  

Results have shown as the dimension of the flat and chamfered parts and the slope of the 
latter in front of the source region maximize the negative ion extraction probability (allowing the 
best EG field penetration and therefore minimizing the potential well). In Figs. 1.b and 1.c, 
plasma potential and negative ion density in the plane {x,z} has been reported, respectively (the 
PG is biased at ĳPG=15 V, while ĳEG=9 kV).  

 

 
(a) 

       
 
                                    (b)                                                                  (c)  

Fig. 1 – (a) Schematic cross-cut ({x,z} plane) of the NIO1 aperture in the extraction 
region. (b) Map of (b) plasma potential ĳ(V) and (c) H- ion density nH-(m-3) in the same plane 

as result of the present numerical model. 
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  Negative ions play a major role in a number of areas of physics and chemistry, for high current 
tandem accelerators, ion beam microscopy and lithography. Nowadays the neutral atoms are 
considered essential in the fusion experiments for additional heating of the plasma. The way to 
generate neutral atom beams is to produce a positive and negative ions, to accelerate them and 
then to neutralise. However, the efficiency is very low.  
Additionally, there is a strong fundamental interest in negative ions: here in screening of nucleus 
the inter–electronic interactions become relatively more important than the electron–nuclear 
interactions. In the interplay of these attractive and repulsive interactions the electron correlation 
plays an important role.  
  After reviewing the relevant theoretical and experimental background on negative ion 
acceleration mechanisms this presentation will discuss the results of recent experiments where 
energetic (׽MeV energies) negative ion and neutral atom beams have been generated at the 
passage of energetic positive ions through a liquid spray. We are demonstrating the efficient 
production of negative ions and neutral atom beams from MeV positive ions in the electron 
capture and loss processes, where the energy and momentum of the projectile is preserved. The 
process is rather general and different negative ions and neutral atom beams can be generated.  
We will discuss the physical aspects of the phenomena and open problems. At the moment we do 
not have clear explanation, but it is suggestive that the processes are more complex than the 
considered single electron capture and loss, or the shell effects in the electronic structure of the 
projectile ion and/or target atoms may influence the probabilities.  
Substantial work would be required for sophisticated model analyses in order to better 
understand the dynamics involved in the electron transfer processes.  
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The Japan Proton Accelerator Research Complex (J-PARC) cesiated rf-driven HØ ion 
source (IS) [1-3], whose requirements are a peak beam intensity of 60mA within normalized 
emittances of 1.5πmm•mrad both horizontally and vertically, a flat top beam duty factor of 
1.25% (500µs×25Hz) and a life-time of longer than 1month, has been successfully operated 
for about one year. The maintenances of four plasma chambers with internal-rf-antennas, 
which were developed at the Spallation Neutron Source (SNS) [4], will be presented in this 
paper. The J-PARC-IS was successfully operated with the antennas, which were classified by 
pre-conditionings [1]. The proper pre-conditioning procedure to avoid unnecessary antenna 
failures and the beam performance of each plasma chamber will be also presented. 
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Rf-driven ion sources for accelerators and many industrial applications benefit from detailed 
numerical modeling and simulation of plasma characteristics. For instance, modeling of the SNS 
internal antenna H- source has indicated that a large plasma velocity is induced near bends in the 
antenna where structural failures are often observed. This could lead to improved designs and ion 
source performance based on simulation and modeling. However, there are significant 
separations of time and spatial scales inherent to Rf-driven plasma ion sources, which makes it 
difficult to model ion sources with explicit, kinetic Particle-In-Cell (PIC) simulation codes. In 
particular, if both electron and ion motions are to be explicitly modeled, then the simulation time 
step must be very small, and total simulation times must be large enough to capture the evolution 
of the plasma ions, as well as extending over many Rf periods. Additional physics processes, 
such as plasma chemistry and surface effects such as secondary electron emission increase the 
computational requirements in such a way that even fully parallel explicit PIC models can not be 
used. 
One alternative method is to develop uid-based codes coupled with electromagnetics in order to 
model ion sources. Time-domain uid models can simulate plasma evolution, plasma chemistry, 
and surface physics models with reasonable computational resources by not explicitly resolving 
electron motions, which thereby leads to an increase in the time step. This is achieved by solving 
fluid motions coupled with electromagnetic using reduced-physics models, such as single-
temperature magnetohydrodynamics (MHD), extended, gas dynamic, and Hall MHD, and two-
fluid MHD models. We show recent results on modeling the internal antenna H- ion source for 
the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL) using the fluid 
plasma modeling code USim. We present simulation results demonstrating plasma evolution 
over many Rf periods for different plasma equation systems. We perform the calculations in 
parallel, on unstructured meshes, using finite-volume solvers in order to obtain 2nd-order 
accuracy. 
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  Doppler shift of Balmer-α line spectrum emission from hydrogen atoms in extraction 
region of a negative hydrogen (H-) ion source can give information on how hydrogen plasma 
in the region interact with the plasma grid surface of the ion source.  A spectrometer of 1 m 
focal length (Acton Research Corporation Model AM-510) with a CCD detector capable of 
resolving 2 pm records optical emission spectra around Balmer-α line from the plasma in the 
extraction region of the LHD one-third ion source.  The observed line spectra exhibit 
broadening due to fine structure, together with additional broadening arising from some 
change in discharge operation parameters like pressure and arc power.  An optical fiber 
coupled to a collimator lens collects photons along the line of sight intersecting the plasma 
grid surface with an angle smaller than 7.5 degree.  The measured spectra have shown a blue 
shift with the broadening, when the plasma grid was biased more negatively than the voltage 
corresponding to the plasma potential of the extraction region.  The blue shift component 
increased as the plasma grid was biased more negatively.  Fundamental processes 
determining the final velocity distribution of hydrogen atoms are investigated including 
evaluation of the contribution from surface collision at the plasma grid surface based on 
ACAT (Atomic Collisions in Amorphous Target) code calculation. 
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  The Oak Ridge National Laboratory operates two world-class neutron scattering facilities, 
the High Flux Isotope Reactor and the Spallation Neutron Source (SNS).  The SNS produces 
neutrons by first forming an H- beam from an RF-driven, Cs-enhanced ion source, accelerating 
it to ~1GeV in a linac and accumulating the doubly-stripped beam in a storage ring. The 
<1µs-long, ~35-A beam pulses are then extracted from the ring at 60 Hz, and directed onto a 
liquid Hg target, whereby neutrons are produced through spallation and guided through beam 
lines into 20 world class instruments. Currently the facility operates routinely with ~1.2 MW of 
beam power on target. In the near-term, the goal is to operate routinely at 1.4 MW, and then 
later near 2.8 MW when the facility is upgraded with a second target station. This paper 
describes the status of two accelerator components expected to play key roles in achieving 
these goals: a newly constructed RFQ accelerator and the External Antenna ion source.  
Currently, the RFQ is being conditioned in a newly constructed test facility and the external 
antenna source is also being tested on a separate test stand. This paper will summarize the 
results of experiments and the testing of these systems in order to assess their operational 
readiness. 
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  The ISIS pre-injector consists of: a high current negative Penning ion source; a 35 KV post 
extraction acceleration gap; a 3 solenoid Low Energy Beam Transport (LEBT); a mechanical 
beam stop and beam diluter for machine setup and a 655KeV 4-rod 202.5 MHz Radio 
Frequency Quadrupole (RFQ). 
The present pre-injector configuration has successfully delivered beam for ISIS operations for 
over 10 years since the RFQ replaced the old Cockcroft-Walton 665KV high voltage platform. 
At the time it was felt necessary to maintain the ability to revert to the old Cockcroft-Walton 
setup in order to keep the risk to ISIS operations as low as possible. In order to do this the 
entire new pre-injector installation had to be squeezed into the space previously occupied by 
the old Medium Energy Beam Transport (MEBT). Space was so limited that the RFQ had to 
be installed directly up against the first tank of the Drift Tube Linac (DTL). This results in 
significant beam loss due to mismatching of the beam parameters. 
With the reliability of the RFQ more than proven and the desire to reinstate a MEBT, this 
paper details the reconfiguration work done to expand the area and prepare for the installation 
of a new MEBT. The civil, electrical and mechanical work undertaken are outlined and the 
new layout of ancillary equipment detailed. The new ancillary equipment installed is also 
stated. The motivation for building a new MEBT is discussed and a new design briefly 
mentioned. 
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An experimental campaign aiming to investigate the laser driven light-ion acceleration in 
nanosecond domain has been carried out at the LENS (Laser Energy for Nuclear Science) 
laboratory of INFN-LNS in Catania. A Q-switched Nd:YAG laser with 1012 W/cm2 laser 
intensity, 1064 nm fundamental wavelengths, 6 ns pulse duration, operating in single shot mode, 
was employed to ablate a 2 mm thick aluminum target. Advanced diagnostics tools were used for 
characterizing the plasma plume and ion production, including ion collectors (IC) for time-of-
flight measurements, an X-ray sensitive CCD camera for the X-ray imaging and flux 
measurements, an intensified CCD camera for the time resolved optical imaging, a Thomson 
Parabola (TP) for the identification of different ion species and measurements of cut-off energy.  
The wide gamma of diagnostics tools now available at the LENS laboratory of INFN-LNS is 
allowing a deep investigation of the ion acceleration mechanism and of the interplays with the 
plasma parameters. The occurrence of proton acceleration with the production of a quasi-
monoenergetic beam is a relevant result that will be discussed in details along the paper, 
including the fundamental implications in laser-target interaction and following plasma plume 
expansion.  
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�
 We present a software tool that is capable of following the radial (transverse) time 
evolution of charge breeding in EBIS/EBIT devices. The underlying assumption is that the 
longitudinal (parallel) dynamics is largely decoupled from the transverse dynamics, an 
assumption which is valid after a short initial "equilibration" transition. The extra information 
that such simulation provides includes radial (transverse) distributions of charge, field, and 
velocity, transverse temperature; and includes space charge effects, fractional overlap between 
ions and electron beam, particle losses to the radial wall, and other diagnostic information.  
 What makes such (1D) simulations more practical is the utilization of a newly developed, 
general energy-conserving particle algorithm [1]. It allows to relax the stringent condition that 
relates the numerical grid size to the simulation time step in the traditional particle-in-cell (PIC) 
method and to also use a minimal number of computational particles. These properties provide 
the critical computational advantage for the energy-conserving method and make long time (tens 
of miliseconds) charge breeding numerical simulations possible on a single multi-core desktop 
station. 

[1] E. G. Evstatiev and B. A. Shadwick. “Variational formulation of particle algorithms for kinetic plasma 
simulations.” JCP 245, 376-398 (2013). 
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At Brookhaven National Laboratory (BNL), laser ion source produces various heavy ion beams 
provided to Relativistic Heavy Ion Collider (RHIC) and NASA Space Radiation Laboratory 
(NSRL)[1]. The ion species and beam current are required to be changed to meet the user’s 
requirements. A solenoid magnet is placed to control the beam current which can control the 
diverging angle of the plasma. Since the property of plasma is different with target condition, the 
effect of the magnetic field is expected to vary. To operate the ion source reliably, we investigated 
the magnetic effect on different ion beams. 
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In typical configuration of laser ion source, there is a drift section where plasma moves from a 
laser target to an extraction electrode with extending its volume. The density of the plasma 
decreases to the extent that ion beam can be extracted. At the section, solenoidal magnetic field is 
useful to guide the plasma and inject more particles into the electrode than without external field. 
To guide the plasma efficiently, we investigate the effect of the magnetic field on the plasma and 
vice versa. We measure the change of the plasma flux and magnetic field in the solenoid and 
discuss the interaction of them from the point of plasma guiding. 
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  Resonant Ionisation Laser Ion Source (RILIS) has emerged as an important technique in many 
facilities for its reliability and quality to generate selective and efficient Radioactive Ion Beams 
(RIBs). GISELE (GANIL Ion Source using Electron Laser Excitation) is an off-line test bench 
RILIS developed to study a fully operational laser ion source at GANIL. The aim of this project is 
to find the best technical solution which combines high selectivity and ionization efficiency with 
small ion beam emittance and stable long term operation. The ion source body has been designed 
as a modular system to investigate different experimental approaches by varying the geometry and 
the tube design parameters to compare and to develop the future on-line laser ion source. Different 
ion source geometries were tested in order to improve the efficiency and reduce the emittance. 
Latest results concerning the contaminant reduction inside the ion source either by, electric field 
potential or low work function materials, will be presented. In addition, a method to measure the 
energy distribution of the ion beam as a function of the time of flight will be discussed. GISELE 
has been funded by the French Research National Agency (ANR) and is under development at 
GANIL in collaboration with IPN Orsay (France), Univ. of Mainz (Germany), TRIUMF (Canada) 
and CERN (Switzerland). This project has received funding from the European Union’s Seventh 
Framework Programme for research, technological development and demonstration under grant 
agreement no 289191. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure. Time profile structures of 124Sn measured by the slit-grid method, applying positive and negative 
voltage in the ionizer (respectively). 
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In principle, an electron beam ion source (EBIS) device has a very simple mode of operation: an 
electron beam propagating through a gated ion trap step-wise ionizing trapped ions to high 
charge states. The electron beam, which is confined by an extremely large magnetic field, is 
injected from an electron gun through the trap into an electron collector. The ions are confined 
by the electron beam space charge radially and by high voltage electrodes (gates) axially. Unlike 
earlier EBIS devices, where the Debye length was larger than the radial dimension of trap 
plasma, the RHIC EBIS Debye length meets requirements needed for plasma theories to be valid 
in its analysis. Any instability requires a free source of energy to grow. Electrons stripped from 
ions can form a layer that slips past other particles in an EBIS trap, or accumulate in the gates. In 
either case, these electrons can be a source of free energy for diocotron instability by providing a 
slipping stream or a variety of microinstabilities due to axial positive slope gradients in 
configuration and velocity space. Possible solution to the problem is to remove these electrons 
from the trap. One option is to install an additional drift tube between the gate and the collector 
biased to higher Voltage than the other tubes, and bleed these electrons to ground in an 
additional split drift tube inserted upstream from the highest Voltage tube. Analysis of this idea 
will be presented. 
 
*Work supported by Work supported under Contract No. DE-AC02-98CH1-886 with the US Department of Energy. 
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We have investigated laser ablation plasma of various species using a nanosecond and a 
sub-nanosecond laser for both high and low charge state ion production. We found that with 
sub-nanosecond laser, the generated plasma has long tail which is low charge state ions determined 
by an electrostatic ion analyzer even when the laser irradiation condition for highly charged ion 
production. This can be caused by insufficient laser absorption in plasma plume. This property 
might be suitable for low charge state ion production. We used a nanosecond laser and a 
sub-nanosecond laser for low charge state ion production. The results of comparison will be shown 
in this paper. 
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Heavy-ion collider experiment in isobaric system is under investigation at Relativistic Heavy 

Ion Collider (RHIC). The laser ion source for RHIC-EBIS (LION) is required to provide charge 

state 1+ ions. Since a natural abundance of particular isotope is low, an isotope enriched material is 

needed as a target. To investigate the minimum target consumption condition and injector 

performance, pre-experimental study is being performed using neutrally found materials. 

 

 

 

 

 

 

 

 



TuePS09 
 

Contribution of Material’s Surface Layer on Laser Ablation Plasma 
  

Masafumi Kumaki1,2, Dannie Steski3, Shunsuke Ikeda4,2, Takeshi Kanesue3, Masahiro Okamura3, and 
Masakazu Washio1 

1Research Institute for Science and Engineering, Waseda University, Tokyo, Japan 
2Nishina center for Accelerator-Based Science, RIKEN, Saitama, Japan 

3Collider-Accelerator Department, Brookhaven National Laboratory, NY, USA 
4Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology, Kanagawa, 

Japan 

Corresponding Author: Masafumi Kumaki, e-mail address: rogus@asagi.waseda.jp 

 

A laser ion source (LIS) utilizes ablation plasma induced by laser irradiation. The plasma 
comprises multi charged ions which will be extracted and delivered to following accelerators. The 
highly focused laser irradiation always makes a crater on the material. However the evaporated 
material is not fully converted to the ions in the plasma. For example our past result[1] showed that 
a contribution of a 250 nm depth surface carbon layer of an aluminum target was very small on the 
laser ablation plasma. To clarify the effect of the surface layer of the target material, we are 
analyzing ion species and charge state distributions in the plasmas produced from carbon coated 
metal targets with various coating thickness. 
 

References  
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We have attempted to generate highly charged ions by using a laser ion source. We found that 
laser energy induced by sub-nanosecond pulse is not efficiently absorbed by the plasma. This might 
be caused by a short pulse duration of the laser. To promote the energy absorption, we are 
investigating sequential laser irradiation scheme. At the first irradiation, low temperature plasma is 
created then expanded. The second laser energy may be absorbed in the region of expanded plasma 
by first laser shot. The experimental result using Ekspla SL334 will be reported and discussed. 
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  Laser ion sources have been developed for the purpose of generating high intensity heavy ion 

beams. We have produced high intensity laser plasma by using Nd:YAG laser with several 

nanoseconds of the laser pulse and successfully generated high intensity heavy ion beams by 

applying the direct plasma injection scheme. The capability of the source to generate high 

intensity and high charge state beams strongly depends on the power density of the laser 

irradiation. Therefore we focused on using higher power laser to generate higher charge state 

heavy ions. We irradiated an iron target with several hundred picoseconds of Nd:YAG laser pulse 

and produced Fe20+ ions. In case of the nanosecond laser with similar laser power, the highest 

charge state was Fe18+. In this presentation, the charge state distribution of the laser-produced 

iron plasma under a variety of irradiation condition is summarized. 
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  A laser ion source that produces bunched ions is proposed.  In this ion source, 

plasma is produced by irradiation of a short pulse laser in RF accelerating field 

synchronized with the laser pulse.  The ions in the plasma are accelerated before its 

expansion, and a bunched ion beam can be extracted, while electrons go to the other 

direction.  We have been carrying out experiments using single shots of short pulse 

lasers to investigate the fundamental process.  In this presentation, some results of ion 

extraction experiments will be reported. 
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We have studied proton beam production from laser ion source using hydrogen rich target 
materials [1]. In general, gas based species are not suitable for laser ion source since formation of 
dense laser target is difficult. Plastic based material could be used as a target; however most of the 
plastics are almost transparent for conventional long wavelength laser light. In order to achieve 
reliable operation, we are testing some hydride targets using a sub nanosecond Q-switched YAG 
lasers which may suppress ions from the substrate material. The latest experimental results will be 
presented. 
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[1] M. Sekine, K. Kondo, M. Okamura, N. Hayashizaki, REVIEW OF SCIENTIFIC INSTRUMENTS 83, 
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Some metals are soft and chemically active at atmospheric condition. To investigate the 
feasibilities of making a target for laser ion source, we are examining target fabrication procedures 
and plasma productions. At the conference, we will report Ca and Li ion beam properties using 
high and low laser power densities and discuss possible issues for operations. 
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A new type of laser ion source is currently being developed for the production of 

singly/negatively charged ions using a capillary graphite target. The basic target design utilizes 

the small dimension of the narrow conduit to constrict the plume expansion of the laser induced 

plasma. Focusing a Q-switched Nd:YAG laser at 20 W maximum average power and 10 Hz 

repetition rate, the beam is directed along the axis of the graphite tube producing a dense plasma 

inside of the capillary through laser ablation. The injection of neutral gas to the plasma region 

inside the graphite target increases the collision rate within the structure to further cool down the 

expanding plasma plume. Operating with the streaming neutral gas injection scheme allows the 

injected gas to interact with the plasma and a reduction in the bulk electron temperature can be 

achieved which is favorable for negative ion production. The spatial and temporal propagation of 

the laser induced plasma plume in a background gas flow is studied using a high speed camera. 

The plasma composition and ion energy distribution will be determined by employing a time-of-

flight/magnetic deflection energy spectral analyzer coupled to a Faraday cup detection system. 

The laser parameters and suitable conditions of the streaming neutral gas injection will be 

investigated for the effects to singly/negatively charged ion production. 
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  The paper describes the results of investigation of the mass-to-charge state of the plasma 
ions produced in a vacuum arc discharge with a composite cathode. The cathode is a 
bottom end of copper disk covered by hydrogen-saturated zirconium film of thickness 10, 
15 and 35 µm. With the such cathode the vacuum arc ion source provides generation of 
multicomponent gas and metal ion beams with a hydrogen ion fraction from several 
percent to several tens of percents. During the arc current pulse the fraction of hydrogen in 
the plasma decreases, while the copper and zirconium ions fractions increase. It was also 
investigated evolution of hydrogen ions fraction in the process of the film erosion. For this 
purpose lifetime tests were performed. The lifetime of the film cathode as the source of 
hydrogen ions depends of film thickness and the pulse repetition rate. At the end of the 
tests the zirconium ions of the beam disappeared almost completely. 
 
Work is supported by the Russian Science Foundation under grant # 14-19-00083. 
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   The Electron String Ion Source (ESIS) is basically a modified Electron Beam Ion 
Source (EBIS) and they both were first proposed, developed and used in JINR for 
efficient production of intense beams of highly charged ions1,2. ESIS-type ion sources 
have various attractive advantages which are proven with the injection of neutral 
gases and neutral atoms of some metals into the ESIS. However, for charge breeding 
and study of rare ion beams or short-lived isotopes that are produced in nuclear 
reactions, external injection of corresponding 1+  ion beams into ESIS is required. 
   An assembly for a commercial Ga+ liquid metal ion source (LMIS) in combination 
with an ion transportation and focusing system, a pulse high-voltage quadrupole 
deflector and a beam diagnostics system has been constructed in the framework of the 
iThemba Labs (Cape Town, South Africa) – JINR (Dubna, Russia) collaboration. 
First results on Ga+ ion beam commissioning will be presented. Outlook of further 
experiments for measurements of charge breeding efficiency in the ESIS with the use 
of external injection of Ga+ and Au+ ion beams will be reported as well. 
 
References: 
 1E.D. Donets, et al., Rev. Sci. Instrum., Vol. 75, 1543-1545 (2004) 
 
 2E.D. Donets, et al., Rev. Sci. Instrum., Vol. 83, No 2, Part 2, 02A512 (2012) 
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Multicharged ions (MCI) sources are of interest for their utilization in surface modification, e.g., 
etching and deposition, for ion implantation, and for fundamental studies of ion-surface 
interactions. In laser MCI sources, the MCIs are generated by focusing a laser pulse on a solid 
target causing its ablation and ionization. The laser-matter interaction produces dense plasma 
consisting of ions, electrons, clusters, and neutral particles. We report on the development of a 
spark-assisted laser multicharged ion (SALMCI) source to enhance the plasma ionization by 
depositing spark energy into the laser ablated plume. The SALMCI source is composed of a laser 
MCI source and a separate spark stage to deposit energy into the laser ablated plasma. A Q-
switched 7.4 ns pulse width Nd:YAG laser (Ȝ = 1.06 µm) is used to ablate a solid target. For an 
aluminum target, the spark discharge results in significant enhancement of the MCIs generated 
along with higher charge states than observed with the laser source alone. With amplification 
stage (spark discharge energy of 1.25 J) and laser pulse energy (72 mJ/pulse), the total charge 
measured increases by a factor of ~9 and charge state up to Al6+ was observed compared to Al+3 
generated with only the laser pulse. Using a laser pulse energy of 45 mJ, charge amplification by 
a factor of ~13 was observed for spark discharge energy of 1.00 J. This approach also minimizes 
target damage by the laser pulse since the laser is mainly used to introduce the vapor into the 
spark while the energy delivered by the spark is used to heat the plasma increasing MCI 
production. 
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An experimental campaign aiming to investigate the ion acceleration mechanisms through laser-
matter interaction in femtosecond domain has been carried out at the ILIL facility with a laser 
intensity of 2E19 W/cm2. We will show the energy spectra of light-ions depending on structural 
characteristics of the target and role of surface and target bulk in the acceleration process. In 
order to obtain these information a Thomson Parabola Spectrometer and CR-39 have been used. 
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The discharge may take place while insulators are placed between high voltage 
electrodes in vacuum. It can produce copious quantities of plasma has been used in ion 
sources. The expansion of plasma can influnce ion extractor and is important to improved 
understanding of discharge process. In the paper characteristics of short pulsed plasmas 
generated by surface flashover discharge in vacuum has been studied by the Electrostatic 
Quadrupole Plasma analysers (EQP). The ion energy distributions of different charge states of 
different metal ions are measured. Charge exchange collisions between ions and neutrals 
created in vacuum discharge can affect the ion charge state distributions and ion energy 
distributions. Average energy and beam intensity of titanium ions with different charges 
reduce, while the angular increases deviating from the axis of plasma jet. 
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To simulate Electron-Beam Based Ion Sources (EBIS), FAR-TECH has developed an 
integrated toolset [1] consisting of: PBGUNS, which calculates steady-state electron beam from 
cathode to electron collector and ion beam injection and extraction in complicate beam line 
structures; and EBIS-2D, which is a time-dependent, self-consistent particle-in-cell code that 
tracks both the injected primary ions and the ions from the background neutral gas in the trap 
region of an EBIS.  

We will present an example simulation of Au+ charge breeding experiment at BNL RHIC 
EBIS [2]. In the experiment, the injected Au+ ion beam current was 1mA. In the simulations, the 
trajectories of injected ions from the injection deflector to the collector entrance are calculated 
with PBGUNS self-consistently by including the space charges from both ions and electrons. 
From the collector entrance to the ion trap, the ion beam, starting with initial conditions within 
the 100% acceptance of the electron beam, is tracked by EBIS-2D until 200 microseconds after 
the trap barrier is closed. In the trap, the evolution of the ion charge state distribution (CSD) is 
estimated by CHASER (0D charge state estimator). The extraction of charge bred ions is 
simulated with PBGUNS. The simulations of the ion injections with different ion beam currents 
show significant ion space charge effects on beam capture efficiency and the ionization efficiency. 
The simulated CSD is in good agreement with experimental measurements when the electron 
beam neutralization effects are included in the 0D model. 

 

 [1] J. S. Kim, L. Zhao, J. A. Spencer and E. G. Evstatiev,  "Electron-beam-ion-source (EBIS) modeling 
progress at FAR-TECH, Inc. ", AIP Conf. Proc. 1640, 44 (2015)  
[2]  E. Beebe, J. Alessi, S. Binello, T. Kanesue, D. McCafferty, J. Morris, M. Okamura, A. Pikin, J. 
Ritter and R. Schoepfer, "Reliable operation of the Brookhaven EBIS for highly charged ion production 
for RHIC and NSRL", AIP Conf. Proc. 1640, 5 (2015) 
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  Boron ion beam is widely used for implantation in semiconductors. Another attractive 

application for such ions is metal surface modification to improve operating parameters and to 

increase lifetime of machine parts and tools. For this purpose requirement for high purity boron 

ion beams is not so demanding like for semiconductor technology. That is why a composite 

cathode of lanthanum hexaboride (LaB6) was chosen to produce boron ions. Two discharge units 

were used in experiments: vacuum arc and planar magnetron in self-sputtering mode of operation. 

The discharges operate in pulsed mode with pulse length of 100 µs, pulse repetition rate up to 10 

pps and discharge current of about 100 A. For arc discharge, the boron plasma is generated in 

cathode spots, where as for magnetron discharge the main process is sputtering of the cathode 

material. The paper presents results of comparative test experiments for both discharges aimed to 

find optimal discharge parameters that provide maximum yield of boron ions. As a result of 

optimizations, for both discharges the extracted ion beam current reaches hundreds of milliamps 

and the fraction of boron ions in the total extracted ion beam was as high as 80%.  

 

  Work is supported by the Russian Science Foundation under grant # 14-19-00083. 
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In MITICA, the full-scale prototype of ITER Neutral Beam Injector (NBI), deuterium 
negative ions will be extracted from the ion source, accelerated and neutralized; the emerging 
beam, after removal of residual ions, will be finally dumped onto a calorimeter. Monitoring 
the formation of plasma and its parameters is crucial, for different reasons, in each component 
of the beam-line. To this aim, various types of electrostatic probes are planned to be installed 
along the MITICA beam-line. 
In particular, the Neutralizer and the Electric Residual Ion Dump (ERID) will be equipped 
with two sets of double probes. In the case of the neutralizer, where plasma is generated by 
the collisions between the beam ions and the neutral gas particles, the probes will allow to 
gain information about the beam collisional processes in view of a neutral fraction 
optimization. In the ERID component, a transverse electric field is applied to remove ions 
emerging from the neutralizer: the objective of the probes is to verify that plasma is not 
formed, which otherwise might shield the electric field and invalidate the deflection 
properties of the device. In both components, pairs of probes will be placed on the panels at 
different vertical and axial positions, and configured as Langmuir probes, so to provide local 
ion density and electron temperature measurements. 
 Moreover, biased electrodes are being considered for MITICA calorimeter to collect 
secondary emission electrons produced by collisions with the calorimeter surfaces. While 
calorimetric measurements provide a vertical profile of the neutral beam at the calorimeter, 
the electrodes, together with a neutron imaging diagnostic, will provide a horizontal profile of 
the beam, to study horizontal steering, divergence and uniformity of the beam. 

This work was set up in collaboration and financial support of F4E. 
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Linac3 is the first accelerator in the heavy ion injector chain of the Large Hadron Collider 

(LHC), providing multiply charged heavy ion beams for the CERN experimental program. 
The ion beams are produced with GTS-LHC, a 14.5 GHz Electron Cyclotron Resonance Ion 
Source (ECRIS), operated in afterglow mode. Improvement of the GTS-LHC beam formation 
and beam transport along Linac3 is part of the upgrade program of the injector chain in 
preparation for the future High Luminosity LHC (HL-LHC).  

A mismatch between the ion beam properties in the ion source extraction region and the 
acceptance of the following Low Energy Beam Transport (LEBT) section has been identified 
as one of the factors limiting the Linac3 performance. The installation of a new focusing 
element, an einzel lens, into the GTS-LHC extraction region is foreseen as a part of the 
Linac3 upgrade, as well as a redesign of the first section of the LEBT. Details of the upgrade 
and results of a beam dynamics study of the extraction region and LEBT modifications will 
be presented. 
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The 14.5 GHz GTS-LHC Electron Cyclotron Resonance Ion Source (ECRIS) provides 

multiply charged heavy ion beams for the CERN experimental program. The GTS-LHC beam 
formation has been studied extensively with lead, argon and xenon beams with varied beam 
extraction conditions using the ion optical code IBSimu. The simulation model predicts self-
consistently the formation of triangular and hollow beam structures which are often associated 
with ECRIS ion beams, as well as beam loss patterns which match the observed beam induced 
markings in the extraction region. These studies provide a better understanding of the 
properties of the extracted beams and a way to diagnose the extraction system performance 
and limitations, which is otherwise challenging due to the lack of direct diagnostics in this 
region and the limited availability of the ion source for development work.  
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The Electron Cyclotron Resonance Ion Sources (ECRIS) development is strictly related to the 
availability of new diagnostic tools, nowadays consisting of only few types of devices designed for 
such compact machines. Microwave Interferometry is a non-invasive method for plasma 
diagnostics and represents the best candidate for plasma density measurement. Interferometry in 
ECR Ion Sources is a challenging task mainly due to their compact size. The typical density of ECR 
plasmas is in the range 1011÷1012  cm−3  and it needs a probing beam wavelength of the order of few 
centimetres, comparable to the chamber radius. The paper describes the design of a new microwave 
interferometer developed at the LNS-INFN laboratories based on the so-called “frequency sweep” 
method to prevent the generation of "multipaths", due to the modal behaviour of the microwaves 
and their reflections inside the cavity. In this work the measurement technique and the preliminary 
results obtained during the experimental tests will be presented. 



 

TuePS28 
 

Investigation of ion beam space charge compensation with a retarding potential 
analyzer at GSI accelerator facility 

 
Cathrina Ullmann, Aleksey Adonin, Rustam Berezov, Ralph Hollinger and Oliver Kester 

GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt, Germany 

Corresponding Author: Cathrina Ullmann, e-mail address: c.ullmann@gsi.de 

 

 During ongoing experiments at the GSI ion source test benches the space charge 
compensation of heavy ion beams was investigated. A retarding potential analyzer (RPA) was 
used to estimate the uncompensated beam potential. Measurements were done at a high 
current test bench with a multi cusp ion source (MUCIS) directly behind a triode extraction 
system to verify the functionality of the RPA system. With a variation of the grid mesh size 
within the device other experiments at the high current test injector HOSTI were performed. 
The measurements were done after a post acceleration system with ion energies up to 
120 keV. Results from single aperture as well as multi aperture extraction systems are shown 
along the calculation of the space charge compensation and beam potential. 
At HOSTI a Cold or HOt Reflex Discharge Ion Source (CHORDIS) was used to change the 
conditions for the measurements. All measurements were performed with Helium, Argon and 
Xenon and are exemplary presented. 
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In the recent past we have demonstrated the potential of proton beam writing (PBW) as a 
leading candidate for next generation lithographic technique 1. We are now progressing towards 
sub-10 nm lithography in nuclear microprobe experiments, but the beam resolution and writing 
time are limited by the low brightness radio frequency (RF) ion source currently used. We are 
developing a high brightness electron impact gas ion source, with expected brightness of about 4 
to 5 orders of magnitude higher than RF ion source 3. 

The idea of this electron impact gas ion source is to create ion beams, with small virtual source 
size of about 100 nm diameter, from a miniature chamber, by ionizing the gas molecules with 
electrons 3. The experiments are performed inside an environmental scanning electron 
microscope (ESEM). The extracted total ion beam current and ion source brightness were studied 
as function of gas inlet pressure (helium or argon gas), electron beam energy (500 to 2000 eV) 
and ion extraction voltage. With an electron beam current of 7 nA, this ion source produces 300-
500 pA of Ar ions. The ion source reduced brightness is measured to be more than 100 A/m2SrV, 
being one tenth of the electron beam brightness (measured as 103 A/m2SrV) for 700 eV 
electrons. The results are limited by the poor brightness of the existing ESEM, but if used with a 
standard SEM our ion source brightness is expected to be 105 A/m2SrV. 
    We acknowledge the support from the US air force, Japan office and Singapore National 
Research Foundation, NRF2014NRF-CRP001-026.  
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Low-energy beams of ions were extracted from a dual-chamber plasma ion source 
system. The first chamber is a cylindrical quartz chamber terminated by stainless steel flanges 
with one flange having a gas inlet port. A 6 mm diameter copper tube is wound around the 
side of the chamber to realize an antenna configuration. Inductively coupled discharge is 
excited via 13.56 MHz radio-frequency (rf) power with autotuning matching system through 
the antenna. The plasma is driven into another chamber using a “launch” and “steer” 
electromagnetic coils. In the second chamber, a sputtering target, backed by water-cooled 
SmCo magnets, is placed which can be independently biased by a dc potential to control the 
sputtering yield. The surface of the target is parallel to flow of the discharge from the first 
chamber. Opposite the target is a dual-electrode ion extraction configuration capable of 
extracting low-energy ion beams. 

In the present scheme, argon (Ar) plasma is excited in the first chamber and driven into 
the second chamber where a liquid gallium (Ga) is poured onto a tungsten holder. An optical 
emission spectrometer connected to a fiber optic cable. The other end of the cable was placed 
near the viewport. The line of sight of the fiber optic cable is positioned just above the surface 
of the target. The emission spectra revealed species of Ar as well as Ga. The intensities of the 
Ga emission line increases with increasing target bias. Ion beam transport characteristics were 
monitored using a lab-fabricated ion energy distribution analyzer as well as ExB mass 
analyzer. Results indicated the extraction of ions at different extraction potentials with well-
defined beams from 70 to 100 V at different rf powers and gas pressures. Mass spectral 
analyses from the ExB probe showed the extraction of Ar and Ga ions at different target bias, 
extraction potentials and rf powers. Upon the addition of minute amounts of nitrogen, 
formation of gallium nitride films on a silicon substrate was realized. 
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  IsoDAR is a novel experiment designed to measure neutrino oscillations through electron-
antineutrino disappearance, thus providing a definitive search for sterile neutrinos. In order to 
generate the necessary anti-neutrino flux, a high intensity primary proton beam is needed. In 
IsoDAR, H2

+ is accelerated, and is stripped into protons just before the target, to overcome space 
charge issues at injection. As part of the design, we have refined an old proposal to use an RFQ 
to axially inject bunched H2

+ ions into the driver cyclotron. This method has several advantages 
over a classical low energy beam transport (LEBT) design: (1) The bunching efficiency is higher 
than for the previously considered two-gap buncher and thus the overall injection efficiency is 
higher. This relaxes the constraints on the H2

+ current required from the ion source. (2) The 
overall length of the LEBT can be reduced. (3) The RFQ can also accelerate the ions. This 
enables the ion source platform high voltage to be reduced from 70 kV to 15 kV, making 
underground installation easier. In this contribution, we will discuss advantages and 
disadvantages of this scheme, present a compact extraction system including a segmented Einzel 
lens and the RFQ design parameters, and will show first beam dynamics simulations from the ion 
source extraction to the mid-plane of the cyclotron. 
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 As the first full superconducting non-circular cross section Tokomak in the world, 
Experimental Advanced Superconducting Tokamak (EAST) is used to explore the forefront 
physics and engineering issues on the construction of Tokomak fusion reactor. Neutral beam 
injection has been recognized as one of the most effective means for plasma heating. According 
to the research plan of the EAST physics experiment, two sets of neutral beam injector 
(4!8MW"10!100s) were built and operational in 2014.  
 The paper presents the development of beam diagnosis system for EAST neutral beam 
injector (NBI) and the latest experiment results obtained on the test-stand and EAST-NBI-1 (the 
first heating neutral beam of EAST). Those results show that EAST NBI operates properly and 
all targets reach or almost reach the design targets. All these lay a solid foundation for the 
achievement of high quality plasma heating and current driving for EAST. 
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NIO1 is a compact radio frequency (RF) ion source based on inductively coupled plasma (ICP), 
jointly developed by Consorzio RFX and INFN-LNL [1], installed at RFX and currently in its 
initial operation phase. It is designed to generate a 60 kV-135 mA hydrogen negative ion beam, 
composed of 3 x 3 beamlets over an area of about 40 x 40 mm2. There are three acceleration 
grids named plasma grid (PG) at -60 kV, extraction grid (EG) at -52 kV and post acceleration 
grid (PA) at the ground voltage, followed by a repeller electrode (REP) for a better control of the 
space charge compensation of the extracted beam [1].  
A major difference with other H- ICP sources is that NIO1 aims at continuous operation (in 
conditions similar to those foreseen for the larger ion sources of the Neutral Beam Injectors for 
ITER, exploiting its flexibility to address the several still open important issues related to beam 
extraction, optics, and performance optimization) which implies a detailed thermo-mechanical 
analysis of the beam-facing components, in particular the accelerator grids.  
Together with the first operation of NIO1, the construction of a new ion extraction system was 
started for optimizing the beam optics and exploring alternative electrostatic and magnetic 
configurations [2]. In particular, the accelerator will be modified by completely replacing the 
extraction grid: the new electrode will feature larger apertures with an increased chamfer at the 
hole exit and the realization of other slots in between apertures, to place additional magnets, 
useful to optimize the electron filtering and residual ion deflection [3].  
A fully 3D analysis of the entire NIO1 beam considering the new extraction grid has been 
performed for the first time by a fully 3D version of EAMCC [4,5], a relativistic particle tracking 
code based on the Monte-Carlo method for describing the transport of particles under prescribed 
electric and magnetic fields and the main secondary particle formation processes responsible of 
non-negligible heat loads on the accelerator grids. The H- beam, the beam halo fraction and the 
co-extracted electrons have been simulated for determining the heat loads on grids and the power 
transmitted out of the accelerator. The main results are presented in this paper, after a brief 
description of the device, the proposed upgrade and the reference conditions for the simulations.  
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At the National Institute for Fusion Science (NIFS, Japan), neutral beams with the energy up to 
15 MW are routinely injected to the hydrogen plasma confined in the Large Helical Device 
(LHD) using three negative ion beam-lines[1]. Together with the heating beam-lines, a test stand 
beamline is also operated at NIFS, to gain a better understanding of the physics regulating the 
formation, extraction and acceleration of negative ions, and their conversion to neutrals. The test 
stand is based on a 1/3-scaled negative ion source of the same arc-driven source adopted for the 
LHD beamline, and its acceleration system is a standard triode. The electrode grids are divided 
into 2 segments having slightly different geometries of the intermediate steering grid (SG) and a 
common multi slotted grounded grid. In this paper the beamlet optics of both systems was 
studied by means of an instrumented calorimeter [2] made of carbon fibre composite (CFC) tiles; 
the tiles were constructed making the propagation of thermal energy along the beam direction 
largely dominant with respect to the other directions, so that the thermal pattern on the rear plane 
of the tile has a strong correlation with the power profile deposited by the beamlets on the beam-
facing plane of the tile. Infrared image of this thermal pattern is analysed to study the beamlet 
characteristics obtained in different source conditions [3]. The experimental measurements are 
then compared with 3D numerical simulations, in order to validate the codes, and to assess their 
degree of reliability. The simulations show a satisfactory agreement with the experimental 
results; some minor discrepancies are highlighted and their possible causes are addressed in the 
manuscript.  
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Two compact and intense 2.45GHz permanent proton sources and their 
corresponding low energy beam transport systems (LEBT) were developed 
successfully for China Accelerator Driven Sub-Critical system (C-ADS) in 2014, one 
of which were built at IMP, Lanzhou and the other at IHEP, Beijing. Both proton 
sources can deliver stable 10mA/35keV proton beams at CW mode to the entrances of 
the downstream RFQs. The beams extracted by a 3-electrode extraction system are 
transported by the low energy beam transport system (LEBT), which is composed of 2 
identical solenoids, and into the 3.2MeV or 2.1MeV radio-frequency quadrupole 
(RFQ). In order to ensure superconducting cavities commissioning and protection, an 
electrostatic-chopper has been designed and installed in the LEBT line that can chop 
the cw beam into a pulsed one. The achieved fall/rise time of the chopper is less than 
20 ns. The performance of the proton source and the LEBT, such as beam reliability, 
beam profile, emittance and RFQ injector matching will be presented. 
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A Low-Energy intense-highly-charged ion Accelerator Facility (LEAF) program has 
been launched at IMP. This accelerator facility consists of a superconducting Electron 
Cyclotron Resonance (ECR) ion source, a Low Energy Beam Transport (LEBT) system and a 
Radio Frequency Quadrupole (RFQ). It is especially of interest for the extracted ion beam 
from the ECR ion source, which is transversely coupled, and this property will significantly 
affect the beam transmission in the LEBT line and the matching with the downstream RFQ. In 
the beam transport design of LEAF, beam decoupling in the LEBT is considered to lower 
down the projection emittances and the feasibility of the design has been verified by beam 
simulation with a transversely coupled beam from the ECR ion source. 
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 Recently several developments of Low Energy Beam Transport (LEBT) line and its 

beam diagnostic systems have been done in order to improve the injection efficiency of 

ion beam to AVF Cyclotron at Research Center for Nuclear Physics (RCNP) Osaka 

University. One of those is the development of Fast Emittance monitors. A fast monitor 

which consists of XY slits and profile monitor with rotating wire and can measure 

emittance within 75 seconds is already exists. For more efficient development of beam, 

a new emittance monitor which can measure within several seconds is needed and a 

Pepper Pod Emittance Monitor (PPEM) has been developed. The PPEM consists of 

copper pepper pod mask, multichannel plate (MCP), fluorescent screen, mirror, and 

CCD camera. The CCD image is taken via IEEE1394b to PC and analyzed immediately 

and frequently. The details of the PPEM and beam development with this PPEM will be 

presented. 
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At Institute of Modern Physics, CAS, the superconducting ECR ion source 

SECRAL has been put into operation for about 10 years now. It has been the main 
working horse to deliver intense highly charged heavy ion beams for the accelerators. 
Since its first plasma at 18 GHz, R&D work towards more intense highly charged ion 
beam production as well as the beam quality investigation has never been stopped. 
When SECRAL was upgraded to its typical operation frequency 24 GHz, it had already 
showed its promising capacity of very intense highly charged ion beam production. 
And it has also provided the strong experimental supply for the so called scaling laws of 
microwave frequency effect. However, compared to the microwave power heating 
efficiency at 18 GHz, 24 GHz microwave heating doesn’t show the Ȧ2 scale at the same 
power level, which indicates that microwave power coupling at gyrotron frequency 
needs better understanding. In this paper, after a review of the operation status of 
SECRAL with regard to the beam availability and stability, the recent study of the 
extracted ion beam transverse coupling issues will be discussed, and the test results of 
the both TE01 and HE11 modes will be presented. A general comparison of the 
performance working with the two injection modes will be given, and a preliminary 
analysis will be introduced. The latest results of the production of very intense highly 
charged ion beams, such as 1.42 emA Ar12+, 0.9 emA Xe27+ and so on, will be presented.  
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The Facility for Rare Isotope Beams (FRIB) is currently under construction at Michigan State 
University. Once operational the superconducting heavy ion linac will accelerate all the stable 
isotopes above 200 MeV/u with a beam power of up to 400 kW. The ion beam will be generated 
with one of two Electron Cyclotron Resonance (ECR) ion sources that are planned for the facility. 
Ahead of the commissioning schedule, the first ECR ion source and associated equipment are 
planned to be moved in the coming months to the front end area of FRIB and to be ready to deliver 
beam by the end of 2016. Operating at 14 GHz, this first ECR will be used for the commissioning 
and initial operation of the facility but will not be sufficient to reach the final beam power on the 
fragmentation target. A high performance ECR ion source is in development to reach high intensity 
of high charge state heavy ion beam such as uranium. A superconducting magnet structure 
compatible with operation at 28 GHz for this ion source has been designed at Lawrence Berkeley 
National Laboratory by the Superconducting magnet group and preparations for the construction are 
underway. Although the magnetic performances and most of the magnet components are very 
similar to the ones used with the VENUS magnet, the support structure of the FRIB ion source uses 
an innovative design that incorporates adjustable keys allowing for a precise adjustment of the 
sextupole preload minimizing the risk of failure and will provide significant operational margin. 
This ion source however will be first operated at 24 GHz with a 10 kW gyrotron recently tested 
successfully with NSCL SuSI ion source. The paper reviews the overall work in progress and 
development done with ECR ion sources for FRIB. 
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This spring, we successfully produced more than 200euA of U35+ even though we used the 

lower injected RF power (28+18GHz) and the magnetic field strength lower than the ordinary 
High-B mode operation for 28GHz. Although the sputtering method gives lower beam intensity 
and higher consumption rate, we could dramatically reduce the consumption rate of metal U 
from ~8.6 to ~2.8mg/h with sputtering method to produce intense beam of U 35+ (~150euA), 
which is almost same or even lower than the oven method. Based on these results, we 
successfully produced stable intense beam of U35+ ion in RIBF experiment for long term (more 
than one month) with low material consumption this year. To obtain these results, we 
systematically studied the effect of main parameters (magnetic field, gas pressure etc) on the 
beam intensity for various heavy ions (Ar~U) with 18 and 28GHz. In these studies, we observed 
that the beam intensity is strongly dependent on the main parameters. For examples, we observed 
that the beam intensity was saturated at Binj>1.5Bext and Br>1.1Bext for U35+ ions in a wide range 
of Bext. Optimum value of Bmin for maximizing the beam intensity was dependent on the 
microwave frequency and the gas pressure. We found that the optimum value of Br to maximize 
the beam intensity is strongly dependent on Bmin in a certain condition. We also observed the 
limitation of sputtering method at higher RF power.  

In this contribution, we present how to optimize the ion source performance, how to minimize 
the consumption rate and the analysis of the long-term production of intense U ion beams. We 
present the effect of the magnetic field distribution on the beam intensity for various heavy ions 
and its mechanism in detail. We also discuss the optimum structure for higher frequency based 
on these results.  
�
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Under the framework of ITER Broader Approach (BA) agreement between Japan and EU, 

IFMIF-EVEDA (Engineering Validation and Engineering Design Activities) project has 

been launched in 2007 in Japan to validate the key technologies to realize IFMIF. IFMIF 

is an accelerator based neutron facility having two set of linear accelerators each 

producing 125mA/CW deuterium ion beams (250mA in total) at 40MeV. The LIPAc 

(Linear IFMIF Prototype Accelerator) being developed in the IFMIF-EVEDA project 

consists of an injector, a RFQ accelerator, and a part of superconducting Linac, whose 

target is to demonstrate 125mA/CW deuterium ion beam acceleration up to 9MeV. The 

injector has been developed in CEA Saclay and already demonstrated 140mA/100keV 

deuterium beam [1].  The injector was disassembled and delivered to the International 

Fusion Energy Research Center (IFERC) in Rokkasho, Japan, and the commissioning has 

started after its reassembly 2014; the first beam production has been achieved in 

November 2014 [2].  Up to now, 100keV/120mA/CW hydrogen ion beam has been 

produced with a low beam emittance of 0.2 π.mm.mrad (rms, normalized). Full 
performance of the injector will be presented with the characteristics of the ECR ion 

source and the Low Energy Beam Transport consisting of two solenoid coils. 
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At the “Grand Accélérateur d’Ions Lourds” (GANIL - Caen, France), the SPIRAL2 project, 
dedicated to stable and radioactive ion beam production, is based on a 40 MeV continuous 
working linear accelerator (LINAC). The accelerator is currently under installation in its tunnel. 
The LINAC injector is composed of two low energy beam lines transport (LEBT): one is 
dedicated to the light ion beam production, the other to the heavy ions. The light ion source is a 
permanent magnet 2.45 GHz electron cyclotron resonance (ECR) source developed at CEA 
Saclay to produce and inject the requested 5 mA deuteron beam into the radio frequency 
quadrupole (RFQ) preceding the LINAC. This source is based on the SILHI design which has 
demonstrated a great reliability. The first light ion beam has been successfully produced in 
December 2014. This important result is presented. The heavy ion source installed on the other 
LEBT is PHOENIX V2, an 18 GHz room temperature ECR source delivered by the LPSC. The 
RFQ chosen for the project can accommodate incoming ions with a charge over mass ratio 
higher or equal to 1/3 and a ȕ~2.10-4. A status of the SPIRAL2 injector commissioning is given. 
PHOENIX V2 has been tested during 2 years at LPSC and the first beam of the heavy ion 
source, under preparation, is expected during the summer 2015. An upgrade of the PHOENIX 
V2 source, named PHOENIX V3, has been designed during the “Cluster of Research 
Infrastructures for Synergies in Physics” European project [1]. This new source is aimed to 
replace the PHOENIX V2 after the commissioning of the accelerator, in order to increase the 
beam intensities of ions up to the mass 50 approximately. The design of the PHOENIX V3 
source is shown. The source is under assembly at LPSC and its first beam, expected during the 
summer 2015, should also be reported.  
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Electron cyclotron resonance ion source plasmas are prone to kinetic instabilities due to the 
anisotropy of their electron energy distribution. The instabilities are associated with strong 
microwave emission and periodic bursts of energetic electrons escaping the magnetic 
confinement. The experimental setup used for detecting the instabilities is described. It is 
shown that the repetition rate of the periodic instabilities increases with increasing magnetic 
field strength and microwave power and decreases with increasing neutral gas pressure, the 
magnetic field strength being the most critical parameter. The effect of the ion source 
parameters on the growth and damping rates of the instabilities are discussed qualitatively. 
The instabilities explain the periodic ms-scale oscillation of the extracted beam current 
observed with several high performance ECRISs and restrict the parameter space available for 
the optimization of extracted beam currents of highly charged ions. Experiments with the 
JYFL 14 GHz ECRIS have demonstrated that due to the instabilities the optimum Bmin-field is 
less than 0.8BECR, which is the value suggested by the semiempirical scaling laws guiding the 
design of modern ECRISs. Finally, the effect of the instabilities on the energy spread of the 
extracted ion beams is described and possible methods to mitigate their effect on ECRIS 
performance are discussed. 
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An experimental campaign aiming to investigate ECR plasma X-ray emission has been 

recently carried out at the ECRIS laboratory of ATOMKI based on a collaboration between the 
Debrecen and Catania ECR teams. In a first series, the X-ray spectroscopy was performed through 
SDD and HpGe detectors, characterizing the volumetric plasma emission. The on-purpose 
developed collimation system was suitable for direct plasma density evaluation, performed “on-
line” during beam extraction and CSD characterization. A campaign for correlating the plasma 
density and temperature with the output charge states and the beam intensity for different pumping 
wave frequencies, different magnetic field profiles and single-gas/gas-mixing configurations was 
carried out. The ion source in most cases was tuned to maximize the Ar4+ production. The 
microwave frequency was swept in the 12.8-13.5 GHz range with steps of 40 MHz and the 
forwarded power was 30 W at each step. The results reveal a surprisingly very good agreement 
between warm-electrons density fluctuations, output beam currents and the calculated 
electromagnetic modal density of the plasma chamber. In a second series, a new setup based on a 
CCD camera coupled to a small pin-hole allowing X-ray imaging was installed and numerous X-ray 
photos were taken in order to study the peculiarities of the ECRIS plasma structure (overall shape, 
density distribution, response to tuning parameters like frequency and magnetic field). Preliminary 
results of the 2D X-ray-imaging will be presented. 
 
 
 
 
 
�



����Ͳͺ�
 

Ion Beam Emittance from an ECRIS 
 

P. Spädtke, R. Lang, J. Mäder, B. R. Schlei, K. Tinschert 
GSI Darmstadt, Planckstr. 1, 64291 Darmstadt, Germany 

S. Biri, R. Rácz, 

MTA Atomki, Debrecen, Hungary 

Corresponding author: p.spaedtke@gsi.de 
 
Simulation of ion beam extraction from an Electron Cyclotron Resonance Ion Source (ECRIS) is 
a fully 3 dimensional problem, even if the extraction geometry has cylindrical symmetry. To 
improve the magnetic confinement of such sources a multi-pole is added to the mirror field. 
Experimentally quadrupoles, hexapoles, and octupoles have been tried, however, in most cases a 
hexapole is used. This makes the extraction of a low emittance ion beam even more complicated 
because of coupling between the different planes of the six dimensional phase space by the 
magnetic field. Because of the strong magnetic flux density not only the electrons are strongly 
magnetized, but also the Larmor radius of ions is much smaller than the geometrical dimension 
ofthe plasma chamber. This has a strong influence on the behavior of charged particles within the 
plasma: the moveability of both, electrons and ions, is high in the direction of the magnetic field, 
but restricted in the perpendicular direction. This will influence several physical properties such 
as shielding, collision, and similar. If we assume that the influence of collisions is small on the 
path of particles, we can do particle tracking through the plasma if the initial coordinates of 
particles are known. We generated starting coordinates of ions by simulation of the electrons, 
accelerated by the 14.5 GHz rf-power fed to the plasma. For the simulation of the plasma 
electrons the TrapCAD code has been used, whereas for the ion tracking and diagnosis the 
KOBRA3 code was chosen. With that we were able to investigate the influence of different 
electron energies on the extracted ion beam. Using these assumptions we can reproduce the 
experimental results obtained 10 years ago, where we monitored the beam profile with the help 
of viewing targets. Especially the effect that different parts of the ion beam will be focused 
differently by a magnetic solenoid can be explained. Due to the coupling between different 
planes, simple projections of the six dimensional phase space into a 2D plane seems to be not 
very useful. The integration which is performed by doing a projection has to be replaced by a 
more differential presentation, namely to choose a slice of the full phase space. Methods have 
been developed to investigate arbitrary 2D cuts of the 6D phase space. The visualization of the 
simulation results is an important task. To this date we are able to discuss full 4D information. 
Currently, we extend our analysis tools towards 5D and 6D, respectively.  
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In 2012, the intense beam of highly charged uranium ions was extracted from RIKEN 28GHz 
SC-ECRIS. Following this success, an intense beam of U35+ ions was used for the radio isotope 
beam factory (RIBF) experiment for a long period. It is obvious that production of high quality 
beams is crucial issue for the RIKEN RIBF project. For this reason, since 2014, we 
systematically measured the emittance and beam intensity of highly charged uranium ions 
under various conditions. Furthermore, in 2015, we measured the full four-dimensional 
transverse phase-space distribution of highly charged U ion beam including correlations 
between the horizontal and vertical planes for the beam axis.  
In these experiments, we observed that the emittance of the highly charged U ions are strongly 
affected by the aberration of the analyzing magnet in a certain condition.  The effect of the 
aberration was reduced by decreasing the beam size in the analyzing magnet, which can be 
controlled by the focusing element (solenoid coil) placed between ion source and analyzing 
magnet.   
It is well-known that the simple model calculation indicates that the emittance size increases 
with increasing the magnetic field. However, we observed that the emittance size of U35+ ions 
for lower Bext and very asymmetric magnetic field distribution (Bext~1.45T, Binj~3T) was larger 
than that for higher Bext  and relatively symmetric magnetic field distribution (Bext~1.8T, Binj~3 
T), even when the effect of the aberration was removed.  
In this contribution, we present the experimental results and procedure of data analysis in 
detail. We also discuss about the mechanism of emittance growth described above. �

 �
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Rare Elements in-Gas Laser Ion Source and Spectroscopy at S3 (REGLIS3) is the new 
set-up currently under construction at the SPIRAL2/GANIL facility for the 
production of high-intensity radioactive ion beams, preselected by the Super 
Separator Spectrometer (S3). REGLIS3 will be a source for the production of low-
energy, high-quality radioactive ion beams and at the same time a tool for high-
precision laser and mass spectroscopic measurements [1], amongst others. It is based 
on the ‘In-Gas Laser Ionization and Spectroscopy’ (IGLIS) technique, which is 
currently being developed at KU Leuven in Belgium. In this technique, a radioactive 
ion beam is thermalized and neutralized in a gas cell. A continuous flow of gas leads 
the atoms to the gas cell exit, where a de Laval nozzle produces a quasi-parallel 
supersonic gas jet in which the laser based resonant ionization takes place. The 
selectively-ionized atoms of interest are then captured in a segmented Radio-
Frequency Quadrupole (RFQ) ion guide system, accelerated and mass separated. The 
low temperature, small velocity spread and low pressure in the jet, enable the different 
spectroscopic broadening mechanisms to be reduced significantly in comparison to 
previous in-gas laser ionization spectroscopy results, where the ionization region was 
placed within the gas cell, rather than in the gas jet [2]. In recent experiments the in-
gas-jet technique was tested in on-line conditions at the Leuven Isotope Separator On-
Line (LISOL) facility, where traces of the hyperfine splitting  (HFS) of 214,215Ac were 
obtained with a spectral resolution of 5x10-7, improving 25-fold the relative 
uncertainties of previous results obtained by in-gas-cell experiments. Moreover, the 
results show that the total ionization efficiency in the gas jet is comparable to that in 
the gas cell (~0.5 %) and can potentially be improved up to one order of magnitude. 
With these new results, the selective production of isomer ions can be investigated. In 
this talk, the new results of in-gas-jet laser spectroscopy technique will be presented 
and compared to previous results obtained at LISOL by in-gas-cell laser spectroscopy. 
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  The experimental and theoretical research carried out at the Institute of Applied Physics (IAP 
RAS, Nizhniy Novgorod, Russia) resulted in development of a new type of ECR sources – 
gasdynamic ECR ion sources. The ideas underlying development of such sources were 
borrowed from the field of conventional ECR sources of multicharged ions, as well as from 
investigations of problems of fusion in mirror traps (FMT). The gasdynamic ECR ion sources 
differ from the Geller sources by the mechanism of plasma confinement in a magnetic trap. It 
is the quasi-gasdynamic mechanism similar to that is used in FMT. 
  Experimental studies of gasdynamic ECR ion sources were performed at SMIS 37 facility. 
In these experiments plasma was created by 37.5 GHz gyrotron radiation with power up to 
100 kW. Such high frequency of microwaves allowed to create and sustain plasma with 
significantly higher density (up to 2·1013 cm-3) and at the same time to maintain the main 
advantages of conventional ECRIS such as high ionization degree and low ion energy. 
Reaching such high plasma density relies on the fact that the critical density for the 
microwave radiation grows with the frequency squared. Using high microwave power 
allowed to keep the average electron energy on a high enough level (50-300 eV) for efficient 
ionization even in the case of so-called quasi gasdynamic regime of plasma confinement at 
neutral gas pressure range of 1Â10-4 - 1Â10-3. 
  Gasdynamic ECR ion source demonstrated a good performance for production of high 
current (100-300 mA) multicharged ion beams with moderate average charge (4-5 for Argon). 
Especially effective gasdynamic ion sources appeared to be for formation of hydrogen or 
deuterium beams. In recent experiments a possibility of beam extraction with proton current 
up to 500 mA and current density 600 – 700 mA/cm2 was demonstrated. One of the main 
advantages of such systems is extremely low emittance of extracted beams. It was shown that 
normalized RMS emittance of 500 mA proton beam is below 0.07 ʌ·mm·mrad.   
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Indian Test facility (INTF) is envisaged to characterize ITER Diagnostic Neutral Beam 

(DNB) system and establish the functionality of its eight inductively coupled RF plasma driver 
based negative hydrogen ion source and its beam line components. A number of diagnostics are 
planned in INTF to characterize the ion source performance. Negative ion source, where the 
negative hydrogen ion production is enhanced by Cesium evaporation, will be monitored by 
optical emission spectroscopy (OES) and cavity ring down spectroscopy (CRDS). Plasma near 
the extraction region in the ion source will be studied using standard electrostatic probes. The 
beam divergence and negative ion stripping losses are planned to be measured using Doppler 
Shift Spectroscopy. During initial phase of ion beam characterization, similar parameters will 
also be characterized with Carbon Fiber Composite (CFC) based infrared (IR) imaging 
diagnostics. Safe operation of the beam will be ensured by using standard thermocouples and 
standard electrical voltage-current measurement sensors. A novel concept based on plasma 
density dependent plasma impedance to characterize the RF driver plasma using RF electrical 
impedance matching parameters will be tested in INTF. The results from this novel method will 
be validated with OES data. 

The paper will discuss about the overview of the complete INTF diagnostics including its 
present status of procurement, experimentation, interface with mechanical systems in INTF and 
integration with INTF data acquisition & control systems.  
 
 
 
 

 



ThuM04 
 

Effects of advanced nanowire-based targets for nanosecond laser driven 
acceleration 

 
Gaetano Lanzalone,  

INFN - Laboratori Nazionali del Sud,Via S. Sofia 62, 95125 Catania, Italy 
Univ. degli Studi di Enna “Kore”, Via delle Olimpiadi, 94100 Enna, Italy 

Carmen Altana, David Mascali, Salvatore Tudisco 
INFN - Laboratori Nazionali del Sud,Via S. Sofia 62, 95125 Catania, Italy 

Annamaria Muoio 

DFST-Univ. degli Studi di Messina Viale F.S. D’Alcontres 31, 98166 Messina, Italy 
 

Luciana Malferrari, Fabrizio Odorici 

INFN – Sezione di Bologna, Viale B. Pichat 6/2, 40127 Bologna, Italy 
 

Corresponding author: G. Lanzalone, e-mail address:�lanzalone@ct.infn.it 
 

  An experimental campaign aiming to investigate the effects of innovative nanostructured targets 
based on Ag and Ni nanowires on laser energy absorption in the ns time domain has been carried 
out at the LENS (Laser Energy for Nuclear Science) laboratory of INFN-LNS, Catania. Nanowires 
structures are deemed to increase the light absorption in the visible and infrared range due to 
plasmonic excitation driven by the incoming photons. The tested targets were realized at INFN-
Bologna by anodizing aluminum sheets in order to obtain layers of porous Al2O3 of different 
thickness, on which nanowires of various metals (Ag and Ni) are grown by electrodeposition with 
different heights. Targets were then irradiated by Nd:YAG 2J, 6 ns infrared laser (λ=1064 nm) at 
different pumping energies. Advanced diagnostics tools were used for characterizing the plasma 
plume and ion production: two IC (ion collectors) for time-of-flight measurements, an X-ray 
sensitive CCD camera for X-ray imaging and X-ray flux measurements and an ICCD-camera for 
time resolved optical imaging. A detailed study of irradiated surfaces has been carried out through 
optical and electron scanning microscopy (SEM).  
  As compared with targets of pure Al or Al2O3, a huge enhancement (of almost two order of 
magnitude) of the X-ray flux emitted by the plasma has been observed when using the 
nanostructured targets, with a corresponding decrease of the “optical range” signal, pointing out the 
energetic content of the laser produced plasma was remarkably increased. This analysis was 
furthermore confirmed by TOF spectra.   
�
�
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Inelastic collision processes of hot electrons (Ee>9 eV), such as ionization and electronic 
excitation, have a crucial role on the performance of negative (H�) and positive (H+, H+ 2 ) 
hydrogen ion sources. Direct diagnostic of those processes is extremely challenging due to their 
sensitivity to the high energy tail of the electron energy distribution function (EEDF). Vacuum 
ultraviolet (VUV) emission of molecular hydrogen plasmas can be utilized as a robust 
diagnostics for molecule ionization, dissociation and production rates of high vibrational levels 
(n>5) and metastable states. The method is based on comparison of the rate coefficients of the 
given processes to the excitation rate coefficients of the lowest excited states. Because of similar 
threshold energies and functional shapes of cross sections the method is only slightly sensitive to 
the variation of the EEDF and other plasma parameters. The principle of the diagnostics and with 
a robust method to measure absolute VUV-emission are presented. Practical ways to apply these 
methods to (mechanical) development of hydrogen ion sources are discussed, as well as the 
possibility to use the obtained reaction rates support the development and benchmarking of 
plasma simulation codes. 
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   The most attractive features of EBIS/T based charge breeders are short breeding times, narrow 
charge distributions, low background, high efficiency and the flexible time structure of the 
ejected low-emittance ion pulses. Notably driven by the need for high-performance charge 
breeders at radioactive ion beam (RIB) facilities, significant progress has been made to further 
improve these characteristics: Increasing the electron-beam current density to reduce charge 
breeding times is conceptually simple, but has turned out rather difficult in reality. Several 
groups have made progress in moving away from immersed-cathode electron-gun designs with 
current densities of hundreds of A/cm2 towards 103 to 104 A/cm2. These current densities will 
become necessary to deliver high charge states of heavy nuclei in a short time and/or provide 
sufficient space-charge capacity to handle high-current ion beams in next-generation RIB 
facilities. As an alternative to pulsed injection, efficient capture of DC beams has become 
possible with the development of high-density electron beams of >1A.  
   Requests for the time structure of the charge bred ion pulse range from ultra-short pulses, e.g. 
for injection into isolated RF ‘buckets’ in accelerators, to quasi-continuous beams. Progress is 
being made on both ends of this spectrum, by either dividing the extracted charge in many time-
focused pulse-lets, adjusting the extraction potential for a near-uniform long pulse (>ms) or 
adding dedicated devices to spread the ion bunches delivered from the EBIS/T in time.  
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  Since the pioneering work of Tamburella et al. for the PIAFE project1, the charge breeding technique in ECRIS 
and EBIS sources has nicely evolved. The development of the PHOENIX ECR charge breeder at LPSC, and 
REX-EBIS at ISOLDE by the REX-ISOLDE collaboration, paved the way for many facilities which are now 
using or developing one or the other technique2. On the roadmap to EURISOL, SPES and GANIL/SPIRAL 1 
plan to use a PHOENIX ECR charge breeder, while ISOLDE has upgrade plans for REX-EBIS.  The EMILIE 
project3 gathers 8 European laboratories to tackle present issues of both charge breeding techniques for future 
facilities, for example: 

Ͳ The low duty cycle of the EBIS beam, by the development of an EBIS beam debuncher 
Ͳ The beam purity limitations of ECR charge breeders by using appropriate materials, vacuum and 

separation techniques 
Ͳ The relatively low capture of light ions in ECR charge breeders, by optimizing the 1+ ion beam  optics 

  During the EMILIE project, a number of experimental results have been obtained. These concern for example 
the study of the 1+ beam capture under different conditions using the Phoenix ECR charge breeder at LPSC4,5,6, 
the capture of light ions using the ANL ECR charge breeder7,8, and the charge breeding of carbon beams at 
LPSC9. A prototype of hot 1+ ECR source was also developed5. The SPIRAL 1 charge breeder has been 
upgraded to make use of UHV and pure Al components, optimized gas injection and improved 1+ beam ion 
optics8, and is now being tested at LPSC10. The ECR charge breeder for SPES, recently tested at LPSC, has 
shown very good performances for charge breeding of Rb and Cs ions11 . The EBIS beam debuncher is being 
commissioned at LPC Caen and is about to produce first results. As a first milestone, the first trapping tests show 
that the Paul trap, on which the debuncher is based, can confine ions over periods longer than 100 ms.  
  This contribution intends to summarize the experimental results obtained in the frame of EMILIE, drawing 
conclusions on the studies undertaken so far, and discussing a possible optimized charge breeding scheme for 
future large scale radioactive ion beam facilities like EURISOL. 
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A Charge Breeder is a crucial device of an ISOL facility, allowing post-acceleration of radioactive 
ions: it accepts an incoming 1+ beam, then multiplying its charge with a highly charged q+ beam as 
an output. The overall performances of the facility (intensity and attainable final energy) critically 
depend on the Charge Breeder optimization. Experimental results collected along the years confirm 
that the breeding process is still not fully understood and room for improvements still exists: a new 
numerical approach has been therefore developed, and applied to the description of a 85Rb1+ beam 
capture by the plasma of the 14.5 GHz PHOENIX ECR-based Charge Breeder (ECR-CB), installed 
at LPSC and adopted for the Selective Production of Exotic Species (SPES) project under 
construction at INFN-LNL. The results of the numerical simulations will be described along the 
paper. The ion capture process of the incoming beams at different input energies has been studied 
for different plasma parameters, in order to finally get a physically meaningful picture of the charge 
breeding process. The results, obtained by implementing plasma models of increasing accuracy, 
very well agree with the theoretical predictions, showing the key role played by the plasma ion 
temperature. In addition, the model is now able to reproduce with high accuracy the experimental 
results obtained at LPSC within the EMILIE project, when including in the code plasma densities in 
agreement with density estimations published elsewhere.  
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An Electron Beam Ion Source Charge Breeder (EBIS-CB) has been developed at Argonne to 
breed radioactive beams from the CAlifornium Rare Isotope Breeder Upgrade (CARIBU) 
facility at ATLAS. The EBIS-CB will replace the existing ECR charge breeder to increase the 
intensity and significantly improve the purity of reaccelerated radioactive ion beams. The 
CARIBU EBIS-CB has been successfully commissioned offline with an external singly-charged 
cesium ion source. The performance of the EBIS fully meets specifications to breed rare isotope 
beams delivered from CARIBU. The EBIS can provide charge-to-mass ratios ≥1/7 for all 
CARIBU beams with low breeding times in the range from 6 ms to 28 ms. The breeding 
efficiency into a single charge state of cesium has been demonstrated up to 20%. The overall 
transmission of cesium beam through the EBIS is 70% routinely and can be increased to 80% 
with significant effort. A 1.6 Ampere electron beam at a 10 Hz repetition rate and up to a 40% 
duty cycle has been used for charge breeding experiments. Also, 90% duty cycle at a 30 Hz 
repetition rate has been demonstrated for a 1.0 Ampere electron beam. Operation at higher 
repetition rates is required to maintain a high bunching efficiency by avoiding space charge 
limitation in an RFQ cooler-buncher (CB) which will precede the EBIS-CB.  Recently, it was 
decided to include a multi-reflection time-of-flight (MR-TOF) mass-spectrometer between the 
RFQ-CB and EBIS-CB. The MR-TOF can provide isobar purification with a mass resolution 
down to 1/50,000.  

The EBIS is ready to be relocated and integrated into ATLAS and CARIBU. A long 
electrostatic beam transport system including two 180° bends in the horizontal and vertical 
planes has been designed. Currently, the beam transport system components are being procured 
and fabricated to be installed and commissioned by the end of this year. This paper will present 
the results of the EBIS off-line commissioning and discuss the design of the new beamline and 
the overall integration of the EBIS-CB into ATLAS. 
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  The functions of a biased plasma grid of a negative hydrogen (H-) ion source for both pure 
volume and Cs seeded operations are examined.  Proper control of the plasma grid bias in 
pure volume sources yields: optimization of the extracted negative ion current: reduction of 
the co-extracted electron current: flattening of the spatial distribution of plasma potential 
across the filter magnetic field: change in recycling from hydrogen atomic/molecular ions to 
atomic/molecular neutrals and enhanced concentration of H- ions near the plasma grid.  These 
functions are maintained in the sources seeded with an alkali metal.  However an additional 
function appears in the Cs seeded sources, namely direct emission of negative ions under 
positive ion and neutral hydrogen bombardment.  The thickness of the Cs deposition on the 
plasma grid changes the local H- ion density and electron density near the plasma grid, and 
thus the performance of the ion source.  Factors affecting the source performance with and 
without Cs introduction are discussed.�
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  The BATMAN test facility is equipped with a ǩ scale H– source for the ITER NNBI. 
BATMAN is dedicated to physical investigations including the understanding of the processes 
involved in the surface negative ion generation and extraction. As most of the extracted negative 
ions are generated on the caesiated plasma grid (1st grid of the accelerator system), understanding 
the physics occurring in the vicinity of the plasma grid, called the boundary layer, is of particular 
importance. Several diagnostics are available to study this several cm thick layer: Langmuir 
probes and OES are used to determine basic plasma parameters, Cavity-Ring-Down 
Spectroscopy allows for the measurement of the H– density. Moreover, Tunable Diode Laser 
Absorption Spectroscopy is dedicated to measure the caesium density. 
  A transition from volume to surface dominated H– production can be observed during the Cs 
conditioning phase, however only if the source had been carefully cleaned from remaining 
caesium and its compounds. This phase was followed by the mentioned diagnostics in the 
boundary layer while operating the source at ITER relevant parameters (in particular at a pressure 
of 0.3 Pa). The transition from an electron-ion plasma towards an ion-ion plasma, in which 
negative hydrogen ions become the dominant negatively charged particle species, will be 
presented. The influence on the plasma composition, distribution and potential as well as on the 
source performance (extracted H– current density as well as co-extracted electron current density) 
will be shown. 
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NIO1 is a compact and flexible radiofrequency H- ion source, developed by Consorzio RFX and 
INFN-LNL. Aim of the experimentation on NIO1 is the optimization of both the production of 
negative ions and their extraction and beam optics. The source will be also a test bed for the 
instrumentation to be installed on the ITER neutral beam test facility. In the initial phase of its 
commissioning, NIO1 was operated with nitrogen [1], but now the source is regularly operated also 
with hydrogen. Filling pressure and RF power scans have been done to characterize the source with 
both gases. To evaluate the source performances an optical emission spectroscopy diagnostic was 
installed. The system includes a low resolution spectrometer in the spectral range of 300-800 nm 
and a high resolution (50 pm) one, to study respectively the atomic and the molecular emissions in 
the visible range. The plasma is observed along lines of sight longitudinal with respect to the source 
or parallel and close to the plasma grid. The spectroscopic data have been interpreted also by means 
of a collisional-radiative model developed at IPP Garching [2]. Besides the diagnostic hardware and 
the data analysis methods, the paper presents the measures of the source plasma parameters as a 
function of the radiofrequency power and of the internal gas pressure. In particular, the correlation 
between the E-H transition, the operative conditions and the plasma properties are investigated. 
 
This project has received funding from the European Union’s Horizon 2020 research and 
innovation program. 
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Low efficiency of gas neutralizers is regarded as a major limit in negative ion NBI for fusion 
reactor plants, hence the importance in the development of alternative neutralization concepts. 
Electron photodetachment by means of intense radiation fields is the most promising solution in 
terms of efficiency (which in principle can reach saturation) and pumping requirements [1]. The 
standard approach for this type of neutralizer is based on a Fabry-Perot cavity [2]; in this work a 
different design is analyzed, trying to overcome Fabry-Perot concept criticalities. The present 
study is based on the RING concept [2], which exploits a lower gain, non resonating cavity for 
laser beam recirculation. Laser source is positioned outside the cavity, while a non linear 
medium acts as an optical switch to trap the laser second harmonic within the neutralizer region: 
with multiple mirrors configuration and with proper cavity geometry it is possible to reach 90% 
of neutralization rate. Thermal load issues on the second harmonic generator are critical and will 
be analyzed in detail; requirements on laser sources will be discussed and some proposals will be 
presented. 
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MITICA is the prototype of the Heating Neutral Beam Injectors (HNB) for ITER and is 
constituted by a negativeion source, a multi-grid electrostatic accelerator, a neutralizer and a 
residual ion dump. The injector is designed to produce a 17 MW beam of neutral particles 
(deuterium or hydrogen) up to 1 MeV. Two HNBs are planned to be installed in ITER at 
Cadarache, France. MITICA is under construction in the PRIMA facility in Padova, Italy. The 
design of MITICA/HNB [1] has required extensive optimizations in order to guarantee that the 
thermomechanical stresses in the materials do not exceed the tolerable limits for the required 
fatigue life. This result has been achieved by:  (a) reducing and uniforming the heat loads on the 
accelerator grid and beam line components, and (b) improving the heat removal capability of the 
active cooling system of the grids. This involved an extensive optimization of the electric and 
magnetic field configuration and of the geometry of the accelerator grids, 
suppressing the electrons before they are accelerated at higher energy, and improving the optics 
of the ion beamlets. 
  However, deviation from the expected magnetic and electrostatic configuration can be caused 
by "off-normal" or "failure" operating conditions of the accelerator, such as undesired 
mechanical displacement of the grids, nonuniform extracted ion current, demagnetization of 
magnets, partial failure of the accelerator grid power-supplies and also operation with different 
ion species. 
 Purpose of the present work is to analyse and identify the "off-normal" operating conditions 
which could possibly become critical in terms of thermomechanical stresses or of degradation of 
the optical performances of the beam, and to give indications on protective actions to be taken. 
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High power focused neutral beams with small divergence are necessary for heating of 
localized regions inside plasma. Particularly they are useful in the devices with narrow access 
ports through which only small size, high power density beams can be transported. In the 
neutral beams developed in the Budker Institute, the ballistic beam focusing is provided by 
spherically shaped multi-aperture electrodes of ion optical system.  Use of slit apertures in the 
ion optical system additionally reduces a width of the focused beam in the direction along the 
slits due to smaller divergence in this direction, which is determined only by the ion 
temperature of plasma emitter. For application in powerful heating neutral beam injectors 
focusing triode ion optical systems with slit apertures are developed. Formation of high 
perveance beam in slit geometry of the grid was optimized by making use of three 
dimensional KOBRA-INP code. Results of the simulations are in agreement with 
experimental data on ion beam formation from single slit aperture.  

At present, two versions of focusing multi-slit triode ion optical system are developed. The 
first ion optical system forms the proton beam with 15 keV energy, 140 A current, and 30 ms 
duration. The second ion optical system is intended for heating neutral beam injector of TCV 
tokamak. The injector produces focused deuterium neutral beam with 35 keV energy, 1 MW 
power, and 2 s duration. In the later case the angular beam divergence of the neutral beam is 
20-22 mrad in the direction across the slits of the ion optical system and 9 mrad in the 
direction along the slits.        
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Operation of the thermonuclear fusion experiment ITER requires additional heating via injection of neutral beams 

from accelerated negative ions; two injectors will deliver a total power of 33 MW. The MITICA experiment 

(Megavolt ITER Injector & Concept Advancement) is the prototype and the test bed of the ITER Heating and 

Current Drive Neutral Beam Injectors (HNB). MITICA injector experiments shall demonstrate the reliable and 

accurate emission of a 17 MW beam of neutral particles of deuterium or hydrogen for duration up to 1 hour, 

fulfilling ITER specific requirements.  MITICA test bed is in the final design phase and will be procured and 

installed in PRIMA facility (Padova Research on Injector Megavolt Accelerated) in Padova, Italy. 

This contribution regards the transmission line of MITICA experiment. The design of MITICA RF coaxial lines 

considered lines of 1” 5/8, but thermal simulations carried out on MITICA RF lines model showed that the 

temperature of the lines was too high with respect to the maximum operational limit indicated by the supplier. This 

operation condition can deteriorate the correct functionality of the coaxial lines, due to the risk of losing the good 

electrical contact on the sliding connections between the parts of the line at higher temperature. The effects of 

emissivity enhancement and of the increasing in the diameter of the conductors, aimed to lowering the maximum 

temperature of the lines after 1 hour pulse, are presented: the calculations show the thermal results of MITICA RF 

lines and of other components involved in the interface between HV Bushing and the MITICA Beam Source, as a 

function of the emissivity value and of other geometrical parameters. Moreover, five coating products were tested: 

the outgassing behavior of the selected products and their emissivity assessment are also presented, together with the 

definition of the application procedures. 
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  The study is in the scope of the research on the matrix source [1] of negative hydrogen ions: a 
matrix of small radius discharges inductively driven by a planar coil. A single-coil driving of the 
whole matrix is constructively the most proper decision, provided that the same discharge 
behaviour in the separate discharges of the matrix can be ensured. Recent results [2] obtained for 
different shapes of zigzag coils driving the matrix have shown that a zigzag coil with an omega-
shaped conductor on the bottom of each discharge tube, having similarities with a single coil 
driving of each discharge, shows up with the highest rf efficiency displayed by high values of the 
induced current and high rf power deposition into the plasma. This is a result obtained from a 3D 
model which provides the spatial distribution of  the rf field and of the current induced into the 
plasma, i.e. an electrodynamical description, for given values of the plasma parameters. Since the 
final decision for the rf driving of the matrix should be based on conclusions for the same spatial 
distribution of the plasma parameters in the separate discharge tubes, the 3D model from Ref. 2 
is extended here to a self-consistent one, with a gas-discharge part within the ambipolar diffusion 
approximation. 
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In International Thermo-nuclear Experimental Reactor (ITER) and JT-60 Super Advanced (JT-
60 SA), the D- ion beams of 1 MeV, 40 A and 0.5 MeV, 22 A are required to produce 3600 s and 
100 s  for the neutral beam injection, respectively. In order to realize such as powerful D- ion 
beams for long duration time, Japan Atomic Energy Agency (JAEA) has energetically developed 
cesium (Cs)-seeded negative ion sources (CsNIS) and electro-static multi-aperture and multi-
stage accelerators (MAMuG accelerator) which are chosen as the reference design of ITER and 
JT-60 SA. In the development of the CsNIS, a 100s production of the H- ion beam has been 
demonstrated with a beam current of 15 A by modifying the JT-60 negative ion source [1]. At 
the higher current, the long pulse production of the negative ions has been tried by the mitigation 
of the arcing in the plasma inside the ion source.  As for the long pulse acceleration of the 
negative ions in the MAMuG accelerator, the beam steering angle has been controlled to reduce 
the power loading of the acceleration grids A pulse duration time has been significantly extended 
from 0.4 s to 60 s at reasonable beam power for ITER requirement [2]. The achieved pulse 
duration time is limited by the capacity of the power supplies in the test stand. In the range of < 
60s, there are no degradations of beam optics and voltage holding capability in the accelerator. It 
leads to the further extension of the pulse duration time at higher power density.  

This paper reports the latest results of development onthe negative ion source and accelerator at 
JAEA.   
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In order to design the ITER negative ion accelerator, where the D- ion beams of 40A are 
accelerated up to 1 MeV for 3600 s, power loading and localized power density on the 
acceleration grids are serious problems for long pulse accelerations. The past calculation 
results suggested that the power loading of the acceleration grids was caused by the 
over-focus of the negative ions in the extraction grid [1]. Tail of the negative ion is 
over-focused by strong converged electric field at the edge of aperture of the extraction grid 
and intercepted with the acceleration grids located in downstream. In order to reduce the 
over-focused ions, the trajectory of the negative ions was optimized by enlarging apertures of 
the extraction grid. This solution has been experimentally confirmed, where the power 
loading of the acceleration grid was reduced from 13% to 10% of the beam power. Moreover, 
the power density profile was estimated by a detailed calculation with a 3D simulation code. 
The results showed that the peak power density around the apertures of ground grid was 
reduced from 18MW/m2 to 7MW/m2 for 1MeV beam acceleration, suggesting that 
suppression of the converged electric field at the edge of aperture of the extraction grid also 
contribute to the reduction of the peak power density. 
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A positive ion based source was developed for a high power neutral beam injector (NBI) on 

the Experimental Advanced Superconducting Tokamak (EAST)1-5. The ion source contains a 
bucket hot cathode arc chamber with 650 mm long, 260 mm width and 300 mm depth. There are 
32 hairpin filaments with diamond of 1.5 mm and 160 mm long to supply primary electrons. A 
tetrode type accelerator with slit type used to extract the ions from the plasma and accelerated to 
the desired energy. The beam extraction area is 120 mm !480 mm with beam transmittance of 
60 %. The designed beam species is deuterium with beam power of 2-4 MW and beam energy of 
50-80 keV and beam pulse length of 10-100 s. 

There are 5 ion sources was developed so far. They most have the same structure.  The ion 
sources need to be conditioned and performance tested on the test bead before installed on the 
EAST-NBI. The hydrogen was used for the test and each ion source needs to deliver 4 MW beam 
power with beam energy of 80 keV. The optimum beam perveance is 2.8 "p with beam energy 
of 50 keV. Long pulse beam extraction also tested to achieve 100 s on the test bed. Consider the 
high power deposited on the calorimeter, the beam was modulated with suitable frequency and 
duty ratio. When the conditioning finished, the ion sources were moved to the EAST-NBI. The 
deuterium beam was extracted and injected into the EAST plasma. Details of the performance of 
positive ion source on the test bad and EAST-NBI will be presented. 
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Optimization techniques of the vacuum insulation design have been developed in order to realize 
a reliable voltage holding capability of multi-aperture multi-grid (MAMuG) accelerators for 
giant negative ion sources for nuclear fusion. In this method, the nested multilayer configuration 
of each acceleration stage in the MAMuG accelerator can be uniquely designed to satisfy the 
target voltage within given boundary conditions. The evaluation of the voltage holding 
capabilities of each acceleration stages were based on the past experimental results of the area 
effect and the multi-aperture effect on the voltage holding capability [1]. Moreover, total voltage 
holding capability of multi-stage was estimated by taking the multi-stage effect into account, 
which was experimentally obtained in this time. In this experiment, the multi-stage effect 
appeared as the superposition of breakdown probabilities in each acceleration stage, which 
suggested that multi-stage effect can be considered as the voltage holding capability of the single 
acceleration gap having the total area and aperture. The analysis on the MAMuG accelerator for 
JT-60SA agreed with the past gap-scan experiments with an accuracy of less than 10% variation. 
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In large negative ion sources for fusion a magnetic field in front of the first grid of the 

extraction system is essential to reduce the current of co-extracted electron below a required 

limit. In case of the ITER source the electron current has to be smaller than the ion current. At 

Max-Planck-Institut für Plasmaphysik (IPP) two RF sources of different size are currently 

being tested, the small 0.3 x 0.6 m2 prototype source and the 0.9 x 1.0 m2 source at the ELISE 

testbed, which has the same width, but only half the height of the ITER source. 

Due to the small width of the prototype source it is possible to span the magnetic field 

between two rows of permanent magnets placed close to the lateral walls. In the large source 

the field has to be generated by a current of several kA flowing through the plasma facing 

grid and returning thorough three rods on the top side of the source. These two concepts have 

substantial different field profiles perpendicular and parallel to the plasma grid. The field 

strength of the permanent magnets is higher close to the grid and the field lines converge to 

the sides like in a magnetic bottle. An advantage of the field produced by the current is the 

possibility to adjust the field strength according to the experimental situation.  

Filter field variations have great impact on� the currents of negative ions and electrons as 

well as on the plasma density, the plasma drift in the source and the beam homogeneity. 

Magnetic fields in the volume, where the plasma is produced, have influence on the plasma 

sustainment at low pressure.  

Many experiments carried out with the small source and the large ELISE source now allow 

comparing between the source performances achieved by the two concepts of magnetic filter 

fields. The result of this comparison and possible improvements of the ELISE filter field 

configuration will be reported. 
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   The 2D model of a single element of the matrix source [1] presented in the study is in the 
trends of recent experiments [2] on the negative ion extraction from the source. The matrix 
source of volume-produced negative ions, studied regarding fusion applications, is with the 
design of a matrix of small radius discharges, with planar coil inductive driving and single 
aperture extraction from each discharge. The efficiency of the source is based on strong 
accumulation of negative ions in the discharge region with high dc potential, due to the flux of 
the ions in the dc electric field in the discharge when the discharge radius is small. Since the 
spatial distribution of the negative ions obeys that of the dc potential in the discharge, the two 
concepts studied for the ion extraction involve control on its behaviour in the vicinity of the first 
electrode of the extraction device. The first concept is for extraction of ions non-locally 
accumulated in the discharge region with high dc potential. Since in the planar coil inductive 
discharges the maximum of the dc potential is close to the coil, the concept is for ion extraction 
from a short length discharge, with a high bias applied to the first electrode of the extraction 
device. The latter ensures straightening in the axial profile of the dc potential needed for 
avoiding the capture of the ions inside the discharge. The second concept – ion extraction from a 
long length discharge with and without a magnetic filter – is for extraction of ions locally 
produced close to the extraction device. The high potential applied to the first electrode of the 
extraction device is needed for formation of a deep potential well in front of it and, respectively, 
of a strong electric field for the ion acceleration towards the electrode. The results for the spatial 
distribution of the plasma parameters in the discharge obtained from the presented 2D model and 
the outlined conclusions appear as a motivation of these two concepts. 
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The operation of the thermonuclear fusion experiment ITER requires additional plasma heating via 

injection of high energy neutral beams from accelerated negative ions; two injectors will deliver a total 

heating power of 33 MW. 

The MITICA experiment (Megavolt ITER Injector & Concept Advancement) is the prototype and the test 

bed of the ITER Heating and Current Drive Neutral Beam Injectors (HNB); it is in the final design phase and 

will be procured and installed in PRIMA facility (Padova Research on Injector Megavolt Accelerated) in 

Padova, Italy. 

The presence of back-streaming positive ions (BSI+), generated by secondary particle reactions in the 

MITICA 1 MV accelerator and scattered back at high energy towards the RF source, causes serious problems 

to the impinged components. In fact, the high power density deposition and the material erosion by 

sputtering can seriously damage the parts. Such an eroded material pollutes the plasma and it is then 

detrimental for the ion source operation. 

A proper technical solution, based on explosion bonding technique, has been identified for the production 

of a 1 mm thick Mo armor layer (having molybdenum a much lower sputtering yield, compared with copper) 

on copper substrate, compatible with ITER requirements, but such an innovative solution needed to be 

validated. After having preliminarily tested the solution with thermal shock tests on small samples, larger 

prototypes have been recently manufactured and tested in the high heat flux test facility GLADIS to check 

the strength of the molybdenum-copper interface.  This paper presents the experimental results as well as the 

results of the numerical fluid-dynamic analyses of the prototypes simulating the high heat flux test conditions 

in GLADIS.  Moreover, the issues encountered during the production and testing of the prototypes, together 

with the results obtained are presented, being significant for the future manufacturing and operation of the 

MITICA RF source parts. 
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Particle-wall interactions determine in different ways the operating conditions of plasma sources, 
ion accelerators and beams operating in vacuum. A strong contribution to gas heating in plasma 
source is given by ion neutralization at walls; beam losses and stray particle production – 
particularly detrimental for high current negative ion systems such as beam sources for fusion – 
are caused by collisional processes with residual gas. The gas density profile is determined by 
the scattering of neutral particles at the walls. The modeling of realistic gas flows in vacuum 
involves some assumption on the gas-surface interaction, concerning the features of inelastic 
scattering, momentum and energy exchange, and the angular distribution of scattered particles. 
The influence of the accommodation coefficient on efficiency losses in the case of accelerators 
for fusion was shown in the past [1]. The study of such gas-wall interactions, scattering and 
accommodation parameters, can be performed by use of Molecular Dynamics (MD) techniques.  
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  The R&D effort for the large surface area negative ion source for the neutral beam injectors 
of the International Tokamak Experimental Reactor (ITER) is well underway and results and 
achievements are reported in many contributions to this conference as well as the technical 
details of the multi aperture multi grid RF ions source chosen as the ITER ion source. This 
contribution highlights the status of the integration of the Heating Neutral Beam (HNB) and 
the Diagnostic Neutral Beam (DNB) systems into the ITER plant. 
  The current ITER baseline foresees 2 HNB’s operating at 1 MeV 40 A D0, each capable of 
delivering 16.5 MW of deuterium ions to the plasma, with a 3rd HNB injector foreseen as an 
upgrade option that would bring up the total neutral beam power to 50MW [1]. In addition a 
dedicated DNB will be injecting 100 keV 60 A of H0 for charge exchange recombination 
spectroscopy (CXRS) [2]. Installation and maintenance logistics as well as the nuclear 
environment have strongly influenced the injector design. The beam line configurations have 
been optimised considering vacuum and gas feed requirements with special attention paid to 
the controlled transmission over long lengths (~22m) and through narrow ducts. The 
manufacturing technologies and the materials chosen have to be compatible with the ITER 
safety constraints. 
  The ITER operating scenarios will be briefly discussed and the required performance 
parameters emphasised, such as the HNB operation at 870keV H0 hydrogen ions in the 
planned low current hydrogen phase which will allow commissioning of the auxiliary systems 
used on ITER.  
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Tri Alpha Energy, Inc. is a privately funded company pursuing research of Field Reversed Configuration 
(FRC) plasmas for fusion reactor applications. Over the past decade, TAE has brought together world-
class technical specialists in such fields as FRC plasma science, magnets, neutral and neutralized beams, 
pulsed power, diagnostics, controls, electronics and fabrication, and has well over 500 years of combined 
fusion research experience. This group of scientists, engineers and technologists is working at TAE's 
state-of-the-art plasma research facility in Orange County, California. 
  The core of the facility is the world’s largest FRC plasma device named C-2,1 in which neutral beams 
(20 - 40 keV hydrogen, ~ 4 MW total)2 were injected tangentially to produce a significant fast-ion 
population. In the C-2 experiment, neutral beam injection (NBI), coupled with electrically-biased plasma 
guns at the plasma ends, magnetic end plugs, and advanced surface conditioning, led to dramatic 
reductions in turbulence-driven losses and greatly improved plasma stability.3 Under such conditions, 
highly reproducible, macroscopically stable, hot FRCs with total plasma temperature of ~ 1 keV and 
record lifetimes were achieved.4 
  The C-2 device has been recently upgraded with a new NBI system, which was designed and built in 
collaboration with the Budker Institute of Nuclear Physics (Novosibirsk, Russia). The C-2-Upgrade NBI 
system consists of six highly reliable and robust injectors based on positive ion technology. The system 
can deliver up to a total of 10 MW of hydrogen beam power (15 keV, 8 ms pulse), by far the largest ever 
used in compact toroid plasma experiments. The injectors feature flexible, modular design based on a 
triode ion optical system with slitted multi-aperture inertially cooled grids and geometrical beam 
focusing. The cold-cathode arc discharge plasma sources5 generate up to 180 Amps of extracted ion 
current.   
  The NB injectors were commissioned in the on-site test facility that allows a complete characterization 
of the injector performance, including measurements of the beam divergence and focal length, and 
determination of the beam composition. In my talk, I will briefly describe the C-2U device and main 
aspects of the TAE experimental effort. The primary focus of the talk will be on the TAE NBI program, 
specifically: 1) the development of the NB injectors in a collaborative effort with Budker Institute, 2) test 
facility, diagnostics, and associated components and infrastructure, 3) integration with the C-2U machine, 
4) results of acceptance tests and operating experience. 
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For RF plasma sources, impedance matching & plasma characterization is very important for 
efficient plasma operation. In long pulse operation, particularly with high power (~ 100kW or 
more) where plasma load may vary due to different reasons (e.g. pressure, power, etc.), online 
tuning of impedance matching circuit is useful. In many cases, manual tuning is not feasible in 
real time. In some cases matching quality is found out indirectly by phase value cos (݊), between 
RF output voltage and corresponding current. It has been found and verified by experiment that 
cos (݊) may not be a true representative of RF impedance matching for efficient RF power 
coupling with plasma load in an inductively coupled plasma (ICP) source.  In ICP plasma load 
depends on plasma density. Plasma density characterization is an integral activity for source 
operation. In some cases due to remote interfaces, radio activation and maintenance issues high 
power probes are not allowed to incorporate in the ion source design for plasma characterization. 
Therefore, for characterization, more remote schemes are envisaged.  Using electrical parameter 
one scheme is described [1] to estimate plasma density. Heat load dissipated in the RF antenna 
can be estimated from the cooling circuit associated with the antenna. Which can be a 
representative of impedance mismatch with plasma load. Measuring mismatch in the plasma load 
impedance by using calorimetric data using air-core transformer model for matching [2] can be 
another alternative procedure. Both the schemes are based on air core transformer model and 
some limitations are present in the model, which are also discussed in those references. To 
overcome some of the issues, one physics based code HELIC [3] is linked with the model to 
study the influence of the RF field interaction with the plasma to its impedance. 

In this work we shall present the physics-electrical coupled model based on wave-antenna 
spectrum coupling in the perspective of both automatic remote RF tuning & plasma 
characterization. This model can be useful for both type of RF sources i.e. ICP & Helicon 
sources. 
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   The study is an extension of a recent activity [1,2] on modelling of the SPIDER source [3] 
which is under development regarding the neutral beam injection system of ITER. The source is 
with eight drivers (inductive discharges with cylindrical coils) and a large-area chamber common 
for all the drivers. In the 2D modelling ([1,2] as well as here) the modelling domain is half of a 
single driver with the volume from the large-area chamber belonging to it. The previous results 
[1,2] show that due to a shift in the positions of the maxima of the electron density and 
temperature, associated with the localization of the rf power deposition outside the region of high 
electron density, the regime of the discharge is non-ambipolar, with a vortex dc current flowing 
in a rf discharge. The conclusion drawn is for strong non-locality in the discharge behaviour and, 
respectively, for strong impact of the fluxes not only of the charged particles but also of the 
neutral species, including also the energy fluxes. The study of the discharge structure is extended 
here with accounting for the dc magnetic field self-induced by the dc current. The results are for 
the modifications, caused the magnetic field, in the discharge behaviour.          
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Commercial viability of fusion power plants depends also on minimizing the recirculation power 
used to operate the reactor. In thermonuclear fusion research, the neutral beam heating is one of the 
most important ways to ensure the plasma heating. For the future fusion power plant project 
DEMO, a neutral beam wall plug efficiency at least of 0.4 ÷ 0.55 is required[1]. The neutral beam 
wall plug efficiency foreseen for the present fusion reaction project (ITER) instead is only about 
20% [1].  Neutral beams are realized by using a negative ion source whose D- beam can be 
neutralized by a gas cell. In that process the production efficiency of the neutral beam is lower than 
55% but an increase up to75% could be obtained when an ion beam energy recovery system  is 
applied[2].  

Recently the test negative ion source NIO1 (60 keV, 9 beamlets with 15 mA H- each) has been 
designed and built at RFX (Padua) to study how negative ion production efficiency and the beam 
quality could be improved in fusion application [3]. 

In this paper a proposal to use the NIO1 source also for a beam Energy recovery test experiment 
is done and a preliminary design of a negative ion beam collector with simulations of beam energy 
recovery is also presented and discussed. 
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The conversion of fast ions to neutrals and their injection in magnetically confined plasmas is 
fundamental to increase the particle energy and enhance the fusion process. In advanced fusion 
devices the use of negative ions is necessary, due to their high neutralization yield in collisions 
with a gas target even at particle energy around 1MeV. This feature is exploited by interposing 
along the negative ion beam path a neutralizer, i.e. a component where a flux of neutral gas is 
steadily injected. On the open sides of the neutralizer the gas leaks out, determining beam losses 
(by stripping inside the accelerator or re-ionization of neutrals after the neutralizer) that should 
be limited as much as possible.  
The opposite requirements of high gas density in the neutralizer and low density elsewhere in the 
accelerator and the beamline determines huge requirements for the pumping system; cryogenic 
pumps are a standard choice in nowadays neutral beam injector. In such pumps particles are 
trapped on the active surfaces of the pump, kept at liquid helium temperature and combined with 
the use of highly sorbing materials such as activated charcoal.  
In the ITER NBI beamline, 8x2.5 m2 cryogenic pumps are installed on either side of the 
beamline vessel, for a total pumping speed of 5000 m3/s in hydrogen and an expected 
background pressure down to 10-3 Pa in the vessel [1] during the beam-on phase. The charcoal 
active surfaces are shielded from any source of direct heat (radiation from other components or 
high energy secondary particles); nonetheless, stray electrons may overcome those barriers by 
multiple bounces and compromise the pump operation. Their contribution to the overall 
efficiency of the cooling plant was never verified but it is necessary to assure the proper 
operation of the pumping system, especially during long beam pulses.  
In this paper we present a simulation of the electron propagation of the electrons inside the 
pump. A general electron transmission probability has been calculated by simulating a uniform 
distribution of electron, and following their trajectories in one of the 16 periodic modules of the 
pump, taking into account their geometry and the local magnetic field. The resulting 
transmission probability, depending on the initial position, angle, and energy of the particles has 
been applied to project the starting distribution of electrons entering the pumps (calculated a 
priori with beam transport models described elsewhere [2,3]) on the critical panels, to obtain the 
power load on the active surfaces of the pumping system of ITER NBI and its test facility 
MITICA.  
Acknowledgement :This work was set up in collaboration and financial support of F4E.  
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The neutral beam injector (NBI) on the Experimental Advanced Superconducting 
Tokamak (EAST) is designed with high power of 2-4 MW and long pulse of 10-100 s. The 
hot cathode bucket ion source is employed on the EAST-NBI system. Consider the lifetime 
of hot cathode during long pulse operation and the future requirement of high power ion 
source of NBI for the next generation of fusion device, the radio frequency (RF) ion source 
was designed and development.  

A RF driver has a cylinder structure with diameter of 210 mm and height of 160 mm. The 
thickness is 8 mm. A copper faraday shield with thickness of 3 mm is installed in the RF driver. 
A 6 turns RF coil with outer diameter of 6.5 mm and inner diameter of 4mm is installed out 
the driver to couple the RF power to plasma. A manual marching box is also designed with RF 
frequency of 1 MHz frequency. The RF driver was tested on the RF driver test bed. The puffer 
gas can be changed between with hydrogen and argon. The RF power can achieve 10 kW with 
stable plasma. The plasma parameters were measured with double probe system. 

In the future, the auto marching box will be developed and the RF plasma will be tested 
with RF power large than 10 kW. Besides, a RF source with two drivers will be development 
and tested too. 
 

 

ThuPE22 
 

Single Element of the Matrix Source of Negative Hydrogen Ions: 
Measurements of the Extracted Currents Combined with Diagnostics 

Dimitar Y. Yordanov,Stiliyan St. Lishev, and Antonia P. Shivarova 

Faculty of Physics, Sofia University, BG-1164 Sofia, Bulgaria 

Corresponding Author: DimitarY.Yordanov, e-mail address: yordanov@phys.uni-sofia.bg 
 

  Combining experiments on the negative ion extraction with discharge diagnostics (probe and 
laser photodetachment diagnostics),the study is an extension of recent experiments [1-3] in a 
single discharge of the matrix source [4]. The single element of the source is a small (2.25 cm) 
radius hydrogen discharge ending at the first electrode of the extraction device (a three electrode 
system completed by a plasma electrode, an extraction/electron suppression electrode, with 
permanent magnets embedded in it, and a Faraday cup for measuring the extracted negative-ion 
current). The discharge is inductively driven by a planar coil positioned on its front wall. The 
axially movable Langmuir probe used in the probe diagnostics provides results for the axial 
variation of the electron density and temperature and of the plasma potential. In the laser 
photodetachment measurements a radially oriented laser beam (from a Surelite III-10 Nd:YAG 
laser operating at its second harmonics) combined with the probe provides results for the 
electronegativity and the negative ion density in the vicinity of the extraction device. In the 
measurements on the extraction, the extracted currents of negative ions and electrons are 
measured for different voltages applied to the electrodes of the extraction device. The 
conclusions are for the correlation between the plasma parameters and the extracted current 
densities.  
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  The MITICA (Megavolt ITER Injector Concept Advancement) experiment [1] is the full scale 
prototype of the Heating and Current Drive Neutral Beam Injectors for ITER, to be built at 
Consorzio RFX (Padova). The injector is designed to deliver about 17 MW neutral beam of 
deuterium particles, obtained from a precursor beam of negative ions accelerated to 1 MeV. The 
MITICA components will be subjected to heat loads between 2 and 19 MW and heat fluxes up to 20 
MW/m2, during one hour beam pulses, thus setting demanding requirements for a reliable active 
cooling. 
  The high heat fluxes on the accelerating grids due to stray particles, the temperature control 
required for optimal cesium deposition on plasma grid and plasma source walls, the highly 
concentrated load on the back plate due to back streaming ions, and the delicate RF drivers, make the 
MITICA beam source [2] a very challenging system in which the correct prediction of the flow rate 
partitioning and coolant temperatures are mandatory. The beam line components [3] also deal with 
severe heat loads, high coolant temperature and pressure, and like the beam source, are subjected to 
regulatory limits.  
  Several analyses have been carried for optimizing the cooling circuits. The thermo-hydraulic 
behavior of each cooling circuit under steady state condition has been investigated by using one-
dimensional models. Complex geometries whose hydraulic behaviors are not available in literature 
have been studied by detailed three dimensional CFD models and then their characteristic curves 
(pressure drop vs. mass flow rate) have been included in the one-dimensional models as concentrated 
pressure drop elements to fully characterize the circuits. The models have been used as versatile tools 
in order to improve and modify the cooling circuits’ layout during the design. The final results, 
obtained considering a number of optimizations for the cooling circuits, show that all the 
requirements in terms of flow rate, temperature and pressure drop are properly fulfilled. 
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At the ISAC facility at TRIUMF radioactive isotopes are produced by bombarding solid 
targets with high energy (480MeV) protons. The products diffuse out of the target into an ion 
source. Ions are extracted at several tens keV and selected in a mass separator. After separation 
they are either sent directly to experiments or post-accelerated. Due to the proximity of the target 
at high temperature and in high radiation fields, the ion sources have to be robust and with low 
maintenance requirements. As a result, mainly singly charged ions can be extracted. For post-
acceleration, charge state breeding with an electron cyclotron resonance ion source (ECRIS) has 
been chosen. Shortly after the installation and first tests of this source it became clear, that the 
background from stable contaminants in the source plasma can be orders of magnitude higher 
than the intensity of the rare radioactive ions. Several measures, including changing materials for 
the plasma chamber and the surrounding components, have been implemented to reduce this 
background. Further reduction has been achieved by using the post-accelerator chain as a mass 
filter. This made a first physics experiment on accelerated Sr isotopes possible in 2013. Several 
more experiments have since followed.  

With the planned expansion of the isotope production capabilities at TRIUMF within the 
ARIEL project, two new target stations, one using photo-fission induced by a high-power 
electron beam at 50 MeV and the other one using 480 MeV protons as at ISAC, will be put into 
operation within the next 5 years. Additionally, a new electron beam ion source (EBIS) based 
charge state breeding system will be installed. Background from such a source is expected to be 
much lower as no plasma wall interaction is involved. The drawback is that for the efficient 
operation of such a system pulsed beam operation is required. Bunching of the incoming beam 
after mass separation will be done with a gas-filled radio frequency quadrupole cooler/buncher. 
In order to minimize decay losses from short-lived isotopes the repetition frequency will be at 
100 Hz. 

Results from the existing system and design parameters for the planned facility will be 
presented. 
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Electromagnetic traps are a flexible and powerful method of controlling particle beams, possibly 
of exotic nuclei, with cooling (of energy spread and transverse oscillations) provided by collisions 
with light gases as in the Radio Frequency Quadrupole Cooler (RFQC) or with charged particles (as 
in electron coolers or charge breeder trapping). In particular in the context of the Coolbeam project, 
a prototype of an RFQC is being built, and two test beamlines are being considered. Both beamlines 
are based on a alkali metals surface ionization source, followed by a low energy transport at about 5 
keV, deceleration into RFQC to energy Eb , and reacceleration towards an emittance meter. One 
beamline is planned to be placed with a suitable adapter inside the existing Eltrap solenoid, capable 
of providing a magnetic flux density component Bz up to 0.2 T, where z is the solenoid axis. 
Confinement in the transverse plane is provided both by Bz and the rf voltage Vrf (up to 1 kV at few 
MHz). Transport is provided by a static electric field Ez (order of 100 V/m), while gas collisions 
(say He at 1 Pa, to be maintained by differential pumping) provide cooling or heating depending 
from Vrf. So the major parameters Eb, Ez, Vrf (and possibly Bz) must be optimized for maximizing 
beam transmission (at a cooling rate adequate for SPES project needs), both by experiments and by 
numerical simulations, as it is summarized. A status of installation progress is here reported, 
including commissioning of the emittance meter and of several insulators and feedthroughs needed. 
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   The Selective Production of Exotic Species (SPES) project is an ISOL facility under 
construction at Istituto Nazionale di Fisica Nucleare - Laboratori Nationali di Legnaro (INFN-
LNL). 1+ radioactive ions, produced and extracted from the Target-Ion-Source system, will be 
charge bred to high charge states by an ECR charge breeder (SPES-CB): the project will adopt an 
upgraded version of the PHOENIX charge breeder, developed since about twenty years by the 
Laboratoire de Physique et de Cosmologie  (LPSC). The collaboration between LNL and LPSC 
started in 2010 with charge breeding experiments performed on the LPSC test bench and led, in 
June 2014, to the signature of a Research Collaboration Agreement for the delivery of a complete 
charge breeder and ancillaries, satisfying the SPES requirements. Important technological aspects 
were tackled during the construction phase, as for example beam purity issues, electrodes 
alignment and vacuum sealing. This phase was completed in spring 2015, after which the 
qualification tests were carried out at LPSC on the 1+/n+ test stand. This paper describes the 
characteristics of the SPES-CB, with particular emphasis on the results obtained during the 
qualification tests: charge breeding of Ar, Xe, Rb and Cs satisfied the SPES requirements for 
different intensities of the injected 1+ beam, showing very good performances, some of which are 
"best ever" for this device. The SPES beam lines have been modified since the original design, 
details about these modifications will also be reported. 
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The optimization of the efficiency of an ECR-based charge breeder is a twofold task: efforts 
must be paid to maximize the capture of the injected 1+ ions by the confined plasma and to 
produce high charge states to allow post-acceleration at high energies. Both tasks must be 
faced by studying in details the electrons heating dynamics, influenced by the microwave-to-
plasma coupling mechanism. Numerical simulations are a powerful tools for obtaining 
quantitative information about the wave-to-plasma interaction process, the first step being the 
determination the electromagnetic field allowed inside the plasma chamber.  
  This paper presents a numerical study of the microwaves propagation and absorption inside 
the plasma chamber of the PHOENIX charge breeder, which the Selective Production of 
Exotic Species (SPES) project, under construction at Legnaro National Laboratories (LNL), 
will adopt as charge breeder. Calculations were carried out with a commercial 3D FEM 
solver: first, all the resonant frequencies were determined by considering a simplified plasma 
chamber as an empty cavity. Then, the realistic geometry was taken into account, together 
with a plasma with a simplified structure, to study the wave-plasma interaction for the three 
closest frequencies to the operating one (14.521 GHz). The results give important information 
about the power absorption and losses, and will allow the calculation of electron motion using 
a single particle approach: the last will be a valuable output allowing to obtain a plasma 
model to be used in a refined step of calculation reproducing the breeding process itself. 
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BRISOL(Beijing Radioactive Isotope Separate On-Line) , as a subproject 
of BRIF(Beijing Radioactive Ion-beam Facilities) ,a remote control system is 
developed in it’s target source for the purpose of maintenance under the 
condition of high radioactivity level due to Neutron activation. In this design 
scheme, the target source is separated into 3 modules individually. The 
connections between modules and main system, include cooling water, power 
supply etc, are integrated into quick connect coupling module. A crane with high 
position precision is equipped for conveying the modules form it’s vacuum 
container to hot-cell or replace it to right position. 
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  A new singly charged ion source has been developed to realize an ISOL (Isotope 

Separation On-Line) system for a PET imaging simultaneously with the heavy-ion 

cancer therapy using radioactive 11C ion beams. In the ISOL scheme, 11C molecules are 

firstly produced by irradiating boron compound target with proton beams provided by a 

small cyclotron. Then, 1+ ions are firstly produced from the 11C molecules with the 

singly charged ion source. Finally, after the isotope separation with an analyzing 

magnet, the 11C+ ions are further ionized by employing an EBIS/ESIS as a charge 

breeding ion source to obtain required charge state for the HIMAC injector.  

  The singly charged ion source employs a barium impregnated tungsten cathode and 

ionizes the 11C molecules by electron bombardment. Because the singly charged ion 

source is required to have high ionization efficiency, effective flight paths of the 

electrons emitted from the cathode have to be extended. For that reason, magnetic field 

is applied in the ionization region of the ion source and its direction is set parallel to that 

of the ion extraction. To decide the geometric parameters of the ion source, ionization 

efficiency was estimated considering balance among inflow of molecules and outflow 

of molecules/ions from the ionization region. Based on those considerations, the 

electron bombardment ion source was designed and fabricated. Details of the design and 

experimental results showing its fundamental performances are to be presented. 
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In the specific field of isotope separation on line (ISOL) facilities, two of the most widely 
used ion source types are the hot-cavity ion source1 (used for both surface and laser 
ionization) and the forced electron beam induced arc discharge (FEBIAD) ion source2. In both 
cases a specific high temperature field is required, mainly to maximize the ionization 
efficiency, and to obtain short confinement times (with a consequent reduction of particle 
decay losses). High temperatures are reliably obtained making use of tantalum components, 
that can be easily resistively heated, showing in the same time a high ductility during 
operation, and a good machinability in the production phase. In this work the electrical-
thermal behavior of both the aforementioned ion sources is studied in detail by means of 
dedicated coupled field finite element models3, and taking as a reference the specific ion 
source versions adopted for the selective production of exotic species (SPES) facility4. Since 
thermal expansions can affect significantly the functioning of FEBIAD ion sources (especially 
at the cathode-anode interface), a detailed thermal-structural study is also presented for this 
specific ion source type. Then, numerical results are compared with electric potential 
difference, temperature, and displacement measurements, allowing for validation of both the 
electrical-thermal and the thermal-structural models. Finally, ionizing electron current values 
for the SPES FEBIAD ion source are estimated combining calculated temperatures with the 
well-known Richardson formula and Child-Langmuir relation, showing a good agreement 
with the corresponding experimental values. The approach presented in this work can be 
taken as a reference for the electrical-thermal-structural design of new hot-cavity and 
FEBIAD ion sources, including the high temperature targets and ovens often related to their 
functioning. In the specific case of FEBIAD ion sources, the ionizing electron current can also 
be predicted with a high level of accuracy. 
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In the framework of the SPIRAL1 upgrade under progress at the GANIL lab, the 

charge breeder based on a LPSC Phoenix ECRIS, first tested at ISOLDE [1] has been 
modified as to benefit of the last enhancements of this device from the 1+ / n+ 
community [2]. 

The modifications mainly concern: 
• The injection optics which now include a movable grounded tube and a 

quadrupole triplet for a more precise control of the 1+ ion beam parameters 
entering the ECR plasma.  

• The use of pure Al components whenever possible (e.g. plasma chamber) to 
reduce the n+ radioactive beam contamination by stable beams 

• Standard UHV techniques (e.g. replacing elastomeric rings by metal rings and 
optimizing vacuum conductances whenever possible) to reduce the residual gas 
pressure in and around the plasma chamber  

• The injection of the support gas which is now done directly inside the plasma 
chamber 

The latter two modifications aim at reducing charge recombination of the plasma ions 
with surrounding neutral gas. 

Prior to its installation in the midst of the low energy beam line of the SPIRAL1 
facility, it has been decided to qualify its performances and several operation modes at 
the test bench of LPSC lab.  

This contribution shall present preliminary results of experiments conducted at 
LPSC concerning the 1+ to n+ conversion efficiencies for noble gazes as well as for 
alkali elements and the corresponding transformation times.  
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A rare isotope beam facility called RAON is under design and construction in Korea and 
will facilitate an ISOL system to produce rare isotopes using a proton beam accelerated from 
commercial cyclotron. The ISOL system will include an ISOL target, laser ion source, pre-
separator, RFQ-cooler/buncher, and EBIS charge breeder. The charge-bread isotope beam 
extracted from EBIS will be post-accelerated by a superconducting linear accelerator. An 
EBIS system has been designed in beam optics using TRAK and PBGUN [1]. Mechanical 
design was followed along with thermo-mechanical analysis. The maximum electron beam 
current is set to be 3 A at 20 kV, and the maximum magnetic field in the trap region is 6 T. 
An electron collector which can has handle up to 20 kW has been designed and will be 
constructed in this year. An electron gun assembly employing an IrCe cathode was procured 
from BINP and has been tested. The test results of the electron gun and overall progress of the 
EBIS system will be presented. 
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  An ECR charge breeder, as part of the Californium Rare Ion Breeder Upgrade (CARIBU) 
program at Argonne National Laboratory, has been providing beams of highly charged ions to 
the ATLAS facility for the past several years. The charge breeding efficiency and high charge 
state production of the source are at the forefront of ECR charge breeders, but its overall 
performance as part of the accelerator system has been limited by a pervasive stable ion 
background typically on the order of 106 to 107 pps even in the cleanest regions of the M/q 
spectrum. Various steps have been taken to reduce the level of background contamination 
including precision cleaning with CO2 ice particles and coating of the plasma chamber with high 
purity aluminum. The results of these procedures as well as possible further improvements will 
be discussed. 

  This work was supported by the U.S. Department of Energy, Office of Nuclear Physics, under 
Contract No. DE-AC02-06CH11357.  This research used resources of ANL’s ATLAS facility, 
which is a DOE Office of Science User Facility. 
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In the framework of the research and development activities of the SPES project regarding 
the optimization of the radioactive beam production, a dedicated experimental study has been 
recently started in order to investigate the possibility of laser ionization in-source production of 
Germanium using a set of tunable dye lasers. 

Germanium is in fact one of the candidates beams to be accelerated by the SPES ISOL 
facility, which is under construction at Legnaro INFN Laboratories. 

The three-step, two color ionization schemes have been tested along with a Ge Hollow 
Cathode Lamp (HCL). 
The “slow” and the “fast” optogalvanic signals were detected and averaged by an oscilloscope as 
a proof of the laser ionization inside the lamp. 

As results, several wavelength scans across the resonances of ionization schemes were 
collected with the “fast” optogalvanic signal. Some comparisons of ionization efficiency for 
different ionization schemes were made. Furthermore, saturation curves of the first excitation 
levels have been obtained. 

This investigation method and the set-up built in the laser laboratory of the SPES project can 
be applied for the photo-ionization scheme studies also for the other possible RIB elements. 
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LECR4 (Lanzhou ECR ion source No.4) is a room temperature electron cyclotron resonance 
ion source, designed to produce high current, high charge state ion beams for the SSC-LINAC 
injector (a new injector for Sector Separated Cyclotron) at the Institute of Modern Physics. LECR4 
also serves as a PoP machine for the application of evaporative cooling technology in accelerator 
field. To achieve those goals, LECR4 ECR ion source has been optimized for the operation at 18 
GHz, with the optimal axial confinement mirror fields of 2.5 T and 1.3 T and 1.0-1.1 T radial field 
on the plasma chamber wall. In February 2014, the first analyzed beam was extracted. During 
2014, LECR4 ion source was commissioned at 18 GHz microwave of 1.6 kW with an injection 
pumping free system. To further study the influence of injection pumping system to the production 
of medium and high charge state ion beams, in March 2015, an injection system with pumping 
system was installed, and some optimum results were produced, such as 2110 euA of O6+, 560 euA 
of O7+, 580 euA of Ar11+, and so on. The comparison will be discussed in the paper.  
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  For the research programs of the currently operational and future accelerator facilities 
there is an increasing demand for more intense highly charged ion beams. To satisfy such 
demand, especially for heavy ion beam production, the operational parameters of the 
Electron Cyclotron Resonance Ion Sources (ECRISs) should be shifted to higher 
frequencies, higher power and higher magnetic flux densities. 
  Several techniques have been developed to improve the performance of the existing 
ECRIS to fulfill this request. Recent experimental results proved that the tuning of the 
operating frequency of the ECRIS is a promising technique to achieve higher ion currents 
of higher charge states. On the other hand it is well known that the afterglow mode of the 
ECRIS operation can provide more intense ion beams in comparison with the continuous 
wave (cw) operation. These two techniques can be combined by pulsing the variable 
frequency signal driving the Traveling Wave Tube Amplifier providing the high 
microwave power to the ECRIS. In order to analyze the effect of these two combined 
techniques on the ion source performance, several experiments were carried out on the 
pulsed frequency tuned CAPRICE-type ECRIS. Different waveforms and pulse lengths 
have been investigated under different settings of the ion source. The results of the pulsed 
mode have been compared with those for cw operation. 
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Synthesis of endohedral fullerene has been investigated on tandem type electron cyclotron 
resonance ion source (ECRIS) in Osaka Univ. Endohedral fullerene is expected to be utilized 
for such as quantum computing or magnetic resonance imaging contrast agent, because it has 
various material character.1 The tandem type ECRIS comprises the first stage, the second stage, 
beam line, and irradiation stage.2 The first and the second stage are possible to generate plasma 
individually, and also they are confined individual ion species by each different plasma 
parameter. Hence, it is considered to be suitable for the synthesis of materials.  

In order to supply fullerene vapor in high vacuum, a new evaporator is developed. The 
evaporator is constructed with Ta ohmic wire heater and crucible filled with the fullerene 
powder. Fullerene vapor is supplied to the second stage from this evaporator, and we try to 
produce and extract multichraged fullerene ions. In this experiment, He gas is supplied to the 
second stage to keep plasma stable. Malticharged fullerene spectrum are successfully observed 
for the first time in the tandem type ECRIS. In future, we are going to synthesize iron endohedral 

fullerene by iron ion beam transport to the second stage from the first stage.  
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We have built a new 2.45 GHz permanent magnet electron cyclotron resonance ion source at 
Oshima College (Oshima-ECRIS) [1]. Our target is middle-charged ion beam production for 
industrial applications, i.e. ion implantation for semiconductors. Therefore, we selected an 
ECRIS with a 2.45 GHz microwave source and permanent magnets as a low-cost and low-power 
consumption ion source. However, 2.45 GHz ECRISs generally have low ionization efficiency 
compared with higher frequency ones. We need to develop the technique to improve the 
efficiency. 

As a first step, we have investigated the optimization of the axial magnetic field. Though 
magnetic fields on ECRISs is the most important factor, normal permanent magnet ECRIS 
cannot vary the magnetic field. Since the Oshima-ECRIS has three electric coils for adjusting 
axial magnetic field, we can adjust the mirror magnetic field, i.e. the strength of injection and 
extraction side magnetic fields and mirror ratio. We study the variation of ion beams against the 
axial mirror field configuration. As a result of experiment, the tendency that the production of 
the multivalent ion changed by adjusting a magnetic field of the beam outlet side was seen. 

We will describe the detailed results at the conference. 
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,W� KDV� EHHQ� LQYHVWLJDWHG� KRZ� WR� SURGXFH�PXOWLFKDUJHG� LRQV� HIILFLHQWO\� RQ� WKH�

WDQGHP�W\SH� (&5,6� LQ� 2VDND� 8QLY��� � 2Q� WKH� �QG� VWDJH� RI� WKH� WDQGHP�W\SH�
(&5,6�� WKH� PD[LPXP� HOHFWURQ� GHQVLW\� RYHU� FXWRII� GHQVLW\� ZDV� REVHUYHG� E\�
/DQJPXLU� SUREH��� � 7KHUHIRUH�� WKH� PLFURZDYH� SURSDJDWLRQ� DQG� DFFHVVLELOLW\� WR�
UHVRQDQFH� UHJLRQV� FDPH� WR� EH� FRQVLGHUHG�� :H� FDQ� HVWLPDWH� DFFHVVLELOLW\� RI�
PLFURZDYH�ZLWK�WKH�PDJQHWLF�IOX[�GHQVLW\�DQG�WKH�HOHFWURQ�GHQVLW\�SURILOH�EDVHG�
RQ�WKH�SUHYLRXV�H[SHULPHQWDO�UHVXOWV��$V�D�UHVXOW��LW�ZDV�VXJJHVWHG�WKDW�WKH�XSSHU�
K\EULG� UHVRQDQFH� �8+5�� KHDWLQJ� FRQWULEXWHV� WR� HQKDQFHPHQW� RI� LRQ� EHDP�
LQWHQVLW\���

Now we are� WU\LQJ�WR� LQMHFW�KLJKHU�IUHTXHQF\�PLFURZDYH�ZLWK�H[WUDRUGLQDU\�;��
PRGH�WRZDUG�8+5�UHJLRQ�GLUHFWO\��The effect of additive microwave injection will be 
investigated experimentally in terms of plasma parameters and electron energy distribution 
function (EEDF) by Langmuir probe and charge state distribution (CSD). In addition, tKH�
DSSOLFDWLRQ� RI� 8+5� KHDWLQJ� WR� RWKHU� VRXUFHV� ZLOO� EH� DOVR� SURSRVHG�� Moreover, 
relativistic mass and Doppler shift effect on resonances will be considered in this paper in 
brief.  
�
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At the RI-beam factory at RIKEN, uranium is the most frequent requested beams for the 
experiments, and there is great need for an increase in the beam intensity. U35+ ions extracted from 
a superconducting 28 GHz ECR ion source are used for the acceleration of the uranium beam. The 
ion source is operated continuously for 1–1.5 months keeping the beam current of U35+ at 
approximately 100 µA. Although we operate the ion source by the sputter method of metal 
uranium at present, we have been developing a high-temperature oven in parallel with the aim to 
increase and to stabilize the beam current since the beginning of 2013. Because the oven method 
uses UO2, a tungsten crucible with the inside dimensions of φ11 mm×13.8 mm is joule-heated to a 
temperature higher than 2000°C with DC current of 450–510 A. In the operation of the oven, the 
UO2 blocking of the crucible’s ejection hole was often observed. This cause was estimated as 
follows from the ANSYS calculations: the temperature of the cap of the crucible near the ejection 
hole was low, and the body temperature around the ejection hole may reduce due to the local 
heating at the rods of the crucible. To resolve the blocking problem, We modified the crucible 
structure slightly. After the modification, the performance of the oven was dramatically 
improved. So far we successfully extracted the 100 µA U35+ for longer than one week 
continuously from the 28 GHz ECR ion source by using the high-temperature oven. The beam 
current was almost the same as that in the operation by the sputter method at the same RF powers. 
The consumption rate of UO2 was 2–3 mg/h.  
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In order to carry out a long term CW proton source experiment, improvements and 
modifications were done on Peking University compact permanent magnet 2.45 GHz ECR 
source(PKU PMECRs), faraday cup and the circumstance on PKU ion source test bench. At 
the beginning of 2015, a continuous operation of PKU PMECRs for 306 hours with more than 
50 mA DC beam was carried out. Total beam availability, which is defined as 35-keV beam-on 
time divided by elapsed time, was higher than 99%. No plasma generator failure or high 
voltage breakdown was observed during that running period and the proton source reliability is 
near 100%[1]. A re-inspect was performance after another additional 100 hours operation 
(counting time) and no obvious sign of component failure was observed. Counting the 
previous running time together, this PMECRs longevity is now demonstrated to be greater than 
450 hours. Details of the improvements will be given in the paper.    
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Facility for Rare Isotope Beams (FRIB) requires a high performance ECR ion source to produce 
intense beam of stable ions with the mass up to Uranium. A 28GHz superconducting ECR ion 
source is being developed at FRIB in collaboration with the Berkeley Superconducting Magnet 
Group (Supercon). The design of the source cold mass is based on the radial-key clamping 
scheme developed at Berkeley for high-field, high-performance magnets. In this talk I’ll describe 
projected performance of the source, features of the source design such as the clamping scheme 
of the cold mass, its benefits for assembly and operation of the cold mass, cryostat design, 
present status of the project, and discuss future plans.  

Work supported by the U.S. Department of Energy Office of Science under Cooperative 
Agreement DE-SC0000661  
 



ThuPS09 
 

X-ray Pinhole Camera Setups used in the Atomki ECR Laboratory for Plasma 
Diagnostics 

  
Richárd Rácz, Sándor Biri, József Pálinkás 

Institute for Nuclear Research (Atomki), Debrecen, Hungary 
 

David Mascali, Giuseppe Castro, Claudia Caliri, Paolo Romano, Santo Gammino 

Instituto Nazionale di Fisica Nucleare – Laboratori Nazionali del Sud, Catania, Italy 
 

Corresponding Author: Richárd Rácz, e-mail address: rracz@atomki.hu 

 

Imaging of the electron cyclotron resonance (ECR) plasmas by using CCD camera in 
combination with a pinhole is a non-destructive diagnostics method to record the strongly 
inhomogeneous spatial density distribution of the X-ray emitted by the plasma and by the 
chamber walls. This method can provide information on the location of the collisions between 
warm electrons and multiple charged ions/atoms, opening the possibility to investigate the direct 
effect of the ion source tuning parameters to the plasma structure. Studying the bremsstrahlung 
radiation can give information on the lost high energy electrons and, consequently, on the energy 
transfer from microwave to electrons. 

The first successful experiment with a pinhole X-ray camera was carried out in the Atomki 
ECR Laboratory more than 10 years ago. The goal of that experiment was to make the first ECR 
X-ray photos and to carry out simple studies on the effect of some setting parameters (magnetic 
field, extraction, disc voltage, gas mixing, etc.). Motivated by the unique feature of this method 
recently intensive efforts were taken to investigate now the effect of different RF resonant modes 
to the plasma structure. Comparing to the 2002 experiment this campaign used wider 
instrumental stock: CCD camera with a lead pinhole was placed at the injection side allowing X-
ray imaging and beam extraction simultaneously. Additionally, SDD and HpGe detectors were 
installed to characterize the volumetric X-ray emission rate caused by the warm and hot electron 
domains.  

In this paper detailed comparison study on the two X-ray camera and detector setups and also 
on the technical and scientific goals of the experiments will be presented. 
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  Current Accelerator Mass Spectroscopy (AMS) experiments at the ATLAS facility at Argonne 
National Laboratory push us to improve the ion source performance with a large number of 
samples and a need to minimize cross contamination.  These experiments can require the creation 
of ion beams from as little as a few micrograms of material.  These low concentration samples 
push the limit of our current efficiency and stability capabilities of the Electron Cyclotron 
Resonance Ion Source.  A combination of laser ablation and sputtering techniques coupled with a 
new multi-sample changer have been used to meet this demand.  We will discuss performance, 
stability, and consumption rates as well as planned improvements.  

  This work was supported by the U.S. Department of Energy, Office of Nuclear Physics, under 
Contract No. DE-AC02-06CH11357.  This research used resources of ANL’s ATLAS facility, 
which is a DOE Office of Science User Facility 
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The implantation beam-line of the 28GHz ECRIS Heavy ion accelerator, in Busan, has 
been recently completed with a beam monitoring system, and a sample holder system for 
implantation. The new implantation system converts the multipurpose tool to implant ions, 
between H and U, in different materials with precise control. The size of the implantation 
area on target may be as large as 1 _ 10 mm2. The implantation chamber also designed 
carrying out in situ system on the mass spectrometer line during and the beam is measured by 
diagnostic system, as well as ion beam analyses. This advancement implantation system can 
be employed in novel applications such as a metal, polymers, ceramics, new materials and 
irradiation tests of structural and fabrication of functional materials for nuclear material and 
future fusion reactors. Implantation of multi-charge ion was carried out on the Copper, Zinc, 
Cobalt, Chrome substrate and the results of implantation tests and first experiments are 
shown. 
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A 28 GHz microwave power transmission system is designed to deliver the 10 kW 

microwave power from a gyrotron oscillator to an electron cyclotron resonance ion source to 

produce both a high current and highly charged ions. The microwave power produced by the 

gyrotron oscillator, which is installed in Korea Basic Science Institute (KBSI), is measured 

using a directional coupler and a dummy load up to 10 kW at the frequency of 28 GHz. The 

gyrotron microwave power source of the transmission system operates in continuous wave 

mode with smoothly regulated output power. The whole microwave power transmission 

system is designed to transfer microwaves to the ion source at low power loss, low mode 

conversion, and low reflected power. To take account of these issues the transmission line 

between gyrotron and plasma chamber is comprised of arc detector, dual directional coupler, 

mode filter, mode converter, 90 degree corrugated bend, high voltage break, and vacuum 

window, which are arranged in the order named. In this paper, the design of a 28 GHz, 10 kW 

microwave transmission system and the measured performance of power transmission line 

will be presented in detail. 
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Since 2009, a 28 GHz superconducting electron cyclotron resonance (ECR) ion source 
was developed to produce high current heavy ion for the compact linear accelerator at KBSI 
(Korea Basic Science Institute). The aim of this study was to generate fast neutrons with the 
proton target by p(Li,n)Be reaction. The fabrication of the key parts, which are the 
superconducting magnet system with the liquid helium re-condensed cryostat and the 10 kW 
high-power microwave considering for optimum operation at the 28 GHz ECR Ion Source, 
were completed in 2013. In last year, the waveguide components were connected with a 
plasma chamber including a gas supply system and the plasma chamber were inserted into the 
warm bore of superconducting magnet. Also, the high voltage system was installed for bias 
disk and extraction disk. After installation of ECR ion source, we had reported results about 
ECR plasma ignition at ECRIS 2014 in Russia. In this year, we were extracted multi-charged 
ions from various gases that are argon, oxygen, xenon and so on. Also we were obtained 
some results about beam properties and they are verified by beam diagnostic system of low 
energy beam transport system. We report about their results and explain about current status 
of KBSI accelerator project. 
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The X-rays of large amount can be produce from Electron Cyclotron Resonance (ECR) 
ion source. They can be adding an extra heat load to the cryostat, because be absorbed by the 
cold mass of the superconducting magnet. In addition, the measurements of X-ray spectra can 
be study about the electron beating process and the electron confinement. The measurements 
of X-ray spectra were carried out from the 28 GHz ECR ion source at KBSI. RF power 
dependency of X-ray spectrum is presented. X-ray spectrum with and without beam 
extraction were compared each other. For the x-ray shielding, while changing the thickness of 
the Ta-film measured by x-rays and compared with geant4. 
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A new tandem type source has been constructing on the basis of electron cyclotron resonance 
(ECR) plasma for producing synthesized ion beams in Osaka Univ.[1] Magnetic field in the first 
stage consists of all permanent magnets, i.e., cylindrically comb shaped one[2], and that of the 
second stage consists of a pair of mirror coil, a supplemental coil and the octupole magnets. Both 
stage plasmas can be individually operated, and produced ions which energy controlled by large 
bore extractor also can be transported from the first to the second stage. We investigate the basic 
operation and effects of the tandem type ECR ion source (ECRIS). Analysis of ion beams and 
investigation of plasma parameters are conducted on produced plasmas in dual plasmas operation 
as well as each single operation. We describe construction and initial experimental results of the 
new tandem type ion source based on ECRIS with wide operation window for aiming at 
producing synthesized ion beams as this new source can be a universal source in future. 
�
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  �
A new tandem type source on the basis of electron cyclotron resonance (ECR) plasma has been 

constructing for producing synthesized ion beams in Osaka Univ.[1] Magnetic mirror field 
configuration with octupole magnets can be controlled to various shape of ECR zones, namely in 
the second stage plasma to be available by a pair mirror and a supplemental coil. Noteworthy 
correlations between these magnetic configurations and production of multicharged ions are 
investigated in detail, as well as their optimum conditions. Interaction between plasmas and 
waves in magnetized plasma is essential issues for enhancing various kinds of resonance wave 
heating. We have been considered accessibility condition of electromagnetic and electrostatic 
waves propagating in ECR ion source (ECRIS) plasma, and then investigated their 
correspondence relationships with production of multicharged ions. It has been clarified that 
there exits efficient configuration of ECR zones for producing multicharged ion beams, and then 
has been suggested that new resonance, i.e. upper hybrid resonances, must have occurred. We are 
planning new advanced experiments inducing actively these additional effects for enhanced 
furthermore multicharged ion beams with launching extra-ordinary (X) mode waves. 

�
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  At iThemba Laboratory for Accelerator Based Sciences (iThemba LABS) a copy of the so-
called Grenoble Test Source (GTS) for the production of highly charged ions is installed.  The 
source in combination with the K-200 cyclotron delivers high energy, high intensity beams for 
nuclear physics experiments. 
Because the source is similar to the so-called GTS-LHC at CERN -and therefore named GTS2- a 
collaboration between the Accelerators and Beam Physics Group of CERN and the ion source 
group of iThemba LABS was proposed in which the development of high intensity Argon and 
Xenon beams is envisaged. 
In this paper we present experiments in CW and afterglow operation with the GTS2 for Xenon 
beams at iThemba LABS. 
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A high current ECR ion source producing 140 mA/100 keV D+ ion beams [1] for IFMIF 

accelerator is now under commissioning at Rokkasho in Japan, under the framework of ITER 

Broader Approach (BA) activities. The ion source for IFMIF is required to produce positive 

deuterium ion beams with a high D+ ratio. After the mass separation in a low energy beam 

transport line (LEBT) consisting of two solenoids, the D+ ratio should be higher than 95 % with 

less molecular ions and impurity ions at the entrance of the radio frequency quadrupole (RFQ) 

linac to be installed downstream.  

The ion species have been measured by Doppler shift spectroscopy between the two 

solenoids. With hydrogen operation in pulsed and CW modes, the H+ ratio increases with RF 

power or plasma density and reached 80 % at 160 mA/100 keV. The value was compared with 

that derived from the emittance diagram for each ion species measured by an Alison scanner 

installed nearby the viewport for the spectroscopy in the LEBT. It was found that the 

spectroscopy gives lower H+ ratio than the emittance measurement. The ion species ratio in 

deuterium operation will be presented in this paper.  
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Different electron guns based on cold cathode or hot cathode technology have been 
developed since 2009 at INFN for operating within ECR plasma chamber as sources of 
auxiliary electrons with the aim of boosting the source performances. Electron guns 
have been characterized in terms of duration, stability and impact on the plasma density 
and successfully tested on the CAESAR source. Their application to Microwave 
Discharge Ion Source, where plasma is not confined, has required an improvement of 
the gun design, in order to "screen" the cathode from the plasma particles and enable it  
to survive in a high energy content plasma environment. The experimental tests carried 
out on a plasma reactor show a boost of the plasma density, ranging from 10 to 90% 
when the electron guns are used, depending on the plasma regions (more relevant in the 
halo). The results will be commented along the paper and interpreted by plasma 
diffusion models.  
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The occurrence of kinetic plasma instabilities is studied in pulsed operation mode of a 14 
GHz A-ECR type electron cyclotron resonance ion source. It is shown that the temporal delay 
between the plasma breakdown and the appearance of the instabilities is on the order of 10-100 
ms. The most important parameters affecting the delay are magnetic field strength and neutral 
gas pressure. It is demonstrated that kinetic instabilities limit the high charge state ion beam 
production in the unstable operating regime. 
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Modification of fullerenes, such as encapsulation of alien atom(s) into a fullerene cage, 
functionalization of the external surface of fullerene molecules, atomic substitution of carbon 
atom(s) in fullerene molecules, etc., is a key technique for the practical applications of fullerenes. 
We developed an electron cyclotron resonance ion source (ECRIS) aiming at the modification of 
fullerenes (Bio-Nano ECRIS) [1]. In a special two-chamber configuration of this ECRIS, two 
collisional modification processes can be performed simultaneously: a vapor-phase one taking 
place in the ECR plasma, and a surface-type one formed on the plasma chamber surface.  

In this paper, we report on the modification of fullerenes with iron and chlorine using two 
individually controllable plasmas. One of the plasmas is composed of fullerene and the other one 
is composed of iron and chlorine. The online ion beam analysis allow to investigate the rate of the 
vapor-phase collisional modification process, while the offline analyses (e.g. time-of-flight mass 
spectrometry, liquid chromatography mass spectrometry, etc.) of the materials deposited on the 
plasma chamber can give information on the surface-type process. Both analytical methods show 
the presence of modified fullerenes such as fullerene-chlorine, fullerene-iron and 
fullerene-chlorine-iron, etc. 

 
[1] T. Uchida, et al., Rev. Sci. Instrum. 85, 02C317 (2014).  
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ZH�UHSRUW�WKH�V\VWHP�GHVLJQ��WKH�XQLTXH�IHDWXUHV�RI�WKH�V\VWHP��DQG�SUHVHQW�
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Higher performance Electron Cyclotron Resonance Ion Sources (ECRISs) are needed to meet the 
unprecedented ion beam intensity requirements for the planned heavy ion accelerators and for 
upgrades to existing facilities. The next generation of ECRISs will operate at substantially higher 
magnetic fields and heating frequencies than current sources. These increases will require 
magnet structures using very challenging Nb3Sn superconducting coils, since the “3rd generation 
ECRISs” all utilize NbTi coils operating at their limits in order to produce magnetic field 
maxima of 4.0 T on axis and 2.0 T at the plasma chamber walls. A novel Mixed Axial and Radial 
field System (MARS) utilizes an exotic coil structure, which has a number of advantages over 
the current designs. The primary advantage is the potential to generate up to 50% higher fields 
with NbTi coils than the existing magnet structures and this could make MARS the best magnet 
scheme for the next generation of ECRISs. To validate the MARS’ concept, a MARS 
demonstrator (MARS-D), using NbTi conductor is under development at Lawrence Berkeley 
National Laboratory. A test winding is in progress with copper wires and it has demonstrated the 
feasibility of fabricating the exotic shaped coil. To simplify the complexity of magnet cryostat 
fabrication, the MARS magnet design has been optimized so that this new one-fits-two design 
can be applied using either NbTi or Nb3Sn coils for production of high Minimum-B fields. 
TOSCA calculations have shown that the optimized NbTi MARS magnet could extend the range 
of usefulness of NbTi coils by producing a Minimum-B field with maxima of 5.6 T on axis and 
3.2 T at the plasma chamber walls. An ECRIS built with this optimized NbTi MARS magnet 
would be able to operate with heating frequencies up to 45 GHz. This article will report the 
status of the MARS-D development, such as the prototyped copper coil, the optimized MARS 
magnet design and other associated technical challenges.  
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A next generation heavy ion accelerator complex HIAF (High Intensity heavy ion 

Accelerator Facility) was proposed by IMP and officially approved for nuclear physics and 
high energy density physics research. HIAF requests ion source capable of delivering 50 pȝA 
of 238U34+ pulsed beam and 25 pȝA of 238U34+ CW beam for injector of a superconducting heavy 
ion linac. A 45 GHz superconducting ECR ion source FECRAL (a Fourth generation ECR ion 
source with Advanced design in Lanzhou) was proposed and got financial support as a key 
technology R&D for HIAF facility. This paper will present preliminary technical-design of 
FECRAL ECR ion source such as magnetic field distribution produced by Nb3Sn 
superconducting magnet with 6.5 Tesla axial mirror field and 3.4 Tesla sextupole field on the 
chamber wall, 20 kW@45 GHz microwave coupling system and ion beam transport line. 
Obviously to build a 45 GHz FECRAL ECR ion source, there will be many technical 
challenges to be taken, such as engineering and fabrication of the Nb3Sn superconducting 
magnet with 12 Tesla maximum magnetic field on the conductor, cryogenic system of the 
magnet, efficient coupling of 45 GHz microwave power,� effective mitigation of the 
bremsstrahlung thermal radiation to the 4.2 K cryogenics system, intense beam extraction and 
transmission with good beam quality, integration of the FECRAL ion source system and 
analyzing beam line onto a high voltage platform.  
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A 28GHz ECR(Electron Cyclotron Resonance) ion source is under development as one of 
injectors for the RISP(Rare Isotope Science Project) superconducting linac. The 
KOBRA3D-INP code was adopted to simulate the beam extraction from the ECR ion source. 
The code can calculate the particle trajectories under the three dimensional complex magnetic 
field structures which are made by superconducting magnets, four solenoids and a saddle-type 
sextupole. The beam transport after the ECR ion source is calculated by using the TRACK 
code to track multiple-charge-state heavy-ion beams. In this study, the beam emittance is 
simulated to understand the effect of a plasma potential, a charge-to-mass ratio, a charge state 
distribution and a spatial distribution. The details of numerical and experimental results will 
be described. 
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The operation of the linear accelerator UNILAC at GSI heavy ion accelerator facility with 
light ions (M/Q < 8) is strongly limited due to high transmission losses in the low energy 
beam transport line (LEBT) and RFQ. Another limitation is the low extraction voltage applied 
at the ion source due to the fixed specific ion energy of 2.2 keV/u at the RFQ entrance. These 
factors make the operation of the high current injector (HSI) with proton beams extremely 
inefficient. However the situation can be dramatically improved by production of singly 
charged molecular heavy (up to M = 50 a.m.u.) ion beams with a high content of hydrogen 
atoms. These molecular ions can be extracted from ion source and accelerated in the HSI with 
much lower transmission losses while an intense proton beam is available after conversion in 
the gas stripper. In this work first experimental results of high intensity proton beam 
production at GSI UNILAC using CH3

+ molecular beam from the ion source are presented. 
The selection of appropriate H-rich molecules and corresponding substances for ion source 
operation is discussed. The performance of volume type high current ion sources with various 
gases (methane, ethane, propane and isobutane) as well as with liquid substances (iodoethane) 
has been investigated and results are summarized. Further steps to improve the ion source 
performance with molecular beams and to increase the yield of protons behind the gas stripper 
will be depicted. 
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The gas cluster ion sources (GCIS) and metal ion sources were required to use ion beam 
at various analytical equipment, such as X-ray Photoelectron Spectroscopy (XPS) and 
Secondary Ion Mass Spectroscopy (SIMS). Specially, the small ion source was used for the 
secondary ion generation and ion etching. The Korea Basic Science Institute is developing 
small ion source for SIMS from last year. Our first target is the generation of argon gas 
cluster ion beam using GCIS which consists of cluster generator, ionizer, Wien filter, 
accelerator, micro lens and target. The clusters are formed using super-sonic nozzle and they 
insert ionizer through skimmer. The clusters in ionizer are ionized by collisions with emitted 
electrons and the ionized clusters are sorted using Wien filter. The design of Wien filter was 
completed using various calculations with initial design of GCIS. The designed Wien filter 
can distinguish Ar2500

+ cluster in Ar2400
+ and Ar2600

+ through 1 mm aperture. In this paper, 
results of feasibility studies for development of Wien filter were presented and our 
development plan for GCIS was introduced. 
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The Korea Basic Science Institute is developing a gas cluster ion source (GCIS) for X-
ray Photoelectron Spectroscopy, Secondary Ion Mass Spectroscopy, and Mass Spectroscopy. 
Specially, argon molecular clusters have received considerable attention to generate 
secondary ions from samples, such as semiconductor devices and organic light emitting diode. 
The study about nozzle type at argon GCIS was tried to obtain information for improved 
cluster formation in nozzles with different geometries. The clusters were formed when a high 
pressure gas expand into vacuum through a nozzle. The forecast for cluster generation in 
supersonic expansion was calculated using equivalent sonic nozzle diameter. In this paper, 
the cluster generation was compared equivalent sonic nozzle type with original nozzle type 
from simulation results of supersonic transfer using ANSYS. Also, some experiments were 
performed to verify simulation results. In this paper, we try to solve problem related on lack 
of the experimental data on argon cluster formation with various nozzles. 
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A filament driven arc discharge proton ion source has been developed for the FRANZ 
(Frankfurt Neutron Source at Stern-Gerlach-Zentrum) project for many years [1]. The current 
and emittance requirements for the FRANZ project were reached successfully. But as a 
tungsten filament is used, the lifetime of the ion source is limited due to the ion bombardment. 
For improving the lifetime, a radio frequency driven plasma generator with an antenna outside 
of the plasma chamber was developed at the Institute for Applied Physics (IAP). The 
frequency of the ion source was set to 13.56 MHz, and a copper coil antenna was installed in 
a water-cooled channel to feed an inductive discharge inside the plasma chamber. The plasma 
was separated from the antenna by an Al2O3 cylinder. Eight permanent magnets were arranged 
around the plasma chamber to generate a multi-cusp filed. Preliminary experiments show that 
the plasma can be ignited easily with a load power higher than 1 kW in pulsed and cw mode. 
After the optimization of the RF coupling between RF generator and ion source with a 5.5 
turn coil antenna, a coupling efficiency of 95% in pulsed mode and 93% in cw mode with a 
10 kW input power could be reached. More details of the ion source and the experiments will 
be reported in this paper. 
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  We report on an experimental study of the ion source based on a Penning discharge with a 

hollow cathode [1] that was transferred to high current (tens A) pulse (tens µs) mode to produce 

intense beam of hydrogen ions. With operating gas of molecule hydrogen H2  the ion beam 

contains the three ion species: H+, H2
+ and H3

+. For all experimental conditions ion beam 

fraction of the H2
+ was about 10-15% of the total ion beam current and it did not change much 

with ion source parameters. From the other hand, ratio of H+, and H3
+ strongly depends on 

discharge current, especially on distribution the discharge current between planar cathode and 

hollow cathode. The higher discharge current the more protons in the ion beam present. 

Maximum part of H+ was as high as 80% of the total ion beam current. Forced redistributing the 

discharge current between the cathodes so that the current increase in the hollow cathode can 

dramatically increase the proportion of H3
+ions in the ion beam. For optimal parameters part of 

the H3
+ions reached 60% of the total ion beam current. 
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High density polyethylene substrates were treated with argon-nitrogen plasma via the 
Atmospheric Microwave Plasma Pencil ion source device. Optical emission spectroscopy results 
indicated the presence of Nitrogen and Oxygen molecular ions and Argon ions in the plasma. 
The device’s microwave power configuration was varied at an increment of 20W from 40 to 
100W and the treatment time was varied from 5 to 60s. Surface free energy (Ȗ) values were 
calculated by using the van Oss - Chaudhury – Good equation from the contact angle 
measurement results of three test liquids namely water, glycerol and ethylene glycol. Generally, 
higher power and longer treatment time yielded higher Ȗ which is an indication of enhanced 
adhesion properties. The highest Ȗ obtained is 51.89 mJ/m2 at 100 W and 60s treatment time. 
The increase in Ȗ is attributed to the formation of the polar functional groups amine (C-N, N-H) 
and carbonyl (C=O), which was observed through Attenuated Total Reflectance -Fourier 
Transform Infrared Spectroscopy. Also, Ȗ is significantly correlated to the root mean square 
surface roughness and approximated surface area values which were calculated from the Atomic 
Force Microscopy data.  
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  Based on the violence vacuum arc discharge mode, we can simply and easily obtain a large 
number of ions and atomics compositions. When the discharge cathode is made of metal 
deuteride, it can generate high current pulsed deuterium ion beam, which have been widely 
studied and used in neutron generators, accelerators and other fields. The ions compositions 
that produced by metal deuteride cathode vacuum arc discharge are analyzed in this paper by 
the magnetic analysis technology. We study the metal deuteride electrode discharge and the 
D/Ti ion ratio with different deuterium content. The effects of the TiDx cathode deuterium 
content (x) on the D/Ti ion ratio in vacuum arc ion source are analyzed in this paper. In 
addition, the metal deuteride electrode discharge with different TiDx cathode surface 
roughness is studied and the effect of the TiDx cathode surface roughness on the stability of 
ion ratio is analyzed. The experimental results show that the increase of deuterium content on 
the TiDx cathode can significantly improve the D/Ti ions ratio in the vacuum arc discharge. 
Besides, the results indicate that suitable cathode surface roughness can increase the stability 
of the vacuum arc discharge. 
 
Key words: vacuum arc discharge, TiDx cathode, magnetic analysis, D/Ti ion ratio, surface 
roughness 
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This is the brief review of recent development and ongoing research of plasma optical systems 
based on the fundamental plasma optical idea magnetic electron isolation, equipotentialization 
magnetic field line and  the axial-symmetric cylindrical electrostatic plasma lens (PL) 
configuration. The electrostatic PL is  well-explored tool for focusing and manipulating large 
area, intense, positive light and heavy ion beams, where the concern of beam space charged 
compensation is critical. The crossed electric and magnetic fields inherent the PL configuration 
provides a suitable method for establishing a stable discharge at the low pressure. Using PL 
configuration in this way several low maintenance and high reliability plasma generation devices 
were developed.  These kind of devices are part of a large class plasma devices (hall-type plasma 
accelerators, jet propulsions, magnetically insulated diodes) that use a discharge in crossed 
electric and magnetic fields with closed electron drift for the generation, formation and 
manipulation of intense  ion beams and ion plasma flows. This background  development opened 
up a new possibility  to use PL configuration with a positive space charge cloud for focusing  high 
current negative charged particles  beams ( electrons and negative ions).. Here briefly describes 
the results of wide-aperture (6 cm) non-relativistic (up to 20 keV) intense (from 100 mA up to 
100 A) electron beam focusing by the positive space charge PL. The experiments have been 
carried out in the Tomsk (HCEI SB RAS) with using plasma lens produced by IP NASU. These 
experimental results demonstrate an agreeable possibilities application positive space charged 
plasma lens with magnetic electron insulation for focusing and manipulating wide aperture, high-
current, no relativistic electron beams.. We describe also the original approach for effective 
additional elimination of micro droplets in a density flow of  vacuum  arc plasma. This approach 
is based on application the cylindrical PL configuration for introducing at volume of propagating 
along axis’s dense low temperature plasma flow convergent radially energetic electron beam 
generated by ion –electron secondary emission from electrodes of plasma optical tool. The 
theoretical appraisals and experimental demonstrations that have been carried out at the IP NASU 
provide confidence and optimism that proposed idea for removal and clearing the micro droplet 
component from dense metal plasma has the high practical potential for elaboration novel state-
of-the-art plasma processing for the filtering of micro droplets (or their reduction to the 
nanoscale) from the plasma formed by erosion plasma sources like vacuum arc and laser produced 
plasma. Note also, these energetic electrons could be attractive for additional stripping ions at the 
MEVVA ion source.  

 References 
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Correlations between density distributions, optical spectra and ion species in a 

hydrogen plasma 
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An experimental study of plasma density distributions in a 2.45 GHz hydrogen plasma source 
operated at 100 Hz is presented. Ultrafast photography, time integrated visible spectra, time 
resolved Balmer-alpha emission, time resolved Fulcher Band emission, ion species mass spectra 
and time resolved ion species currents have been implemented as diagnostics tools for a broad 
range of plasma conditions. Preliminary results of density distributions and optical emissions 
correlated with H+, H2+ and H3+ ion currents by using a Wien Filter system with optical 
observation capability are presented. The magnetic field distribution and strength is reported as 
the most critical factor for transitions between different plasma patterns and ion populations. The 
breakdown study of typical plasma distributions for visible, Balmer-alpha and Fulcher Band is 
also presented showing the atomic and molecular distribution evolution where some unexpected 
structures are observed. The use of visible light emissions as a valuable diagnostic tool for tuning 
ion sources plasmas is proposed on the base of obtained results. 
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  Phoenix Nuclear Labs’ (PNL) high yield deuterium-deuterium (DD) neutron generator, with 
measured yields greater than 3×1011 n/s, is based upon a proprietary gas target coupled with a 
custom 300 kV accelerator and a high-current microwave ion source (MWS).  The ion injector is 
comprised of a MWS for deuterium ion generation and an extractor to produce a low emittance 
beam from the ion source for transport to a subsequent accelerating column.  The PNL ion source 
utilizes 2.45 GHz microwaves and an 875 Gauss magnetic field to produce high plasma densities 
by generating electron cyclotron resonance (ECR) interactions. As no filaments are required to 
ignite the plasma, the microwave ion source can operate with long lifetimes, on the order of 
years.  The ion extractor, which is biased negatively with respect to the plasma chamber, pulls 
deuterium ions from the ion source into the accelerator.  PNL ion sources have been operated 
with extracted deuteron currents as high as 90 mA as measured by a calibrated calorimeter 
located downstream of the extraction aperture. 
  Three prototype neutron generators have been delivered: one to the US Army for neutron 
radiography, one to Ultra Electronics’ Nuclear Control Systems for neutron flux monitor 
calibration, and one to SHINE Medical Technologies for medical isotope production. 
Experiences operating and optimizing the various subsystems (ion source, accelerator, focus 
element, differential pumping stages, and gas target) for each application will be described.  
System requirements and tradeoffs for these diverse applications, including thermal neutron 
radiography, medical isotope production, nuclear instrumentation testing and calibration, and 
explosives detection, will be presented, along with preliminary results.  Multiple next-generation 
systems are presently being designed and constructed at PNL with an emphasis on further 
increasing neutron yield and reliability and on decreasing physical size, weight, and price of the 
system.  Modifications currently underway include further increases in voltage and current, the 
use of a solid target (e.g. for fast neutron radiography), and transitioning to a mixed deuterium-
tritium beam in the gas target system.  The latter modification will result in a neutron yield 
increase of approximately 50X.  PNL is targeting delivery of three generators with neutron yields 
of 5×1013 DT n/s in 2018 to SHINE’s molybdenum-99 production facility.   
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The high-intensity polarized H- ion beam for RHIC produced in multi-step charge –exchange 
process. A high brightness primary proton beam of a 6.5 keV energy (from the surface of the 
plasma emitter with a low transverse ion temperature ~0.2 eV) is produced by four-electrode 
spherical multi-aperture ion-optical system with geometrical focusing. The converging proton 
beam immediately converted to neutral atomic hydrogen beam in a pulsed hydrogen gas cell.  
The atomic hydrogen beam injected into the superconducting solenoid (3.0 T) where it is ionized 
in the He-gas cell. The protons produced in the He-cell decelerated to 2.5 keV by three-grid 
deceleration system and neutralized again by capture of polarized electrons from optically 
pumped Rb-vapor (Optically Pumped Polarized Ion Source –OPPIS-technique). In such a way, 
beam at entrance and exit of solenoid field is neutral to avoid emittance growth in charge-
exchange process in high-magnetic field. The electron polarization transferred to protons by 
Sona-transition and then beam is ionized in the sodium-jet ionizer cell. The H- ion beam 
produced in the cell (ionizer cell is isolated and -32.5 kV pulsed HV applied to the cell) is 
accelerated to 35.0 keV which is transported and injected for further acceleration in RFQ. The 
use of high-brightness primary beam and large cross-sections of charge-exchange cross-sections 
resulted in production of very high intensity (up to 4.0 mA) H- ion beam of 85% polarization. 
This beam intensity is much higher then RHIC acceptance and extra beam intensity is scraped by 
collimation after the Booster to reduce beam emittance. This reduces depolarization in AGS and 
RHIC and increase luminosity for polarized beam collisions in RHIC. Siberian snakes used in 
AGS and RHIC to prevent depolarization during acceleration. The use of high-intensity and 85% 
polarization source beam resulted in 75% polarization at 23 GeV out of AGS and 60-65% beam 
polarization at 100-250 GeV beams colliding in RHIC.  
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  The transport of intense ion beams is affected by the collective behavior of this kind of multi 
particle and multi species system. The space charge expressed by the generalized perveance 
dominates the dynamical processes of thermalisation, which leads to an emittance growth. To 
prevent changes of intrinsic beam properties and to reduce the intensity dependent focusing 
forces space charge compensation seems to be an adequate solution. 
  In a case of positively charged ion beam electrons, produced by residual gas ionization and 
secondary electrons provide the space charge compensation. The influence of the 
compensation particles on beam transport and the local degree of space charge compensation 
is given by different beam properties as well as the ion beam optics.  
  Especially for highly charged ion beams space charge compensation in combination with 
poor vacuum conditions leads to recombination processes and therefore increased beam 
losses. Strategies for providing a compensation electron reservoir at very low residual gas 
pressures will be discussed. 
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  The Hall thruster is a plasma propulsion device that holds considerable promise for many space 
applications, including near-Earth orbital missions and space exploration missions. Unmagnetized 
ions (usually Xenon) are accelerated electrostatically to energies of 0.1-1 keV in a quasineutral 
plasma (1011-1012 cm-3) with a closed electron E × B drift. This thruster concept was invented in 
early 60’s to overcome the limitations of a gridded ion thruster, in that the Hall thruster produces 
neutral plasma flow that is not space-charge limited, but is instead limited by the attainable 
magnetic fields in the thruster magnetic circuit. Over the years, more than 100 Hall thrusters have 
been flown in space mainly for station keeping and orbit transfer of satellites. Future space 
applications, including micropropulsion with the input power of less than 100 W and the thruster 
level of not exceeding  and high power electric propulsion (50-200 kW), can take Hall thruster 
technology to its technological limit. With recent advances in understanding of Hall thruster 
physics, further improvements of Hall thrusters were suggested by controlling plasma-wall 
interaction and electron cross-field transport. This talk will review fundamentals and potential 
applications of several advanced Hall thruster concepts, including a thruster with reduced plasma-
wall interaction effects on the plasma due to the use of engineered wall materials with surface 
micro-architecture, and novel plasma thrusters with advanced magnetic field topologies including 
plasma thrusters with cusp-type and mirror-type magnetic field topologies, magnetically-filtered 
and shielded plasma thrusters proposed for low and high power applications. 
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TuePE08 WedM06 ThuM05 ThuPS21
Kondakov Alexey TueA01 ThuPE16
Kondo Keitaro ThuPS18
Kondo K. WedM04
Kondo Kotaro TuePS11
Kondrashev Sergey ThuPS02
KonstantinovSergey MonPS21
Korepanov Sergey ThuPE16
Koszar I. TueM07
Kozlov Alexander V MonPE29
Kraus Werner MonA01 ThuPE11
Kravchuk Konstantin S. MonPE29
Kron Tobias TuePS05
Kronholm Risto MonPS13 MonPS11 MonPS16 MonPS12 TuePE08

WedM06 ThuM05 ThuPS21
Küchler Detlef TuePS25 TuePS26 ThuPS17
Kuibeda Rostislav P. MonPE29
Kulevoy Timur V. MonA02 MonPE29
Kumaki Masafumi TuePS07 TuePS08 TuePS13 TuePS14 TuePS03

TuePS09 TuePS10 TuePS11
Kumakura Sho ThuPS15 ThuPS16
Kundrapu Madhusudhan TuePE33
Kushwah Mahesh ThuPE15



Kuwata Yusuke MonPE30 TuePE10
Kwon Hyeok-Jung MonPE31
Labate Luca TuePS19
Lackey Jim MonPE06
Lallement Jean-Baptiste TuePS26 TueM07
Lamy Thierry WedM05 ThuM07 ThuPE31 ThuPE26
Lan Chaohui ThuPS34
Landrock Jens MonM06
Lang Ralf WedM08 ThuPS02
Lanzalone Gaetano ThuM04 TuePS19 TuePS01 TuePS01
Lapierre Alain ThuM06
Larson Jeff MonPE06
Lassen Jens TuePS05
Laterza B. MonA02
Laulainen Janne MonPS13 MonPS11 MonPS12 MonPS16 TuePE08

WedM06 ThuPS21 ThuM05
Lawrie Scott R. TuePE19 TuePE37 TueM09 TuePE27
Le Blanc François TuePS05
Lecesne Nathalie TuePS05 ThuM01
Lecomte P. ThuPE31
Lee H. V. ThuPS33
Lee K. W. MonPE17
Lee Byoung-Seob MonPE18 ThuPS11 ThuPS12 ThuPS13 ThuPS29

ThuPS30 ThuPS14
Lehn Tim MonPE23
Lemagnen Frédéric WedM05
Leonardi Ornella TuePE05
Leroy Renan TuePS05
Letchford Alan P. TuePE19 TuePE37
Lettry Jacques MonPS23 MonPE10 TuePE25 TuePE23 TueM07

TuePE28
LHD-NBI group MonA04

Li Jun ThuPE09
Li Jibo TuePE17 TuePE18
Liang Lizhen ThuPE09
Lin Ruan MonPS03
Lin Shuhao TuePE17 TuePE18
Lishev Stiliyan St. ThuPE12 ThuPE18 ThuPE22 ThuPE06
Litovko Irina TuePE07
Liu Sheng ThuPE09
Liu Zhimin ThuPE09 ThuPE21
Liu Wei TueM02
Liu Nannan TuePS29
Liu Yuan MonPE32
Liu Sheng TuePS32
LoDestro Vincent MonPE23
Loiseau D. MonPS05
Lombardi Alessandra TuePS25 TuePS26 TueM07
Long Jidong ThuPS34
Lu Wang MonPS06 WedM01 ThuPS01 ThuPS26
Luca Alfonz MonM06
Lund Steven MonPE24
Lussignol Y. MonPS05
Lv Yinlong MonPE14
Lyneis Claude TuePE15 ThuPS25
Ma Hongyi TuePS35
Ma Baohua ThuPS01
Ma Hongyi WedM01
Ma YingJun ThuPE28
Ma RuiGang ThuPE28
Maan Anurag TuePE09
Maceina T. J. MonPE26
Machado C. TueM07
Machicoane Guillaume MonPE24 WedM02 ThuPS08



Mäder Jan WedM08 ThuPS02
Maebara S. WedM04
Maero G. ThuPE25
Magee Richard ThuPE16
Maggiore M. ThuPE25
Maimone Fabio ThuPS02
Maintrot Marc TuePS25
Malandrino G. TuePS01
Malferrari Luciana ThuM04 ThuPS19
Maniero M. MonA02
Mansfeld Dmitry MonPS13 MonPS11 MonPS12 WedM06 ThuPS21
Manzolaro Mattia ThuPE30
Marchetto Marco ThuPE24
Marconato Nicolò MonA03 MonPE28 ThuPE03
Marcuzzi Diego MonA03 ThuPE05 ThuPE03 ThuPE13 ThuPE23
Mariotti E. ThuPE34
Marqueta Alvaro MonPS05 MonPS05 WedM04 ThuPS18
Marti Michael MonA03
Martin J. TuePE20
Mascali David MonM03 MonPE21 TuePE05 TuePE11 TuePS27

WedM07 ThuM04 ThuPS09 ThuPS19 ThuPE27
ThuM08

Masherov Pavel TuePE12
Masiello Antonio MonA03
Mastrostefa C. TueM07
Mathot S. TueM07
Mattei Stefano MonPS23 MonPE10 TuePE25 TuePE23 TueM07

TuePE28
Matvienko Vasiliy ThuPE16
Maunoury L. ThuPE31 ThuM07
McAdams Roy ThuA01
McCafferty Daniel TueM01

Megías-Mac A. FriM02
Melanson S. TuePE20
Meneghetti G. ThuPE30
Meusel Oliver FriM05
Minarello A. MonA02
Minea Tiberiu TuePE22
Minelli Pierpaolo TuePE30 TueA02
Miorin Enrico ThuPE05
Mishagin Valery ThuPE04
Mitsubori Hitoshi MonPE35 MonPS31
Mitsumoto Toshinori MonPS31
Miyamoto Kenji MonPE10 TuePE21
Miyamoto Naoki TuePE10
Mjos Anders ThuPE24
Mochalskyy Serhiy TuePE22
Mochizuki Shintaro TuePE23 TuePE28
Mogaki Kazuhiko TuePE16
Montanari Alessandro ThuPS19
Morgan Glenn MonPE24 WedM02
Morton Colin ThuPE24
Moyret P. TueM07
Muoio Annamaria TuePS19 ThuM04
Muoio A. TuePS01
Murakami Natsuki MonPS01

Muramatsu Masayuki MonPS01 MonM02 MonPE33 MonPS07 ThuPS05
ThuPS22 ThuPS03 ThuPE29

Murata Hirohiko MonPE35
Murray Jr. Sydney N. MonPS29 MonPS35 TueM08 TuePE36
Mustapha B. ThuM09
Muvvala Venkata NagaraMonA03
Nagaoka Kenichi MonA04 MonPS32 TueM06 TuePS35
Nagatomo Takashi MonPE20



Nagatsu Koutaro ThuPE29
Nagaya Tomiki ThuPS16
Nagaya MonPS07 ThuPS03 ThuPS05 ThuPS15
Naiko Lylia TuePE07
Naiko Irina TuePE07
Naito F. TuePE28
Nakagawa Takahide MonPE20 WedM09 WedM03 ThuPS23 ThuPS06
Nakahara Yuta MonPS01
Nakamiya Akihisa MonPE27
Nakamura Tsubasa MonPS01 ThuPS04
Nakano Haruhisa MonA04 MonPS32 TuePS35 TueM06 TuePS34

TuePE35
Nakao Masao ThuPE29
Nayuki Tetsuo MonPE34
NB Heating Technology GrouThuPE10
NB Heating Technology GrouThuPE08
Nemoto Shuji TuePE16
Nemoto Kenji MonPE34
Neri Lorenzo TuePS27 TuePE11 TuePE05 WedM07 ThuM08

ThuPS19 ThuPE27
Nicolosi Dario MonPE21 TuePE05 TuePS27
Nicolosi P. ThuPE34
Nikitin Alexander A. MonPE29
Nikolaev Alexey TueM03 TuePS22 TuePS16
Nisbet D. TueM07
Nishida K. TuePE23 TueM07 TuePE28
Nishikiori Ryo ThuPE10 ThuPE08
Nishioka Shu MonPE10 TuePE21
Nishiokada Takuya MonPS07 MonPE33 ThuPS15 ThuPS03 ThuPS05

ThuPS16
Nishiura Masaki TuePE35
Nishiyama S. TueM06

NNBI-team ThuA02
Nocentini Riccardo MonA03 MonA01
Noda Akira ThuPE29
Noda Koji ThuPE29
O’Hara James F. MonPS24
O’Neil M. TueM07
Odorici Fabrizio ThuM04 ThuPS19
Oguri Hidetomo TueA04 TuePE32 TuePE24 TuePE28
Ohira S. WedM04
Ohkoshi Kiyonori TueA04 TuePE32 TuePE24 TuePE28 TuePE28
Ohnishi Jun-ichi ThuPS06
Ohnishi J. WedM09 WedM03
Ohzeki Masahiro TuePE16
Ok Jung-Woo MonPE18 ThuPS11 ThuPS12 ThuPS13 ThuPS14
Okajima Yuki TuePE10
Okamura Masahiro TuePS07 TueM01 TuePS08 TuePS13 TuePS14

TuePS03 TuePS04 TuePS09 TuePS10 TuePS12
TuePS11

Oks Efim MonPE29 TueM03 TuePS22 TuePS16 ThuPS32
Okumura Yoshikazu MonPS05 MonPS31 WedM04 ThuPS18
Onai Moriaki MonPS31 TuePE25
Orlov Nikolay N. MonPE29
Osakabe Masaki MonA04 TueM06 TuePS35
Osin Dmitry ThuPE16
Osmond Benoit ThuPE31 TuePS05 WedM05
Ostroumov Peter ThuM09
Otsuka Takuro MonPS07 ThuPS15 ThuPS16 ThuPS03 ThuPS05
Owens James WedM02
Ozeki Kazutaka ThuPS23
Palchan-Haz Tala ThuPS10
Pálinkás József WedM07 ThuPS09
Palla Daniele TuePS19



Pan Heng WedM02 ThuPS08
Paoluzzi M. TueM07
Pappalardo A. MonPE21
Pardo Richard ThuPE33 ThuPS10
Park Bum-Sik MonPS09 MonPS15 ThuPS27
Park Sae-Hoon MonPE31
Park Young-Ho ThuPE32
Park M. MonPE17
Park H. T. MonPE17
Park Jin-Yong MonPE18 ThuPS11 ThuPS12 ThuPS13 ThuPS14
Parmar Deepak ThuM03
Pasqualotto Roberto MonA03 MonPE22 MonA02 MonPE28 ThuPE01

TuePS24 ThuPE02
Passarello Santi TuePS27
Patchakui Patrick T. ThuPS02
Patel H. ThuM03
Patti G. ThuM07 ThuPE26 ThuPE27
Paunska Tsvetelina MonPS36
Pavei Mauro MonA03 ThuPE05 ThuPE13 ThuPE23
Peaucelle Christophe WedM05
Pellico William TuePE29
Peng Shixiang MonPS34 TuePS38 ThuPS07
Pennisi Terry R. MonPS29 MonPS35 TueM08 TuePE36
Perez M. WedM04

Perry A. ThuM09
Persaud Arun TueM05
Peruzzo Simone MonPE22
Peschard G. ThuPE31
Petrenko S. MonA02
Phair L. ThuPS25

Phillips G. WedM04
Philpott C. TuePE20

Piefer Greg FriM03
Pikin Alexander TueM01
Pilan Nicola MonA03 TuePE26
Pillai S. ThuM03
Piller Chip MonPS29 TueM08 TuePE36
Pimazzoni Antonio MonPE22 MonPE07
Ping Yuan TuePE18
Pirogov Konstantin ThuPE16
Poggi M. MonA02
Poggi Carlo MonPE07
Ponkin Dmitry TuePS17
Poral Matthew D. ThuPS33
Porcellato A. M. ThuPE25
Potkins Dave MonPS37 TuePE20
Pozdeyev Eduard MonPE24 WedM02 ThuPS08
Pozzoli R. ThuPE25
Prasad R. TuePE31
Prestemon Soren WedM02 ThuPS08
Pretato F. ThuPE02
Primavera Simone ThuPE16
Pruneri G. WedM04
Putvinski Sergey ThuPE16
Qian Cheng ThuPS01 WedM01
Rácz Richárd MonM02 WedM07 WedM08 ThuPS09 ThuPS22
Radel Ross FriM03
Raeder Sebastian TuePS05
Raitses Yevgeny FriM06
Raman P. Santhana TuePS29
Ramos H. J. ThuPS33
Ramsdorf Alexandr TuePS17
Ranttila K. MonPS16

Rao Xing WedM02 ThuPS08



Raparia Deepak MonPE23
Ratzinger U. ThuPS31
Ravarotto D. MonA02
Razin Sergey ThuM02
Recchia M. MonA02
Ren Haitao MonPE24 MonPS34 TuePS38 WedM02 ThuPS07
Riaby Valentin TuePE12
Riedl Rudolf MonA03 MonA01 ThuPE11
Rifuggiato D. MonPE21
Ritter John TueM01
Rizzolo Andrea MonA03 MonPE22 ThuPE13 ThuPE23
Roger A. MonPS05
Roger Arnaud WedM05
Rogozhkin Sergey V. MonPE29
Romano Paolo WedM07 ThuPS09
Romé M. ThuPE25
Romero Camile Faith TuePE10
Romero-RomE. MonPE32
Roncolato C. ThuPE26
Rosario L. D. ThuPS33
Rosenkranz André MonM06
Roser Thomas MonM01
Rossetto Federico ThuPE05
Rotti C. ThuM03
Roux Kevin MonA03 ThuPE15
Ruan Lin ThuPS01
Rutter Theo TueM09
Rutter Theo TuePE27
Rybarcyk Lawrence J. MonPS24
Sakabe Shuji TuePS12
Sakakita Hajime MonPE09 MonPE27
Sakamoto K. MonPE16 WedM04

Sakamoto Yukio MonPE33
Sakemi Y. MonPE16
Sako Takayuki MonPE34
Sakuraba Junji MonPE35 MonPS31
Sanin Andrey MonPS20 MonPS21 MonPS22 TueA01
Santana Manuel MonPS29 MonPS35 TueM08 TuePE36
Saquilayan Glynnis TuePS15
Saratovskyh Mikhail MonPE04
Sarstedt Margit MonM06
Sartori Emanuele MonPE25 MonPE26 MonA02 MonPE28 TuePE26

ThuPE14 TuePS24 ThuPE20 TuePS34 ThuPE23
Sasa Mamiko ThuA01
Sasaki K. TueM06
Sasaki Noriyuki MonPE33
Sasaki Shunichi TuePE16
Sasano Toshinobu MonPE33
Satir Mert MonPE12
Sato Fuminobu MonPS07 ThuPS15 ThuPS16 ThuPS03 ThuPS05
Sato Kiyokazu MonPE34
Sattin M. MonA02
Savalle A. ThuPE31
Savard Guy ThuPE33
Savkin Konstantin TuePS16
ScantamburlF. WedM04
Scarpa Daniele ThuPE34
Schaefer T. ThuPS31
Schenkel Thomas TueM05
Schiesko Loic ThuPE11 ThuA02 ThuA02
Schillaci Francesco TuePS19 TuePS01
Schlei B. R. ThuA02
Schneider Fabian TuePS05
Schoepfer Roberto TueM01



Schroeder Jon ThuPE16
Schulte Kathrin FriM05
Schunke Beatrix ThuPE15
Schwarz Stefan ThuM06
Schweizer W. ThuPS31
Scott Robert ThuPE33 ThuPS10
Scrivens Richard TueM07
Segal Matthew TuePS17
Seidl Peter TueM05
Seki Norikazu TuePE16
Selivanov Arkadiy ThuPE16
Senée Frank MonPS05 WedM04 ThuPS18
Sengbusch Evan FriM03
Serianni Gianluigi MonA03 MonPE22 MonPE01 MonPE25 MonPE26

MonA02 MonPE07 MonPE02 MonPE28 TuePS24
TuePS33 TuePS34 ThuPE01 ThuPE03 ThuPE14

Sevier Leigh ThuPE16
Shah Darshan ThuPE15
Shaim Haider TuePS18
Shandrikov Maxim ThuPS32
SharamentovS. I. ThuM09
Sherman Joseph MonPS19
Shibata Takanori MonPS31 TuePE25 TueM07 TuePE24 TuePE28
Shibuya M. MonPS32
Shikhovtsev Igor MonPS20 TueA01 ThuPE04
Shimada Kenji TuePS37
Shimizu Tatsuo TuePE16
Shin Chang-Seouk MonPE18 ThuPS11 ThuPS12 ThuPS13 ThuPS14
Shinto Katsuhiro WedM04 ThuPS18
Shiraishi Naohiro MonM02
Shivarova Antonia P. ThuPE12 ThuPE18 ThuPE22 ThuPE06
Sibley Andy ThuPE16

Sidorov Alexander ThuM02
Singh Mahendrajit J. MonA03 ThuPE15
Sitnikov Alexey L. MonPE29
Skalyga Vadim MonPS11 MonPS12 MonPS13 MonPS14 WedM06

ThuM02 ThuPS21
Smirnov Artem ThuPE16 ThuPE04
Soga Tomohiro MonPE35
Sole Patrick WedM05 ThuPE31
Son Hyock-Jun ThuPE32
Sonato P. MonA02
Soni Jignesh ThuM03
Sorbello Gino TuePS27
Sorokin Aleksey ThuPE16 ThuPE04

Sosa Alejandro TuePE29
Sotnikov Oleg MonPS20 MonPS21 MonPS22 TueA01
Spädtke Peter WedM08 ThuPS02
Spagnolo Silvia TuePS24
Spencer J. A. TuePS02
Spolaore Monica TuePS24
Steski Dannie TuePS14 TuePS09
Stewart Thomas TuePE20 MonPS37
Steyaert D. TueM07
Stockli Martin MonPS29 MonPS35 TueM08 TuePE36
Stoltz Peter H. TuePE33
Stracener D. W. MonPE32
Stupishin Nikolay MonPS22 ThuPE16 ThuPE04
Su Renxue ThuPE21
Sudhir Dass ThuM03 ThuPE17
Sugimoto M. WedM04
Sun Liangting MonPS06 TuePS35 TuePS36 TuePE17 TuePE18

TueM02 WedM01 ThuPS01 ThuPS26
Suzuki Kazutoshi ThuPE29



Suzuki Taku MonM02 MonPE33
Svensson Lennart ThuPE15
Taccogna Francesco MonA02 TueA02 TuePE30
TAE Team ThuPE16
Takagi Akira TueA04 TuePE32 TuePE24 TuePE28
Takahashi Hiroki MonPS05 WedM04 ThuPS18
Takahashi Katsuyuki MonPE33 MonM02
Takahashi Kazumasa TuePS04
Takahashi Nobuaki MonPE35 MonPE33
Takakuwa Jeff TueM05
Takasugi Wataru MonM02
Takeiri Yasuhiko MonA04 MonPS32 TuePS35 TueM06 TuePS34
Takeuchi Takeshi MonPE34
Tamura Jun TuePS11
Tan Cheng-Yang TuePE29
Tan X. H. TuePS20
Tang Bing ThuPE28
Tarnev Khristo Ts. ThuPE06
Tarvainen Olli MonPS13 MonPS11 MonPS12 MonPS37 MonPS16

MonPS14 TuePE08 WedM06 ThuPS21 ThuM07
ThuM05 FriM02

NNBI Team MonA01
Ter-Avetisya Sargis TuePE31
Terunuma Yuto TuePE16
Thaus N. TueM07
Theroux J. TuePE20
Thomae Rainer TuePS17 ThuPS17
Thuillier Thomas MonPS16 TuePE15 WedM05 ThuM07
Tikhonchuk V. TuePE31
Ting J. S. ThuPS33
Tinschert Klaus WedM08 ThuPS02
Tobari Hiroyuki MonA03 ThuPE10 ThuPE08

Tobos Larry WedM02
Todd D. S. TuePE15 ThuPS25
Todorov Dimitar T. ThuPE18
Toigo Vanni MonA03 MonPE28
Toivanen Ville TuePS26 TuePS25 WedM06 ThuPS17
Tollin Marco MonPE22
Tomaselli A. ThuPE34
Tongu Hiromu MonPS10 TuePS12
Torrisi Giuseppe TuePS27 TuePE11 WedM07 ThuPE27 ThuM08
Touzery Robert WedM05
Traykov E. ThuM07
Trevisan Lauro MonA03
Triplett Kent MonPE06
Tsumori Katsuyoshi MonA04 MonPS32 TuePS35 TueM06 TuePS34
Tudisco Salvatore TuePS19 TuePS01 ThuM04
Tumlos R. B. ThuPS33
Turner David TuePE27
Tuske Olivier MonPS04 WedM05
Tuunanen J. MonPS16
Tyagi Himanshu ThuM03
Tzoganis Vasilis MonPE20
Uchida Takashi MonPS01 MonM02 MonPE33 ThuPS22 ThuPS03
Uchiyama Akito MonPE16 ThuPS23
Ueno Akira TueA04 TuePE32 TuePE24 TuePE28
Uhlemann Reinhard ThuPE04
Ullmann Cathrina MonPE05 TuePS28
Umeda Naotaka TuePE16 ThuPE07 ThuPE08 ThuPE10
Usami H. WedM04
Useinov Alexey S. MonPE29
Uy J. Y. ThuPS33
Vakhrushev Roman ThuPE16
Valente Matteo ThuPE13



Valette Matthieu MonPS05 WedM04 ThuPS18
Van Drie Alan D. ThuPE16
van Kan Jeroen Anton TuePS29
Variale Vincenzo MonA02 ThuPE19
Vasquez Magdaleno R. MonPE36 TuePS30
Veitzer Seth A. TuePE33
Veltri Pierluigi MonPE01 MonPE25 MonPE26 MonA02 MonPE02

MonPE28 TuePS24 TuePE26 TuePE30 TuePS33
TuePS34 ThuPE03 ThuPE20

Vignet Jean Luc TuePS05
Visentin Michele MonA03
Vivian G. ThuPE30
Vizir Alexey ThuPS32 TuePS22
VodopyanovAlexander MonPS14
Vogel John S. TuePE13 TuePE14
Volk K. ThuPS31
Vondrasek Richard ThuM09 ThuPE33 ThuM07 ThuPS10
Vormann Hartmut ThuPS28
VoskoboynikRenat ThuPE16
Voulgarakis G. TueM07
Wada Hiroki ThuPS04
Wada Motoi MonPE30 MonPE36 TueM06 TuePS15 TuePS30

TuePE35 TuePE10 ThuA01
Wakui Takashi ThuPE29
Waldron Will TueM05
Wan X. TuePS20
Wang Lu MonPS03
Wang Z. J. TuePS36
Wang Tao ThuPS34
Wang Bing TuePE17 TuePE18
Wang S. J. MonPE17
Washio Masakazu TuePS09 TuePS10

Watanabe Kazuhiro ThuPE10 ThuPE08 ThuPE07
Welton Robert F. MonPS29 MonPS35 TueM08 TuePE36
Wenander F. ThuM07

Wendt Klaus TuePS05
Wenlong Zhan MonPS03
Whitehead Mark O. TuePE19 TuePE37 TueM09
Williams P. TuePE20
Wimmer Christian ThuA02
Winklehner Daniel TuePE02 TuePS31
Wirtz Tom TueM04
Withington S. TuePE20
Won Mi-Sook MonPE18 ThuPS11 ThuPS12 ThuPS13 ThuPS29

ThuPS14
Wood Trevor TuePE19 TuePE37 TueM09
Wu Qi TuePS35
Wu Xiaoyu MonPE24
Wünderlich Dirk MonA01 TuePS35 TuePE22 ThuPE01 ThuPE11
Xiang W. TuePS20
Xie Yahong ThuPE09 ThuPE09 ThuPE21
Xie D. Z. TuePE15 ThuPS25
Xiong Bing ThuPS01
Xu Xinxin TuePS29
Xu Yuan MonPS34 TuePS38 ThuPS07 ThuPS31
Xu Yongjian ThuPE09 TuePS32
Xuezheng Zhang MonPS03
Yadav A. ThuM03
Yajima Satoru MonPS31
Yakushev Alexander ThuPS28
Yamaguchi Akiko MonPE34
Yamano Yasushi ThuPE10
Yamazaki Atsushi TuePS12
Yang Yao MonPS06 TuePS35 TuePS36 WedM01 ThuPS01



ThuPS26
Yang Zhen ThuPS34
Yano Keisuke ThuPS15 ThuPS16
Yao Q .G. TuePS36
Yao Hongjuan MonPE14
Yasuda Yusuke TuePS37
Yin Zhiguo MonPE14
Yoon Jang-Hee MonPE18 ThuPS11 ThuPS12 ThuPS13 ThuPS14

Yordanov Dimitar Y. ThuPE12 ThuPE22
Yorita Tetsuhiko TuePS37
Yoshida Masafumi TuePE16 ThuPE10 ThuPE08 ThuPE07
Yoshida Yoshikazu MonM02 MonPE33 ThuPS03 ThuPS22
Yu Ling TuePS32
Yuan Ping TuePE17
Yushkov Georgy TueM03 TuePS22 TuePS16
Zaccaria Pierluigi MonA03 ThuPE03
Zaniol B. MonA02 ThuPE01
Zanotto L. MonA02
Zaupa Matteo MonA03 ThuPE23
Zelenski Anatoli MonPE23 TueM01 FriM04
Zhan Wenlong ThuPS01
Zhang Ailin MonPS34 TuePS38 ThuPS07
Zhang Junjie TueM02
Zhang Jingfeng MonPS34 TuePS38 ThuPS07
Zhang Tao MonPS34 TuePS38 ThuPS07
Zhang Tianjue MonPE14
Zhang Wenhui MonPS06 WedM01
Zhang Weitang TuePS32
Zhang Xuezhen MonPS06 TueM02 TuePS35 TuePS36 WedM01

ThuPS26 ThuPS01
Zhang Ziming TuePS35 TuePS36
Zhao Hongwei MonPS06 TuePS35 TuePS36 TueM02 TuePE17

TuePE18 WedM01 ThuPS01 ThuPS26
Zhao Huanyu TueM02
Zhao Liangji TuePS21 TuePS02
Zheng Le ThuPS34
Zheng Xia MonPE14
Zucchetti S. MonA02





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

SYNOPTIC TABLE 


