




3 COMMISSIONING OF RIKEN RI BEAM FACTORY talk

 

A. Goto, M. Fujimaki, T. Fujinawa, N. Fukunishi, H. Hasebe, Y. Higurashi, K. Ikegami, E. Ikezawa,
N. Inabe, T. Kageyama, O. Kamigaito, M. Kase, M. Kidera, S. Kohara, M. Kobayashi-Komiyama,
M. Nagase, K. Kumagai, T. Maie, T. Nakagawa, J. Ohnishi, H. Okuno, H. Ryuto,N. Sakamoto, M.
Wakasugi, T. Watanabe, K. Yamada, S. Yokouchi and Y. Yano

9 COMMISSIONING OF THE ACCEL 250 MEV PROTON CYCLOTRON

A.E. Geisler, J. Hottenbacher, H.U. Klein, D. Krischel, H. Röcken, M. Schillo, T. Stephani, J.H.
Timmer and C. Baumgarten

15 FIRST YEAR OF OPERATION OF PSI’S NEW SC CYCLOTRON AND BEAM
LINES FOR PROTON THERAPY

talk

Marco Schippers, Jürgen Duppich, Gudrun Goitein, Eugen Hug, Martin Jermann, Anton Mezger and
Eros Pedroni

18 HARDWARE COMMISSIONING OF THE RIKEN SUPERCONDUCTING RING
CYCLOTRON

talk

H. Okuno, K. Yamada, J. Ohnishi, N. Fukunishi, N. Sakamoto, O. Kamigaito, M. Fujimaki, H.
Hasebe, K. Kumagai, T. Maie, M. Nagase, S. Yokouchi, K. Ikegami, M. Kase, A. Goto and Y. Yano

21 PRESENT PERFORMANCE AND COMMISSIONING DETAILS OF RIBF
ACCELERATOR COMPLEX

N. Fukunishi, K. Yamada, M. Fujimaki, T. Fujinawa, A. Goto, H. Hasebe, Y. Higurashi, K. Ikegami,
E. Ikezawa, N. Inabe, O. Kamigaito, M. Kase, S. Kohara, M. Komiyama, K. Kumagai, T. Maie, M.
Nagase, T. Nakagawa, J. Ohnishi, H. Okuno, H. Ryuto, N. Sakamoto, M. Wakasugi, T. Watanabe, Y.
Yano and S. Yokouchi

24 BEAM EXTRACTION SYSTEM FROM DC60 CYCLOTRON

O.N. Borisov, B.N. Gikal, G.G. Gulbekyan, I.A. Ivanenko, V.N. Melnikov, V.I. Mironov, A.V.
Tikhomirov, E.V Samsonov, V.V. Seleznev and A.I. Sidorov

27 CYCLOTRON BASED COMPLEX IC-100 FOR SCIENTIFIC AND APPLIED RESEARCH

B.Gikal, S.Dmitriev, G.Gulbekian, P.Apel’, V.Bashevoi, S.Bogomolov, O.Borisov, V.Buzmakov,
A.Cherevatenko, A.Efremov, I.Ivanenko, O.Ivanov, N.Kazarinov, M.Khabarov, I.Kolesov,
V.Mironov, A.Papash, S.Patschenko, V.Skuratov, A.Tikhomirov and N.Jazvitsky

 

33 DESIGN AND CONSTRUCTION PROGRESS OF CYCIAE-100, A 100 MEV H-
CYCLOTRON AT CIAE

talk

CYCIAE-100 Project Team, Tianjue Zhang, Zhenguo Li and Chengjie Chu

39 THE ADVANCEMENT OF SPIRAL 2 PROJECT

P. Bertrand and M.H. Moscatello on behalf of the SPIRAL 2 team.



45 COMMISSIONING OF KIRAMS-30 CYCLOTRON FOR NUCLEAR SCIENCE
RESEARCH

talk

Jong-Seo Chai, Joon-Sun Kang, In-Su Jung, Dong-Hyun An, Hong-Suk Chang, Bong-Hwan Hong,
Kun-Uk Kang, Sung-Suk Hong, Min-Yong Lee, Won-Taek Hwang, Tae-Keun Yang, Yu-Seok Kim,
Moo-Hyun Yoon, Chang-Kyun Kim and Ki-Hyeon Park

51 STATUS OF THE K500 SUPERCONDUCTING CYCLOTRON PROJECT AT
KOLKATA

talk

Rakesh Kumar Bhandari and Bikash Sinha for VECC Staff

54 IBA C70 CYCLOTRON DEVELOPMENT talk

L. Medeiros Romao, M. Abs, J-C. Amelia, W. Beeckman, J-L. Delvaux, Y. Jongen, W. Kleeven, Y.
Paradis, D. Vandeplassche and S. Zaremba

57 THE STUDY AND DESIGN OF SPIRAL INFLECTOR AND CENTRAL REGION FOR
CYCIAE-100 CYCLOTRON

Tianjue Zhang, Yinlong Lu, Fengping Guan, Xianlu Jia, Junqing Zhong, Hongjuan Yao and
Yuzheng Lin

60 AXIAL INJECTION CHANNEL OF THE DC-350 CYCLOTRON

G.G. Gulbekyan, S.L. Bogomolov, V.V. Bekhterev, I.V. Kalagin, N.Yu. Kazarinov, M.V. Khabarov,
V.N.Melnikov, M.N.Sazonov, Kairat K. Kadyrzhanov and Adil Zh. Tuleushev

63 EXTRACTION SIMULATIONS FOR THE IBA C70 CYCLOTRON

D. Vandeplassche, W. Beeckman, W. Kleeven, S. Zaremba, J.L. Delvaux, L. Medeiros-Romao, J.C.
Amélia, Y. Jongen and J. Fermé

66 INJECTION AND CENTRAL REGION DESIGN FOR THE IBA C70 CYCLOTRON

W. Kleeven, M. Abs, W. Beeckman, J.-L. Delvaux, Y. Jongen, L. Medeiros-Romao D.
Vandeplassche and S. Zaremba

69 EXTRACTION SIMULATION FOR CYCIAE-100

SZ.An , FP.Guan, TJ.Zhang, HD Xie, JQ.Zhong, XL.Jia, SM.Wei, HJ.Yao, YJ.Bi, B.Ji, CJ.Chu,
JS.Xing, LC.Wu,YL.Lu, ZG.Li, ZH.Zhou, GF.Pan, ZG.Yin, SG..Hou, T.Ge, GF.Song, LP.Weng and
F.Yang

72 STUDY ON SPACE CHARGE EFFECT IN THE SPIRAL INFLECTOR

Xianlu Jia and Tianjue Zhang

75 MAGNETIC FIELD DESIGN AND CALCULATIONS FOR THE IBA C70 CYCLOTRON

S. Zaremba, W. Beeckman, J.-L. Delvaux, Y. Jongen, W. Kleeven, L. Medeiros-Romao, D.
Vandeplassche and A.-S. Chauchat

78 THE MAGNETIC FIELD MAPPING SYSTEM FOR THE IBA C70 CYCLOTRON

Y. Paradis, D. Vandeplassche, W. Beeckman, J.-L. Delvaux, W. Kleeven, L. Medeiros-Romao, S.
Zaremba, J.C. Amélia and F. Salicis

81 MACHINING AND ASSEMBLY OF THE IBA C70 CYCLOTRON MAGNET

W. Beeckman, J.C. Amelia, J.L. Delvaux, W. Kleeven, L. Medeiros-Romao, D. Vandeplassche, S.
Zaremba and F. Forest

84 THE CYCLOTRON FACILITY AT THE LABORATORY OF APPLIED NUCLEAR
ENERGY (L.E.N.A.) OF THE UNIVERSITY OF PAVIA

D. Alloni, A. Borio di Tigliole, M. Cagnazzo, M. Coniglio, G. Magrotti, S. Manera, A. Piazzoli, M.
Prata, A. Salvini and G. Scian 



87 MEDICAL CYCLOTRON FACILITY AT KOLKATA

Rakesh Kumar Bhandari for VECC Staff

 

93 NEW ACHIEVEMENTS AT TRIUMF AND FUTURE PLANS talk

P. W. Schmor

99 STATUS REPORT ON GANIL-SPIRAL1

F. Chautard, C. Berthe, A. Colombe, L. David, P. Dolégieviez, B. Jacquot, C. Jamet, M.
Lechartier, P. Lehérissier and G. Sénécal 

talk

105
FIRST RADIOACTIVE BEAM WITH EXCYT: ROLE OF THE K800
SUPERCONDUCTING CYCLOTRON

D. Rifuggiato, G. Cuttone, L. Calabretta, L. Celona, F. Chines, L. Cosentino, P. Finocchiaro, A.
Pappalardo, M. Re and A. Rovelli

110 COMMISSIONING OF CSR IN LANZHOU talk

W.L.Zhan, J.W.Xia, H.W.Zhao, Y.J.Yuan, K.D.Man, P.Yuan, D.Q.Gao, X.T.Yang, M.T.Song,
G.Q.Xiao,W.M.Qiao, X.H.Cai, X.D.Yang, B.W.Wei and HIRFL-CSR Group Institute of Modern
Physics

116
STATUS OF ISL: CONVERTING A MULTI-PURPOSE ACCELERATOR TO A
DEDICATED PROTON THERAPY FACILITY

talk

A. Denker, P. Arndt, W. Busse, H. Homeyer, W. Pelzer, C. Rethfeldt and J. Röhrich 

119
COMPONENT ACTIVATION OF A HIGH CURRENT RADIOISOTOPE
PRODUCTION MEDICAL CYCLOTRON

talk

Bhaskar Mukherjee and Joseph Khachan 

122
OPERATION OF THE INJECTOR CYCLOTRON JULIC FOR THE COOLER
SYNCHROTRON COSY/JÜLICH

talk

R. Gebel, R. Brings, O. Felden and R. Maier

125 DEVELOPMENT OF THE RCNP CYCLOTRON CASCADE talk

K. Hatanaka, M. Fukuda, M. Kibayashi, S. Morinobu, K. Nagayama, H. Okamura, T. Saito, A.
Tamii, H. Tamura and T. Yorita

128 NEW MCC30/15 CYCLOTRON FOR THE JYFL ACCELERATOR LABORATORY talk

P. Heikkinen

131
DEVELOPMENTS AT JAEA AVF CYCLOTRON FACILITY FOR HEAVY-ION
MICROBEAM

S. Kurashima, S. Okumura, N. Miyawaki, I. Ishibori, K. Yoshida, T. Satoh, H. Kashiwagi, Y. Yuri, T.
Agematsu, T. Nara, T. Kamiya, W. Yokota, M. Oikawa and M. Fukuda

134
RECENT IMPROVEMENTS AND OPERATIONAL STATUS OF THE SEATTLE
CLINICAL CYCLOTRON FACILITY

R. Risler, S. Banerian, R.C. Emery, I. Kalet, G.E. Laramore and D. Reid

137 RECENT STATUS OF THE NIRS CYCLOTRON FACILITY

T. Honma, S. Hojo, Y. Sakamoto, T. Endo, A. Sugiura, T. Fukumura, T. Kanai, T. Okada, K.
Komatsu, T. Kamiya, J. Kanakura M. Sano and Y. Fukumoto

140 IMPROVEMENTS TO THE ITHEMBA LABS CYCLOTRON FACILITIES



J.L. Conradie, P.J. Celliers, J.G. de Villiers, J.L.G. Delsink, H. du Plessis, J.H. du Toit, R.E.F.
Fenemore, D.T. Fourie, I.H. Kohler, C. Lussi, P.T. Mansfield, H. Mostert, G.S. Muller, G.S.Price,
P.F. Rohwer, M. Sakildien, R.W. Thomae, M.J. van Niekerk, P.A. van Schalkwyk, Z. Kormány, J.
Dietrich, T. Weis, S. Adam, D. Goetz and P.A. Schmelzbach

143 TRIUMF 500 MEV CYCLOTRON REFURBISHMENT

I. Bylinskii, R.A. Baartman, G. Dutto, K. Fong, A. Hurst, M. Laverty, C. Mark, F. Mammarella, M.
McDonald, A.K. Mitra, M. Mouat, D. Pearce, K. Reiniger, R. Ruegg, P. Schmor, I. Sekachev, M.
Stenning and V.A. Verzilov

146
OPERATIONAL HEALTH PHYSICS DURING THE MAINTENANCE OF A
RADIOISOTOPE PRODUCTION CYCLOTRON

Bhaskar Mukherjee and Joseph Khachan

 

151 IBA C400 CYCLOTRON PROJECT FOR HADRON THERAPY talk

Y. Jongen, M. Abs, W. Beeckman, A. Blondin, W. Kleeven, D. Vandeplassche, S. Zaremba, V.
Aleksandrov, A. Glazov, S. Gurskiy, G. Karamysheva, N. Kazarinov, S. Kostromin, N. Morozov, E.
Samsonov, V. Shevtsov, G. Shirkov, E. Syresi and A. Tuzikov

157 UPGRADE OF THE PSI CYCLOTRON FACILITY TO 1.8 MW talk

M. Seidel and P.A. Schmelzbach

163
PROGRESS ON THE DESIGN STUDIES OF THE 300 AMeV
SUPERCONDUCTING CYCLOTRON

talk

M. Maggiore, L. Calabretta, D. Campo, L.A.C. Piazza and D. Rifuggiato

166
CYCLINACS: NOVEL FAST-CYCLING ACCELERATORS FOR
HADRONTHERAPY

talk

Ugo Amaldi,

169
FEASIBILITY STUDY OF 8 MeV H- CYCLOTRON TO CHARGE THE ELECTRON
COOLING SYSTEM FOR HESR

V.Papash, V.Parkhomchuk and O.Borisov

172
ACLIP: A 3 GHZ SIDE COUPLED LINAC FOR PROTONTHERAPY TO BE USED AS A
BOOSTER FOR  30 MEV CYCLOTRONS

V. G. Vaccaro, R. Buiano, A.D'Elia, G. De Michele, M. R. Masullo, F. Alessandria, D. Giove, C. De
Martinis , E.Di Betta, M.Mauri, A. Rainò, V. Variale, L. Calabretta and R.J. Rush

 

177 DEVELOPMENT OF FFAG ACCELERATORS IN JAPAN talk

Y.Mori and K.Okabe

183
TECHNICAL DESCRIPTION AND STATUS OF THE EMMA NONSCALING
FFAG

talk

N.Bliss, C.D.Beard, J.A.Clarke, S.A.Griffiths, N.Marks, P.A.McIntosh, B.D.Muratori,
B.J.A.Shepherd, S.L.Smith, S.I.Tzenov, T.R.Edgecock, D.Kelliher and S.Machida

189 NON-ISOCHRONOUS & ISOCHRONOUS, NON-SCALING FFAG DESIGNS talk

G.H. Rees



193 THREE-RING FFAG COMPLEX FOR H+ and C6+ THERAPY talk

E. Keil, A.M. Sessler and D. Trbojevic

198 SPIRAL FFAG FOR HADRONTHERAPY

J. Pasternak, J. Fourrier, E. Froidefond, B. Autin, F. Méot, J.-L. Lancelot, D. Neuvéglise and T.
Planche

201 EMITTANCE GROWTHS IN RESONANCE CROSSING AT FFAGS talk

K.Y. Ng, X. Pang, F. Wang, X. Wang and S.Y. Lee

204 HIGH-POWER FFAG-BASED HEAVY-ION AND PROTON DRIVERS talk

Alessandro G. Ruggiero

207
INNOVATIVE DESIGN OF THE ISOCENTRIC PROTON/CARBON ION
GANTRIES

talk

Dejan Trbojevic, Eberhard Keil and Andrew M. Sessler

210 DEVELOPMENT OF FFAG-ERIT SYSTEM FOR BNCT

K. Okabe, Y. Mori andY. Sato

 

215 ARRONAX, A HIGH INTENSITY CYCLOTRON IN NANTES

J. Martino, on behalf of the Nantes ARRONAX Cyclotron Group

219 PLANS FOR PARTICLE THERAPY IN SWEDEN

A. Montelius, E. Grusell, M. Karlsson, O. Mattsson, S. Mattsson and P. Nilsson

222 PLANT BREEDING USING THE ION BEAM IRRADIATION IN RIKEN talk

T. Abe, Y. Kazama, H. Ichida, Y. Hayashi, H. Ryuto and N. Fukunishi

225 HIGH CURRENT OPERATION OF THE ACSI TR30 CYCLOTRON talk

V. Sabaiduc, J. Burbee, D. Du, K. Erdman, W. Gyles, R.R. Johnson, B. Kovac, A. Manigoda, S.,
Medianu, I. Popa, L. Popa, A. Terentyev, E. vanLier, R. Watt, B. Wilson, J. Wong, A. Zyuzin, T.
Kuo and W.H. Uzat

228
DESIGN AND TEST OF AN ACCELERATOR DRIVEN NEUTRON ACTIVATOR
AT THE JRC CYCLOTRON OF THE EUROPEAN COMMISSION

talk

K. Abbas, G. Cotogno, N. Gibson, U. Holzwarth, F. Simonelli, S. Buono, L. Maciocco, N. Burgio,
R. Rocca and G. Mercurio

231
INDIANA UNIVERSITY CYCLOTRON OPERATION FOR PROTON THERAPY
FACILITY

talk

V.A. Anferov, M.S. Ball, J.C. Collins and V. P. Derenchuk

234
COMPARISON OF RADIOBIOLOGICAL EFFECTS OF CARBON IONS TO
PROTONS ON A RESISTANT HUMAN MELANOMA CELL LINE

talk

I. Petrovic, A. Ristic-Fira, L. Koricanac, J. Požega, F. Di Rosa, P. Cirrone and G. Cuttone

237 EFFECTS OF ION BEAM IRRADIATION ON MUTATION INDUCTION IN RICE

Yoriko Hayashi, Hinako Takehisa, Yusuke Kazama, Hiroyuki Ichida, Hiromichi Ryuto, Nobuhisa
Fukunishi, Tomoko Abe, Chiaki Kamba and Tadashi Sato

240
EFFECTS OF ION BEAM IRRADIATION ON MUTATION INDUCTION IN
ARABIDOPSIS THALIANA



Yusuke Kazama, Hiroyuki Saito, Yoriko Hayashi, Hiroyuki Ichida, Sumie Ohbu, Hiromichi, Ryuto,
Nobuhisa Fukunishi, Tomoko Abe and Yoshiharu Y. Yamamoto

243
COMPARISON OF Cu-67 PRODUCTION AT CYCLOTRON AND ELECTRON
ACCELERATOR

N.I. Ayzatskiy, N.P. Dikiy, A.N. Dovbnya, Yu.V. Lyashko, V.I.Nikiforov, B.I. Shramenko, A.Eh.
Tenishev, A.V. Torgovkin and V.L. Uvarov

246 PRODUCTION OF 61CU BY DEUTERON IRRADIATION OF NATURAL NI

Roberto Strangis and Carlos Gonzalez Lepera

249
EXCITATION FUNCTIONS AND YIELDS FOR Re-186g PRODUCTION BY PROTON
CYCLOTRON IRRADIATION

E. Persico, M.L. Bonardi, F. Groppi, L. Canella, C. Zona, K. Abbas, U. Holzwarth, N. Gibson and F.
Simonelli

251 RELIABLE FLUORINE-18 [18F-] PRODUCTION AT HIGH BEAM POWER

Roberto Strangis and Carlos Gonzalez Lepera

254
UPDATE ON CYCLOTRON PRODUCTION STUDIES OF NO-CARRIERADDED:
COPPER-64, ASTATINE-211/POLONIUM-211G, RHENIUM-186G

M.L. Bonardi, F. Groppi, E. Menapace, L. Canella, E. Persico, C. Zona, K. Abbas, U. Holzwarth, N.
Gibson, F. Simonelli, L. Bergamaschi and M. Gallorini

257
LARGE-SCALE ISOTOPE PRODUCTION WITH AN INTENSE 100 MEV PROTON
BEAM: RECENT TARGET PERFORMANCE EXPERIENCE

F. M. Nortier, J. W. Lenz and P. A. Smith

260
USES OF THE EXPERIMENTAL AREA OF A PROTON THERAPY FACILITY FOR
BIOMEDICAL EXPERIMENTS

J. W. Kim and C. C. Yun

 

265
PROGRESS AND PERSPECTIVE FOR HIGH FREQUENCY, HIGH
PERFORMANCE SUPERCONDUCTING ECR ION SOURCES

talk

D. Leitner, J.Y. Benitez, M L Galloway, T.J. Loew, C.M. Lyneis and D.S. Todd

271
AN ADVANCED SUPERCONDUCTING ECR ION SOURCE SECRAL AT IMP:
FIRST RESULTS AND OPERATION AT 18 GHZ

talk

H. W. Zhao, L.T. Sun, Y.Cao, H.Y.Zhao, X. Z. Zhang, X. H. Guo, W.Lu, Z. M. Zhang, P.Yuan, M.T.
Song, J.Q.Zhang, B.Wang, W.L.Zhan and B. W. Wei

277
ECR PLASMA PHYSICS AND PRODUCTION OF HIGHLY CHARGED HEAVY
ION FROM MS-ECRIS

talk

S. Gammino for the ISIBHI collaboration

283 FIRST COMMISSIONING RESULTS OF THE SUSI ECRIS talk

P.A. Závodszky, B. Arend, D. Cole, J. DeKamp, M. Doleans, G. Machicoane, F. Marti, P. Miller, J.
Moskalik, W. Nurnberger, J. Ottarson, J. Vincent, X. Wu and A. Zeller

286
SIMULATED NEW CUSP FIELD CREATED BY PERMANENT MAGNET FOR AN 18
GHz ECRIS

M.H. Rashid, C. Mallik and R.K. Bhandari



289
HYBRID ION SOURCES FOR THE PRODUCTION OF HIGHLY CHARGED ION
BEAMS   FROM METALS

L. Torrisi, L. Celona, G. Ciavola, F. Consoli, S. Gammino, D. Margarine and F. Caridi

292
A COMPACT, PERMANENT MAGNET, ECR ION SOURCE FOR THE PSI
PROTON  ACCELERATOR 

P. A. Schmelzbach, A. Barchetti, H. Einenkel and D. Goetz

295
GAMMA-RAY SPECTROMETRIC CHARACTERIZATION OF WASTE ACTIVATED
TARGET COMPONENTS IN A PET CYCLOTRON

P. Guarino, S. Rizzo, E. Tomarchio and D. Greco

298
DRESDEN EBIS-SC – A NEW GENERATION OF POWERFUL ION SOURCES FOR THE
MEDICAL PARTICLE THERAPY

G. Zschornack, F. Grossmann, V.P. Ovsyannikov and E. Griesmayer

300
BEAM INTENSITY STABILITY OF A 250 MEV SC CYCLOTRON EQUIPPED WITH AN
INTERNAL COLD-CATHODE ION SOURCE

Marco Schippers, Damir Anicic, Rudolf Dölling, Anton Mezger, Eros Pedroni and Lisette
Stamsnijder, Andreas Geisler, Heiner Röcken and Jan Timmer

303 ION SOURCE DEVELOPMENT AT THE AGOR FACILITY

S. Brandenburg , J.P.M. Beijers, H.R. Kremers, V. Mironov, J. Mulder and S. Saminathan

 

308 EXTRACTION BY STRIPPING OF HEAVY ION BEAMS FROM AVF
CYCLOTRONS

talk

G.G. Gulbekyan, O.N. Borisov, V.I. Kazacha and D. Solivaijs

314 CHARGE STRIPPERS FOR ACCELERATION OF URANIUM BEAM AT RIKEN
RI-BEAM FACTORY

H. Ryuto , H. Hasebe, S. Yokouchi, N. Fukunishi, A. Goto, M. Kase, and Y. Yano

 

319 OPTICS IMPROVEMENTS OF THE K500 AXIAL INJECTION LINE talk

M. Doleans, S. Chouhan, D. Cole, G. Machicoane, F. Marti, P. Miller, J. Moskalik, M. Steiner, J.
Stetson, X. Wu, P. Zavodszky, A. Zeller and Q. Zhao

325
DETAILS OF BEAM DIAGNOSTIC SYSTEM FOR RIKEN SUPERCONDUCTING RING
CYCLOTRON

K. Yamada, M. Fujimaki, N. Fukunishi, A. Goto, M. Kase, M. Komiyama, J. Ohnishi, H. Okuno, T.
Watanabe, and Y. Yano

328 A BEAM ENERGY TIME-FLYING MEASUREMENT SYSTEM

Wei. Liu, Jian-hua. Zheng, Yi-fang. Wang and Hong-wei Zhao

331 A NEW BEAM POSITION MONITOR FOR THE TRIUMF CYCLOTRON BEAMLINES

V.A. Verzilov, D.T. Gray, R. Potter and W.R. Rawnsley



334 HYBRID SIMULATION IN VIRTUAL PROTOTYPING OF CYCLOTRON

Jun Yang, Bin Qin, Yongqian Xiong, Dong Li, Kaifeng Liu, Tongning Hu, Lei Cao and Tiaoqin Yu

337
PROGRAM TO IMPROVE THE ION BEAM FORMATION AND TRANSMISSION
AT JYFL

talk

H. Koivisto, T. Ropponen, J. Ropponen, T. Koponen, M. Savonen, V. Toivanen, P. Heikkinen, G.
Machicoane, J. Stetson, P. Zavodszky, X. Wu, M. Doleans, S. Chouhan, P. Spädtke, H. Beijers and
S. Brandenburg

340 HIGH-TRANSMISSION OPERATION OF THE NSCL ACCELERATORS

Jeffry Stetson, Guillaume Machicoane, Peter Miller, Mathias Steiner and Xiaoyu Wu

343
EXTRACTION SYSTEM AND EXTERNAL BEAM HANDLING SYSTEM OF KOLKATA
SUPERCONDUCTING CYCLOTRON

C. Mallik, G.. Pal, S. Bhattacharya, J. Debnath, J. Pradhan, M. K. Dey, T. K. Bhattacharya, U.
Bhunia, S. Paul, S. Roy, P. S. Chakraborty, Md. Z.A. Naser, P Bhattacharya, T. Das, D. P. Hazra and
R. K. Bhandari

346 BEAM INJECTION SYSTEM OF THE KOLKATA SUPERCONDUCTING CYCLOTRON

M.K. Dey, J. Debnath, S. Paul, J. Pradhan, U. Bhunia, A. Dutta, B.C. Mondal, Md Z.A. Naser, M. H.
Rashid, G. Pal, C. Mallik and R.K. Bhandari

349
SIMULATION OF EXTRACTION MAGNETIC ELEMENTS FOR C400
SUPERCONDUCTING CYCLOTRON

Y. Jongen, M.Abs, W.Beeckman, A.Blondin, W. Kleeven, D.Vandeplassche, S.Zaremba, G.
Karamysheva, N. Morozov, S. Kostromin and E. Samsonov

352
INVESTIGATION OF INTENSE BEAM TRANSPORT ON INJECTION LINE AND
INFLECTOR OF COMPACT CYCLOTRON

J.J. Yang, T.J. Zhang, X.L. Jia, S.Z. An, H.J. Yao and Y.Z. Lin

355 BEAM LINES FOR PHYSICAL EXPERIMENTS OF DC-350 CYCLOTRON

G. Gulbekyan, G. Ivanov, I. Kalagin, V. Kazacha, N. Kazarinov, M. Khabarov, V. Melnikov, Kairat
K. Kadyrzhanov and Adil Zh. Tuleushev

358 TEST BEAM LINE FOR PULSED BEAM GENERATION AT CIAE’S CRM CYCLOTRON

SZ.An, LC.Wu, Tianjue Zhang, GF.Song, YL.Lu, XL.Jia, FP.Guan, YJ.Bi, B.Ji, JJ.Yang, SM.Wei,
CJ.Chu, JS.Xing, ZG.Li, ZH.Zhou, GF.Pan, ZG.Yin, SG.Hou, T.Ge, LP.Weng and F.Yang

361
A ‘SHORT PORT’ BEAMLINE FOR MOUNTING CUSTOM TARGETS TO A GE
PETtrace™ CYCLOTRON

J.E. Theroux, M.P. Dehnel, P.T. Jackle, M. Roeder, T.M. Stewart, M. Stokely, B. Wieland and P.
Holton

 

367
CURRENT LIMIT IN THE COMPACT CYCLOTRON WITH EXTERNAL
INJECTION

talk

L.M.Onischenko and E.V.Samsonov

370 HIGH-ENERGY CYCLOTRONS WITHOUT SPIRAL

M.K. Craddock and Y.-N. Rao

373 INFLUENCE OF THE RF MAGNETIC FIELD ON THE BEAM PHASE IN CYCLOTRONS



Sytze Brandenburg, Mariet Anna Hofstee and Tjalling Nijboer

376 SIMULATION STUDY OF HIGH INTENSITY BEAM BUNCHING

P. Sing Babu, A. Goswami and V. S. Pandit

379
THE COMPUTATION OF THE BUNCHING SYSTEM OF INTENSE ION BEAM BY
MOMENTS   METHOD 

N. Kazarinov and I.Kalagin

382
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STATIONARY DISTRIBUTIONS OF NON GAUSSIAN
ORNSTEIN-UHLENBECK PROCESSES FOR BEAM HALOS∗
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Abstract

Beam halos are studied in a dynamical stochastic model
with enhanced transverse dispersion and transverse emit-
tance growth. We explore the effects of non-Gaussian
noises with larger variances and possible jumps. The sta-
tionary distribution of Ornstein-Uhlenbeck processes with
particular Lévy noises is then calculated. For Student pro-
cesses the asymptotic spatial behavior coincides with that
found in other independent numerical halo models.

INTRODUCTION

The charged particle beam dynamics and the possible
halo formation are described in this paper in terms of
stochastic processes. To have time reversal invariance a
dynamics is added; but since our Markov process is not
derivable, we are obliged to drop the momentum equation
and to work in a configuration space. Consequently the dy-
namics is introduced by means of a stochastic variational
principle. This scheme, the stochastic mechanics (S.M.),
is known for its application to classical stochastic models
for quantum mechanics [1], but is suitable for a large num-
ber of other systems [2, 3]. This leads to a linearized the-
ory summarized in a phenomenological Schrödinger equa-
tion [4], and the space charge effects can be introduced by
coupling it with the Maxwell equations [5, 6].

A new role in this stochastic model can be played by
non–Gaussian, Lévy distributions [6]. Their today’s popu-
larity, however, is mainly confined to the stable laws [2].
We use instead non–Gaussian Lévy laws which are in-
finitely divisible (i.d.), but not stable as Student and
Variance-Gamma (V.G.) laws [6, 7]. This has two advan-
tages: first, at variance with stable non–Gaussian laws, the
i.d. laws can have finite variances; second, they can in-
crementally approximate the Gaussian laws. On the other
hand an i.d. laws is all that is required to build the Lévy pro-
cesses used here to represent the evolution of our particle
beam.

STOCHASTIC BEAM DYNAMICS

In the S.M. model the position Q(t) of a representative
particle in the beam is a process ruled by the Itô stochastic
differential equation (S.D.E.)

dQ(t) = v(+)(Q(t), t) dt +
√

D dW(t) ,

∗Work supported by INFN (Istituto Nazionale di Fisica Nucleare) ex-
periment HALODYST 2; INFM (Istituto Nazionale per la Fisica della
Materia); and MIUR (Ministero dell’Istruzione, dell’Università e della
Ricerca).

where v(+)(r, t) is the forward velocity, dW(t) is the in-
crement process of a standard Wiener noise, D is a con-
stant diffusion coefficient, and α = 2mD is an action con-
nected to the emittance of the beam. To add a dynamics
we introduce a stochastic least action principle and we get
a Nelson process [1]. If ρ(r, t) is the p.d.f. of Q(t), and we
define the backward velocity v(−) = v(+) − 2D∇ρ/ρ and
the current and osmotic velocities v = (v(+) + v(−))/2
and u = (v(+) − v(−))/2, from the stochastic least ac-
tion principle we get that the current velocity is irrotational,
mv(r, t) = ∇S(r, t), and the Lagrange equations of mo-
tion for ρ and S are

∂tρ = −∇ · (ρ∇S/m) (1)

∂tS = −∇S2/2m + 2mD2ρ−1/2∇2ρ1/2 − V (2)

where V is an external potential. Here the forward veloc-
ity v(+)(r, t) is not given a priori, but it is dynamically
determined by the evolution equation (2). With the repre-
sentation

Ψ(r, t) =
√

ρ(r, t) eiS(r,t)/α , α = 2mD

the coupled equations (1) and (2) become a single linear
equation of the form of a phenomenological Schrödinger
equation, with the Planck action constant replaced by α:

iα∂tΨ = − α2

2m
∇2ψ + V Ψ . (3)

We analyzed in several papers [6] both the stationary and
the non stationary solutions of this equation.

In this S.M. scheme |Ψ(r, t)|2 is the p.d.f. of a Nelson
process; hence when the N–particles are a pure ensemble,
N |Ψ(r, t)|2 d3r is the number of particles in a small neigh-
borhood of r. Our N particles, however, are not a pure en-
semble due to their mutual e.m. interaction: we hence take
into account the space charge effects by coupling the equa-
tion (3) with the Maxwell equations [5, 6]. We studied this
system of differential equations within a cylindrical sym-
metry and we found that for a given external potential no
simple analytical solutions are available and we must resort
to numerical solutions [5]. On the other hand for a given
radial distribution we can analytically solve the system to
find the external and the space charge potentials: this can
be easily done for Gaussian transverse distributions [6].

If, however, a halo is produced by large deviations from
the beam axis, we can suppose that the the stationary trans-
verse distributions are non–Gaussian: consider the family
of the i.d. Student laws Σ(λ, a2) with p.d.f.’s

f(x) = aλB(1/2 , λ/2)−1
(
1 + x2/a2

)−(λ+1)/2
(4)
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where λ > 0 and B(x, y) is the Beta function. The
potentials associated to the radial distribution of the cir-
cularly symmetric, bivariate Student laws Σ2(λ, a2) can
now be determined [6], and we can calculate the proba-
bility P (c) of being beyond a distance cσ from the beam
axis: in the Gauss case we get P (10) � 1.9 × 10−22,
while in the Student case with 10 ≤ λ ≤ 22 we get
2.8 × 10−9 ≤ P (10) ≤ 2.2× 10−6. Hence, for N = 1011

particle per meter of beam, we find practically no particle
beyond 10σ in the Gaussian case, but between 103 and 105

in the Student case.

LÉVY PROCESSES

The present interest – from physics to finance [2] – about
non–Gaussian Lévy laws is mostly confined to the stable
laws, a sub–family of the i.d. laws (see [7] for details).
The i.d. laws constitute both the more general form of pos-
sible limit laws for the Central Limit Theorem, and the
class of all the laws of the increments for every stationary,
stochastically continuous, independent increments process
(Lévy process). Non–Gaussian Lévy processes have trajec-
tories with moving discontinuities (e.g. a Poisson process):
a possible model for the relatively rare escape of particles
from the beam core. In the following we will limit our-
selves to 1–dimensional systems. Remark that there is an-
other important subclass of i.d. laws which also contains
all the stable laws: that of the selfdecomposable (s.dec.)
laws. Not only they are the larger subclass of absolutely
continuous, i.d. laws allowing the construction of selfsim-
ilar processes, but they are also connected to non Gaus-
sian Ornstein–Uhlenbeck (O.U.) processes. In fact every
O.U. process with a Lévy noise has a stationary distribu-
tion which is s.dec. (see [7] and references quoted therein).
We are interested in the processes generated by particular
classes of s.dec. laws as the Student and the V.G. [7].

The general i.d. laws are strictly connected to the def-
inition of the independent increments of a Lévy process.
In fact it is apparent that the increments ΔX(t) = X(t +
Δt) − X(t) of these processes must be distributed accord-
ing to i.d. laws. Let now ϕ(u) be the characteristic func-
tion (ch.f.) of an i.d. law, and T a time constant; then
[ϕ(u)](t−s)/T is the ch.f. of the increment X(t) − X(s)
of a Lévy process with stationary transition p.d.f.

p(x, t|y, s) =
1
2π

∫ +∞

−∞
eiu(x−y)[ϕ(u)](t−s)/T du. (5)

According to the Lévy–Khintchin formula [7] a non Gaus-
sian ϕ(u) can be given in terms of a characteristic Lévy
measure ν(B) on (−∞, +∞) which represents the aver-
age number of jumps of non vanishing size belonging to
B. The ch.f. of the law Σ(λ, a2) in equation (4) is

ϕ(u) = 2(1−λ)/2Γ(λ/2)−1|au|λ/2Kλ/2(|au|) (6)

where Kα(z) is a modified Bessel function. These laws are
i.d., but in general not stable.

A Lévy process defined by the ch.f. (6) will be called a
Student process. Its transition pdf p(x, t|y, s) is obtained
from (5) and (6). In general this integral must be treated
numerically, but for particular cases we can get exact re-
sults. In particular [7] for λ = 3 we have a closed, non ele-
mentary form of the transition p.d.f., its spatial asymptotic
behavior which is x−4 all along the evolution, and an ele-
mentary form of the transition p.d.f. for t− s = T, 2T, . . .
In particular, for t − s = T , p(x, t|y, s) is a Student
Σ(3, a2) and we can then produce sample trajectory sim-
ulations by taking T as the time step, since the increments
are exactly Student distributed when observed at the (ar-
bitrary) time scale T . We also introduce the V.G. laws
VG(λ, a) for λ > 0, with

f(x) = (2πa2)−
1
2 21−λΓ(λ)−1(|x|/a)λ− 1

2 Kλ− 1
2
(|x|/a)

ϕ(u) =
(
1 + a2u2

)−λ
;

since their spatial asymptotic behavior is exponential their
variance 2λa2 is always finite. Remark that VG(1, a) is the
usual Laplace double exponential law. Also here from (5)
we can calculate the transition p.d.f. of a Variance–Gamma
process. At variance with the Student process which has
a power law as asymptotic behavior, the Variance–Gamma
process always shows exponential decays so that its aver-
age jumps will be shorter.

ORNSTEIN–UHLENBECK PROCESSES

At present we do not have yet a dynamical theory of
Lévy processes leading to a generalized S.M. allowing a
stochastic control of the beam size. On the other hand the
simple Lévy processes based on i.d. laws with finite vari-
ance behave as ordinary diffusions and, as the Brownian
motion, have no stationary distributions. We can however
produce a simplified model by means of O.U. processes
where a suitable velocity field will keep the process con-
fined in a small region. First of all we can compare the
different, simulated solutions of the following S.D.E.

dX(t) = v(X(t)) dt + dZ(t) (7)

where Z(t) is a Lévy process and v(x) = −bxH(q − |x|)
for given b > 0 and q > 0, with H the Heaviside function.
This velocity field will attract the trajectory toward the ori-
gin when |x| ≤ q, and will allow the movement to be com-
pletely free for |x| > q. Hence for |x| ≤ q we have O.U.
processes, while for |x| > q we have free diffusions. The
process Z(t) in (7) can be either a Gaussian, or a non Gaus-
sian noise. Figures 1 show the typical 104 steps trajectories
respectively (a) for Gaussian, (b) Laplace and (c), (d) Stu-
dent noises with comparable variances. The processes in
(b), (c) and (d) differ in several respects from that in (a).
For b = 0.35, q = 10 and variances smaller than q the
Gaussian trajectories (a) always stay inside the beam core,
and the process is essentially an Ornstein–Uhlenbeck po-
sition process. In the Laplace (b) and Student (c) case the
trajectories are still kept in the beam core, but show a wider
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Figure 1: O.U. processes X(t) from (7) with v(x) of limited range (τ = t/T ): (a) O.U. process with Gaussian noise; (b)
O.U. process with Laplace noise; (c) O.U. process with Student noise; (d) occasional Student trajectory leaving the beam.

dispersion and a few larger spikes (jumps). They also have,
as the Student case (d) shows, the propensity to make occa-
sional excursions far away from the beam core; and finally,
seldom they also definitely drift away from the core. This
feature of a Lévy processes, due to their jumping behavior,
suggests to adopt this model to describe the rare escape of
particles away from the beam core.

When on the other hand v(t) in (7) simply is −bx, we
have full O.U. processes and it is possible to calculate the
law of the stationary distributions from the form of the
noise. In particular for the Student Σ(3, a2) noise it is pos-
sible to show that

ψ(u) = lnϕ(u) = −b−1 [a|u| + Li2(−a|u|)]
where Li2(x) is the dilogarithm function. The form of the
corresponding p.d.f. is not known analytically, but it can
be assessed numerically by calculating the inverse Fourier
transform of the ch.f.. It comes out from these calculations
that the stationary O.U. law for the Student Σ(3, a2) noise
still shows the same x−4 behavior which characterizes the
transition p.d.f.’s all along the process evolution. Finally it
is important to remark that this same asymptotic behavior
x−4 has been independently found in other different nu-
merical simulations [8] of halo formation in particle beams.
This seems to substantiate the conclusion that behind the
dynamics of a charged particle beam there is some sort of
Lévy–Student process.

CONCLUSIONS

Several problems are open along this line of research.
First, we should find the Lévy–Khintchin functions of the
Student laws to fine tune the frequency and the size of the
jumps, and the increment laws of the Student process at

different time scales [7]. Second, it is important to have
the integro–differential form of the Chapman–Kolmogorov
equation to analyze the time evolution of the process: a
forthcoming paper will be devoted to this topics. Then it is
necessary to add a dynamics to have controlled diffusions:
namely to build a generalized S.M. for the Lévy processes.
Finally we must search for empirical or numerical evidence
beyond what is already known [8] to support the hypothesis
that the path increments of a beam are in fact distributed
according either to a Student, or to some other Lévy law.
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